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[bookmark: OLE_LINK75][bookmark: OLE_LINK154]ABSTRACT
Non-native vegetation with high canopy closure can alter the equilibrium relationship between soil water and plant growth into a non-equilibrium relationship leading to soil degradation, vegetation decline and crop failure in the most part of water- limited regions. There is a need for the application of a novel theory in the assessment and the adjustment of non-equilibrium relationships to facilitate the sustainable management of non-native vegetation in the course of vegetation restoration in such regions. Therefore, a novel theory, Soil Water Resources Use Limit by Plant (SWRULP) has been developed. SWRULP refers to the amount of water stored in the maximum infiltration depth (MID) at which the soil moisture content in each layer is equivalent to the wilting coefficient. The wilting coefficient is expressed by the wilting coefficient of indicator plants in a plant community. SWRULP is an index for assessing plant overuse of soil water resources and the estimation of the starting time to regulate the relationship between soil water and plant growth in addition to the selection of the most suitable tree or plant species for vegetation restoration activities. To better understand SWRULP, in the present study, the SWRULP was assessed in a Caragana shrubland and an alfalfa grassland in semiarid loess hilly region. The results showed that the wilting coefficient varied with soil depth, and the SWRULP changed based on site conditions and vegetation type. When the soil water resources were equivalent to the SWRULP, soil water influenced plant growth considerably and caused the discoloration of sclerophyllous plants, abscission, cessation of growth, and soft leaf plant wilt. Under such conditions, the relationship between soil water and plant growth should be regulated based on soil water carrying capacity for vegetation to achieve sustainable use of soil water resource and sustainable management of forest and grassland and utilization, in addition to sustainable development.
[bookmark: OLE_LINK102]Keywords: water-limited regions; plant growth; severe soil drought; soil degradation; wilting coefficient; maximum infiltration depth; Soil Water Resources Use Limit by Plants; soil water carrying capacity for vegetation
INTRODUCTION
The rehabilitation of degraded land is a critical ecological activity for ensuring the stability of ecosystems (Arnold and others 2014). Water movement within the soil-plant-atmosphere continuum (SPAC) is under the influence of potential gradients. Water flows first from the soil into the roots, then into the leaves, and ﬁnally to the atmosphere. Soil water not only influences the physical environments of plant roots but also soil chemical and biological conditions, particularly in water-limited regions where climate and soil properties are the key factors influencing the water available for plant development. Consequently, soil-water balance plays a vital role in ecosystem rehabilitation so that soil water management is critical in agricultural systems (Asgarzadeh et al., 2014). 
[bookmark: OLE_LINK304][bookmark: OLE_LINK305][bookmark: OLE_LINK303][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK87][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK108]Due to human activities, original vegetation in the Loess Plateau has been destroyed, and forests and vegetation are scarce. Notably, by 1949, soil and water loss had become major environmental challenges in the Loess Plateau. The Chinese government has instituted numerous measures since the 1950s to conserve soil and water resources, and minimize the destruction associated with sandstorms and haze, with a view to improving the overall status of the ecological environment. Particularly, the introduction of the Three-North Shelter Forest Program in 1978, for 50 years, and the Grain for Forest and Grass Program, for 3 years, from 2000 to 2003, have facilitated large-scale afforestation on the Loess Plateau. Due to such efforts, forest cover has increased and annual sediment discharge on the Loess plateau has decreased from 1.6 billion tons per year in the 1970s to 0.31 billion tons per year in recent years. In addition, the runoff rate has been halved. Similarly, roots develop with the growth of plants and forests, and the plant roots grow rapidly and draw water from considerable soil depths. The depth at which dried soil layers (DSL) occurred and DSL thickness has increase over time, so that soil drought has gradually become severe with time (Guo and Li, 2009). Therefore, a combination of increased rates of water use by plants, low infiltration depth, and low water recharge rates has led to widespread soil deterioration on the Loess Plateau in the form of excessive soil drying under both perennial plantation crops and grass (Li 1983; Chen et al., 2007). Severe drying of soil eventually results in soil degradation, vegetation decline, and crop failure, while land degradation leads to the formation of bare soils that become crusted and unproductive (Salifou et al., 2015). Soil degradation, vegetation decline, and crop failure have adverse effects on sustainable utilization of soil water resources and the stability of forest vegetation ecosystems (Guo and Shao, 2013). Consequently, effective measures should be taken to regulate the nonequilibrium relationship between soil water and plant growth (RBSWPG) and address the challenges of soil degradation and vegetation decline by regulating the RBSWPG and reducing the populations or densities of indicator plants in a plant community based on the soil water carrying capacity for vegetation (SWCCV) in the Loess Plateau, to achieve a balance between the soil water recharge rate and soil water consumption rate associated (Guo and Shao, 2013)
[bookmark: OLE_LINK112][bookmark: OLE_LINK224][bookmark: OLE_LINK225]Since drought is a recurring natural phenomenon, and soil water reservoirs regulate soil water resources, and the effects of drought on plant growth vary with gravity and drought duration in such regions, it is necessary to regulate the relationship since soil drought occurs when the soil water resources reduce to a degree that soil water influences plant growth considerably. Consequently, it is critical to determine the appropriate time based on soil drought degree to begin regulating the RBSWPL and the amount of trees or plants that should be cut when attempting to regulate the relationship (Guo and Li 2009; Guo 2017). 
Numerous soil water deficit indices have been used to express soil water stress in plants in a given point, such as crop moisture index (Palmer 1968), soil moisture deficit index, evapotranspiration deﬁcit index, and plant water deﬁcit index (Shi et al., 2015). But, they hardly account for water deficit accumulation or soil water storage in soil body plant root distributed, and they are not appropriate indices for evaluating soil drought severity in forests, grasslands, and farmlands in the water-limited regions such as the Loess Plateau of China because plant root vertically distributed and suck soil water in the soil body in which the distribution of soil water is often uneven.
  Therefore, it is necessary to formulate a theory and develop a comprehensive and useful soil water deficit index that could be used to determine if plants are consuming excess soil water and the appropriate time to begin regulating RBSWPL. 
Guo proposed the concept of Soil Water Resource Use Limit by Plants (SWRULP) in 2010 and defined it as the soil water storage when the water content in the maximum depth of infiltration is equal to the wilting coefficient and take the wilting coefficient at the middle of the soil profile as a representative to estimate the soil water resource use limit by plants in the caragana shrubland and assuming soil profile structure is uniform.
[bookmark: OLE_LINK2] Soil Water Resource Use Limit by Plants is a novel theory and a comprehensive soil water deficit index for the determination of whether plants utilize soil water resources sustainably. For the better understanding of SWRULP, and to facilitate the sustainable use of soil water resources in water-limited regions, in the present work, SWRULP theory was developed. The objectives of the present study were (1) to assess changes in wilting coefficient with increasing soil depth because subsurface soils generally consist of multiple layers due to various geological formation processes that soils have undergone，which influence the soil structure and wilting coefficient; (2) to assess changes in cumulative infiltration depths with increasing time, and (3) to assess changes in SWRULP under different site conditions and vegetation types.
Methods
Site description  
[bookmark: OLE_LINK296][bookmark: OLE_LINK295][bookmark: OLE_LINK18]The present study was conducted at the Shanghuang Eco-experiment Station in a semiarid Loess hilly region (35°59′- 36°02′ N, 106°26′- 106°30′ E) in Guyuan, Ningxia Hui Autonomous Region of China, Institute of Soil and Water Conservation of Chinese Academy of Sciences. The altitudes of the Eco-experiment stations range from 1,534 m to 1,824 m. Annual mean rainfall measured between 1983 and 2001 was 415.6 mm with a maximum of 634.7 mm in 1984 and a minimum of 284.3 mm in 1991. Precipitation in the region is absent from January to March and from November to December, and the total rainfall in five months was 28.2 mm, which accounted for 6.7% of the mean annual precipitation. The rainfall in April is 23.1 mm and accounts for 5.6% of the mean annual precipitation (MAP), the rainfall in October is 29.8 mm and accounts for 7.2% of the MAP, and the rainfall from June to September is 299.8 mm, which accounts for more than 70% of MAP. The frost-free season spans 152 days. The Huangmian soil, having developed directly from the loess parent materials, consists mainly of loamy porous loess (Calcaric Cambisol, FAO, 1988) with widespread distribution in the semiarid hilly region of the Loess Plateau. The experimental field selected was located in the 16-year-old Caragana brushland planted in a fish-scale pit in Heici Mountain, and a newly planted Caragana brushland and a wasteland in the middle of Heici Mountain with a slope gradient ranging from 0 to 15°. Saskatoon berries (Amelanchier alnifolia Nutt.) were planted in bench terraces in 2008 while alfalfa (Medicago sativa L.) were sowed on farmland in 2011. The major plant species under the bushes included Stipa bungeana Trin., Heterpoappus attaicus (Eilld). Novpkr., Artemisia giraldi Pamp., and Thymus mongolicus Ronn. 
Observation and measurement methods  
Rainfall at the study site was measured using standard rain gauges, which were approximately 50 m from the Shanghuang Eco-experiment weather station, which is part of the Guyuan Eco-experiment weather station under the Institute of Soil and Water conservation of the Chinese Academy of Sciences. Soil moisture content, plant root distribution, and other plant growth parameters were also determined.
[bookmark: OLE_LINK109]The experimental plots lay on a gentle slope facing east by south with a gradient of approximately 8°. Three sampling pits were dug at the top and middle sections of Heici Mountain, and alfalfa grass samples were collected at the experimental sites for use in investigating soil profiles. The sampling pit dimensions were 1 m2 × 4 m depth, and they were dug on the Caragana shrubland in September 2012 and in the alfalfa grassland in 2015. The undisturbed soil samples were collected in triplicate at depths of 0 to 5, 20 to 25, 40 to 45, 80 to 85, 120 to 125, 160 to 165, 200 to 205, 240 to 245, 320 to 325 and 380 to 385 cm with cutting rings (5 cm high, 5 cm inner diameter, and 100 cm3 volume), and the excess soil at the openings on both sides of the ring were cut using a sharp knife, sealed, and transported to the laboratory for use in subsequent analyses. In addition, 100 g of disturbed soil was collected at each depth for the determination of soil structure at the State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau. 
[bookmark: OLE_LINK275]The cutting ring method was used to measure soil bulk density, total porosity, capillary porosity, and saturation moisture content. The core samples (undisturbed soil sample) collected were used with cutting rings to measure the soil bulk density, capillary porosity, and non-capillary porosity. The bulk density was determined by oven-drying the cores at 105–110℃, and the total porosity was calculated as 1-bulk density/soil particles density, assuming that the density of soil particles was 2.65 g/cm3. Non-capillary porosity was the difference between total porosity and capillary porosity. Organic content was measured using the Potassium dichromate volumetric method. The methods for particle size determination generally include direct measurement, dry and wet sieving, settling tube analysis, pipette and laser granulometer, X-ray Sedigraph, and Coulter Counter analyses (Magon et al. 2018); however, a Laser granulometer is commonly used for the analysis of the grain sizes of marine sediments. Soil particle sizes were measured using a master sizer 2000 laser particle analyser (Malvern Instruments Ltd., Malvern, UK) and grain size was graded based on the United States Department of Agriculture classification system for particle sizes（Laborczi et al,2019）. Soil water concentrations at different soil suctions (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 6.0, 8.0 bar, 1 bar = 0.1MPa) were measured using a Hitachi centrifuge (Hitachi Instruments Inc., Tokyo, Japan). Because the Huangmian soil contracted when subjected to centrifuging, the authors measured the degree of shrinking of the samples in the cutting ring using Vernier callipers at different soil suction levels and then calculated the volumetric soil water content. Subsequently, the Gardner empirical formula θ=a ∙ S – b was used to fit the data to plot a soil water characteristic curve based on the least square method. The wilting coefficient can be estimated using the equation when the suction is equal to 15 mPa (Guo and Shao, 2009).
[bookmark: OLE_LINK63][bookmark: OLE_LINK145][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK274]Rain gauges were installed at the experiment site. On the Caragana brushland, five 100-m2 (5 m in width × 20 m in length) plots were prepared down the slope. Two holes with 5.3-cm diameter were dug using a holesaw in the middle of each experimental plot, and two 4-m long aluminum access pipes were placed in the holes at intervals of 2 m. The interspaces between the access pipes and the soil were filled with some fine earth to prevent the flow of water through the interspaces. In 2011, the aluminum access pipes were replaced with 8-m long PVC access pipes. Three pairs of 8-m long PVC pipes were placed in the holes in the alfalfa grassland. A neutron probe, CNC503A (DR) (Beijing Nuclear Instrument Co., China) was used for the long-term monitoring of the field soil water content because of its high precision in situ (Wang et al., 2000; Evett et al., 2012). Before measuring the volumetric soil water content (VSWC), the neutron probe was calibrated for the soil in the study area using standard methods (Hauser, 1984). The calibration equation for the soil at the site is y = 55.76 x + 1.89, where y is VSWC, and x is the ratio of the neutron count in the soil to the standard count assuming the calibration equation is the same because the distance and the different of the height among the study sites is small. The measuring depth ranged from 0 to 400 cm over previous five years from 2002 to 2006 and 0 to 800 cm during from 2011 to 2014. Measurements were carried with 15-day time intervals and 20-cm depth intervals to a depth of 360 cm or 760 cm from a depth of 5 cm. The soil water content determined at each depth was considered representative for the soil layer that included the measuring point ± 10 cm depth, excluding the measurement obtained at 5-cm depth, which was considered to represent the 0 to 10-cm soil (Guo and Shao, 2013). The measurements were carried out from mid-April to October or November for five years from 2002 to 2006, and from January to December for three years from 2011 to 2015, which represented to nine years in total.
[bookmark: OLE_LINK278]  The measurements were also performed before and after each rain event in the shrubland, since rainfall is a discrete process, and a rain event refers to the time interval between the occurrence of rain during a period that is equal to or greater in duration than a specific threshold: the minimum inter-event time (MIT) (Ignaccolo and Michele, 2010) and the minimum inter-event time was 30 minutes. 
[bookmark: OLE_LINK125][bookmark: OLE_LINK288][bookmark: OLE_LINK111][bookmark: OLE_LINK110]Height and diameter of the shrubs growing on the plots were measured and their mean heights and diameters were estimated. A sample shrub with approximately the mean height and diameter of the shrubs on the plots was selected near a side boundary outside each plot. A hole (another soil profile, 1 m long × 1 m wide and 5 m deep) was dug around the base of the shrub. The parts of the shrub 2 cm above the ground were removed, so that the average root diameter and root density were determined at soil depths of 0 to 10 cm, 10 to 50 cm, 50 to 100 cm, 100 to 200 cm, 200 to 300 cm, 300 to 400 cm, and 400 to 500 cm,
[bookmark: OLE_LINK121][bookmark: OLE_LINK115][bookmark: OLE_LINK114][bookmark: OLE_LINK126][bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK60][bookmark: OLE_LINK124]On each plot in the 16-year-old Caragana shrubland planted in a fish scale pit in 1986, 10 sample shrubs were selected to determine plant growth characteristics: height and crown area. Forty sample shrubs were selected in the newly sowed Caragana shrubland and the alfalfa grassland. Because the shape of the Caragana canopy projection area was somewhat elliptical, the maximum horizontal diameter of the crown was measured in two directions perpendicular to each other (Guo and Shao, 2013). Four stems in each sample shrub and 40 stems in each plot were selected. On each plot in the young Caragana shrubland planted by sowing in 2002, 20 stems were selected in each plot. The plant used for the sampling activities were marked with red lacquer at points at which the basic diameters were measured and the heights and stem diameters of the selected shrubs determined and used to estimate the mean heights and mean basic diameters of the selected shrubs. Height, basic diameter, and canopy measurements were performed at 15-day intervals in the course of the growing period from mid-April to October or November for 5 years from 2002 to 2006 and for 4 years from 2011 to 2016, covering a 10-year period in total.
The mathematical model used for calculating SWRULP was as follows:


SWRULP=
Here, SWRULP is Soil Water Resources Use Limit by Plant, expressed in mm. MID is maximum infiltration depth. Ow is wilting coefficient at soil depth i, and D is soil depth.
A flow chart of the methodology of calculating SWRULP is as follows.
In the first step, estimation of the wet year was based on the daily change in precipitation in a year and different years. In the second step, use the two-curve method estimated the infiltration depth and maximal infiltration depth based on the change in the volumetric soil water content with soil depth and time in the wet year, i.e., the depth of infiltration during a rain event is equal to the distance from the surface to the joint location between two soil water distribution curves based on soil depth in the soil profile before and after the rain event (or an infiltration process). A series of two-curve methods was used to estimate the maximal infiltration in the long-term (more than one infiltration process) (Guo and Shao,2009).
 The third step was: establish the characteristic soil moisture curve, measure the soil water contents at different soil suctions using a centrifuge or pressure chamber, and then establish the characteristic soil moisture curve using least square method. And then estimate the wilting coefficient at different soil depths when soil suctions equals 15bar based on the characteristic soil moisture curve at different soil depth because wilting coefficient is the water content at -1.5×105 mPa in a given soil layer (Yang and Shao, 2000).. 
In the fourth step, SWRULP was the sum of soil water storage in the 0 to 290 cm soil layers when the water content in the maximum depth of infiltration is equal to the wilting coefficient.
When the soil water equals SWRULP, It is time to regulate the plant-water relation based on soil water-carrying capacity to achieve the maximal Maximum yield and benefit of plant ecosystem.
Statistical analysis
The influence of planting density on all the parameters measured was assessed using Analysis of Variance performed in SPSS 13.0 (SPSS Inc., Chicago, IL, US), in addition to the effect of pipe position, planting density, and soil depth on soil water content. A regression analysis was then performed to evaluate the relationship between soil water content and moisture suction and root density and soil depth using the least square method. Data were transformed when necessary to obtain linear relationships.
Results
1. Change in wilting coefficient with increasing soil depth 
Basic soil physical and chemical indicators changed with an increase in soil depth. In the Caragana shrubland in the middle of Heici Mountain, the bulk density of the soil increased slightly from 1.214 g/cm3 in the 20-cm soil layer to 1.266 g/kg in the 320 cm soil layer (Table 1), except for the 5-cm surface soil layer at which the bulk density was 1.191 g/cm3. The bulk density (Wh) based on soil depth, h, can be expressed using the following equation: Wh =0.002h + 1.214, and the determination coefficient, R2, is 0.789. The results suggested that the water holding capacity of the soil was low. 
Total porosity was high, and decreased with an increase in soil depth from 55.06% in the 5-cm soil layer to 52.34% in the 400-cm soil layer. The relationship between total porosity, TP, and soil depth, h, can be expressed as follows: TP= -0.6528 × Ln (h) + 56.164, and the determination coefficient, R2, is 0.9817. The results indicated that correlation between total porosity and soil depth was high and total porosity decreased with an increase in soil depth, which influenced the aeration and water conductivity of soil. In addition, the soil physical clay contents changed with soil depth.
Considering the Caragana shrubland as an example to demonstrate the change in soil water content with an increase in soil depth, see Figure 1. The volumetric soil water content dropped from 30.5 % to 9.1% with an increase in soil water suction from 0.01×105 mPa to 8.0 ×105 mPa. The relationship between volumetric soil water content, θ and soil water suction, S, is expressed as follows: θ = aS-b 
[image: ][image: ]  
Where θ is soil water constant and S is soil water suction. Based on the relationship between θ and S, the wilting point at a water suction of -15×105 mPa can be estimated. The determination coefficient, R2, changes from 0.961 at 200 cm to 0.987 at 320 cm. 
Table 1 The changes of main soil physical and chemical indicators of huangmian soil with soil depth
	Soil depth
（cm）
	Bulk
density
（g·cm-3）
	Organic matter
content
（g·kg-1）
	Clay Particle
content （%）
	Silt Particle content （%）
	Sand Particle content
 （%） 
	
Physical
clay 
content
（%）
	Total Porosity（%）
	Capillary Porosity（%）

	Non-
capillary Porosity
（%）

	5
	1.191
	6.86
	13.76
	65.68
	20.56
	24.92
	55.06
	35.01
	20.05

	20
	1.214
	3.69
	13.19
	68.67
	18.14
	23.17
	54.19
	33.89
	20.3

	40
	1.225
	3.10
	10.99
	71.63
	17.38
	21.55
	53.77
	34.21
	19.56

	80
	1.234
	3.00
	11.94
	70.39
	17.67
	20.99
	53.43
	34.07
	19.36

	120
	1.246
	2.62
	11.42
	68.00
	20.58
	21.58
	52.98
	33.43
	19.55

	160
	1.244
	2.56
	10.75
	67.73
	21.52
	20.05
	53.06
	33.92
	19.14

	200
	1.252
	2.52
	11.60
	71.20
	17.20
	20.28
	52.75
	33.89
	18.86

	280
	1.264
	2.61
	11.28
	72.34
	16.38
	22.29
	52.30
	34.24
	18.06

	320
	1.266
	2.50
	12.47
	70.93
	16.60
	22.73
	52.23
	34.22
	18.01

	400
	1.263
	2.58
	12.57
	71.51
	15.92
	22.50
	52.34
	35.04
	17.30


The major changes in soil water constants with an increase in soil depth are listed in table 1. At a water suction of -0.33×105 mPa, field capacity dropped from 28.11% at 5 cm to 17.87 % at 160 cm, and then increased gradually to 21.82% at 400 cm. In addition, the wilting point at a water suction of -15×105mPa decreased from 10.34 % at 5 cm to 7.07% at 160 cm and then rose gradually to 8.4% at 400 cm.
2. Changes in cumulative infiltration depths with time
During infiltration into the soil, the water that infiltrates the soil surface was partitioned into two components: the increase in the soil water storage and infiltration depth. Downslope interflow was low because the porosity of Huangmian soil is high, its vertical structure is homogeneous, and there was no impermeable soil layer in the soil profile (see table 2). When a slope was gentle and the soil water content was less than saturated water content during infiltration, the difference in outflow and inflow of downslope interflow per unit volume of soil was low and less than the error range. 
Table 2   The changes of field capacities and wilting coefficient with soil depth
	Soil depth (cm)
	Soil water characteristic curve
	determination coefficient, R2
	Field capacity
(%)
	wilting coefficient
(%)

	5
	θ = 0.115S-0.262
	0.982
	28.11
	10.34

	20
	θ = 0.100S -0.257
	0.980
	24.03
	9.01

	40
	θ = 0.089S -0.252
	0.986
	21.02
	8.04

	80
	θ = 0.081S -0.246
	0.976
	18.75
	7.33

	120
	θ = 0.081S -0.242
	0.979
	18.49
	7.34

	160
	θ = 0.078S -0.243
	0.989
	17.87
	7.07

	200
	θ = 0.082S -0.245
	0.961
	18.91
	7.42

	240
	θ = 0.084S -0.244
	0.978
	19.31
	7.61

	320
	θ = 0.089S -0.247
	0.987
	20.67
	8.05

	400
	θ = 0.093S -0.250
	0.978
	21.82
	8.40


Therefore, the difference was disregarded and the soil water content in the soil layers from the surface to the wetting front was less than the saturated soil content.
The soil water supply (mm) for one rain event can be determined using the following formula:

		(1)
[bookmark: OLE_LINK222][bookmark: OLE_LINK277][bookmark: OLE_LINK289] where I(t) is soil water supply in mm. The upper limit of the integral is the soil water infiltration depth for one rain event, l, for a rain event in cm or m and the lower limit of the integral zero. Infiltration depth for a rain event can be obtained using the two curves method (Guo and Shao, 2009) (see Figure 2a) i.e., if we measure the dynamics of soil water contents with soil depth before a rain event considering the forecast of weather report and then measure the dynamics of soil water content with soil depth after the rain event, the infiltration depth for a rain event is equal to the distance from the surface to the crossover point between two soil water distribution curves with depth measured in the soil profile before a rain event and after the rain event (or an infiltration process), for example, a rain event from August 16-18, 2013. The precipitation was 52.5 mm and the joint location between two soil water distribution curves was 80 cm, which was in the 70–90-cm range. Therefore, the infiltration depth was 90 cm (see Figure 2a). 
Over time, the infiltration was divided into two stages: rainfall infiltration generally occurring during a rain event and inter-rain infiltration, the cumulative infiltration (Chowdary et al., 2006), or reinfiltration (Corradini et al., 2000), which occurred over a great time scale in which more than two rain events occur. If we measure the soil water content dynamics based on soil depth at different time points during a long term infiltration process, we can analyze the change of the cumulative infiltration depth with increase in time, and estimate MID, which is the maximum cumulative infiltration depth, using a series of two-curve methods（Guo，2020）. The MID is equivalent to the distance from the surface to the deepest crossover point in two [image: ][image: ]Figure 2 Infiltration depth in the caragana shrubland. a, Two-curve method for estimating the infiltration depth and soil water supply for one rain event; b, The changes of accumulative infiltration depth with time in the caragana shrubland.

contiguous soil water distribution curves with soil depth in the soil profile at the beginning and the end of an extended period or a long term infiltration process, which is generally more than one rain event. During the experiment from 2002 to 2016, infiltration depth for one rain event increased with an increase in the amount of precipitation and duration, and the cumulative infiltration depth increased with an  increase in annual precipitation. The precipitation in 2003 was 623.3 mm, which was close to the maximum rainfall record of 634.7 mm in 1984, and the MID during the period from July 5 to August 1, 2004, was 290 cm (Figure 2b). According to the results of a study of SWRULP using a similar method in 2018, the MID in Hongmei apricot forest near Caragana shrubland was also 290 cm. Figure 2  Infiltration depth in the caragana shrubland. a, Two curve method for estimating the infiltration depth and soil water supply for one rain event; b, The changes of accumulative infiltration depth with time in the caragana shrubland.

The root system is a key organ by which plant absorb water from the soil. In the Caragana shrubland in the middle of Heici Mountain, Caragana roots develop rapidly and exhibit a high capacity to absorb water from considerable depths. The two-curve method can also be used to determine the soil water use depth of Caragana root following the measurements of the dynamics between soil water content and soil depth before and after a period (Figure 3a). One-year-old Caragana shrubs can absorb water from 2.3-m soil layers and the roots of two-year-old Caragana shrubs extended to 260 cm and can absorb water from 330-cm soil layers since the soil depth from which plants absorb water is equivalent to the root distribution depth plus soil depth, which is influenced by roots in which there is not root. This is some soil body range in which there is no root distribution but what root suck water can influence the soil water content by changing the gradient of soil water potential nearby leads to the movement of soil water, thus changing the soil water content. Four- to five-year-old Caragana shrubs can absorb water from soil layers at depths greater than 400 cm, while 16-year-old Caragana roots were observed growing at the bottom of a 500-cm deep hole at the study site with the 16-year-old Caragana shrubs in the present study, suggesting that the roots of Caragana can reach depths greater than 500 cm.
[image: ]
[image: ]
[image: ]
Although 16-year-old Caragana could absorb water from depths as great as 5 m, the roots were mainly distributed in the upper soil layers from the surface to 200 cm, and the density of 1.92 kg/m2 in the 0 to 200-cm soil layers accounted for 88.5% of the total density in the shrubland. The root distribution changed with an increase in soil depth at the 400-cm soil layer, as illustrated in Figure 3b. The majority of the root density decreased from 8.6 kg/m2 in the 0–10-cm soil layer to 0.04 kg/m2 in the 360-cm layer, but most of roots were distributed in the 0 to 200-cm soil layer.
The relationship between root density (RB, kg/m2) and soil depth (H, cm), therefore, can be expressed as follows:
RB=61.464H-1.1808    R2=0.9962    (5)
[bookmark: OLE_LINK301][bookmark: OLE_LINK302][bookmark: OLE_LINK20][bookmark: OLE_LINK23][bookmark: OLE_LINK28]For practical purposes, wilting coefficient is the water content at -1.5×105 Mpa, and soil water influences Caragana grow considerably when soil water equals wilting coefficient in a given place. When the soil water content in the MID is equal to the wilting point and there is no adequate water supply from precipitation, most Caragana leaves change color and fall earlier than normal during the growing season, which was the case on the August 5, 2003, and Caragana plants almost ceased growing, even when the roots extended to depths greater than 500 cm and could absorb some water from soil layers greater than 290 cm. The above observations suggested that the total amount water that Caragana roots absorbed from soil per unit time did not satisfy the plant transpiration requirements even though Caragana roots could absorb water from the soil layer deeper than 500 cm. The soil water resources in the MID was 222.8 mm, which was the SWRLP in Caragana shrubland.
The height growth trend fitted the logistic formula (Zhao et al., 2013). As Caragana grew, a trend was observed where soil water resources reduced with time, [image: ][image: ]
[image: ]
Fig.4. The relationship among precipitation, soil water resources and its use limit by plant and plant growth. a, Change of precipitation with time in the caragana shrubland in 2006; b, The relationship between soil water resources and its use limit by plant in the caragana shrubland; c, caragana growth in height and basic diameter.
for example, in the period from 2002 to 2006, the soil water resources reduced by 50 mm from 387.3 mm to 337.3 mm in 2002, and then increased by 111.3mm to 448.9 mm because 2003 was a wet year, and then reduced by 119.8 mm to 329.3 mm in 2004, by 0.2 mm to 328.8 mm in 2005, and by 106.1 mm to 222.7 mm in 2006, even though there were some increases after rain events (Figure 4b). Plant height and diameter increased; however, the yearly increments in height and basic diameter decreased from 14.1 cm and 2.7 mm in 2002 to 8.6 cm and 0.6 mm in 2003, to 4.75 cm and 0.6 mm in 2004, to 10.8 cm and 0.19 mm in 2005, and to 4.3 cm and 0.9 mm in 2006, respectively (Figure 4c) potentially because the precipitation in 2006 was 304 .7 mm, which was close to the lowest value of 284.3 mm (Figure 4a).  
 3. Changes in soil water resources use limit based on plants, site conditions, and vegetation types
[bookmark: OLE_LINK300][bookmark: OLE_LINK73][bookmark: OLE_LINK101]Wilting coefficient is the water content at -1.5 MPa in a given soil layer (Yang and Shao, 2000). When soil water content in a soil layer reduces to the wilting point, soil water limits plant growth severely. The soil layer at which soil water content is equivalent to or less than the wilting point is considered DSL in Caragana shrubland. However, water taken up from soil cannot satisfy the requirements of leaves (Verma et al., 2014) when all soil layers within MID fall under DSL, such as in the case in 2003 when the leaves of 17-year-old Caragana shrubs fell earlier than usual and the plants stopped growing in the region (Guo 2010). The observations suggested that the soil water resource influenced Caragana growth considerably. Under such situations, plant water use should be controlled to prevent the development of permanent DSL in soil layers below the MID. Therefore, SWRULP was the limit of plants in the use of soil water resources.  It refers to the amount of water stored in the maximum infiltration depth at which the soil moisture content in each layer is equivalent to the wilting coefficient. In addition, the wilting coefficient is expressed using the wilting coefficient of an indicator plant in a plant community. An indicator plant is a key species in the natural vegetation and a principal tree or grass species in plantation, such as Caragana in Caragana shrubland. There are also other plant species under the Caragana canopy and the wilting coefficients of such plants are expressed using the wilting coefficient of Caragana. SWRULP is an index used to assess plant overuse of soil water resources, and presents a basis for the estimation of the appropriate time to begin regulating the soil water and plant growth dynamics and the selection of the optimal tree or plant species for vegetation restoration activities.
The wilting coefficient, saturated water content and water storage at different soil layers and their changes with an increase in soil depth under different site conditions and vegetation are listed n Table 3, 4, 5. The results indicated that SWULP in different site conditions and vegetation was different because the soil textures and organic matter contents were different in different sites and under different types of vegetation. The SWRLP in Caragana shrubland at the middle of the Heici Mountain was 222.8 mm, and the SWRLP at the top of the Heici Mountain it was 252.8 mm and 220.8 mm in alfalfa grassland, assuming the MID was 290 cm.


Table 3 The SWRLP in caragana shrubland at the middle of the Heici mountain 
	Measuring point depth（cm）
	Representing soil layer(cm)
	Wilting coefficient (%)
	Saturated water content (%)
	Water storage in the representing soil layer (mm)

	5
	0-10
	10.34
	58.09
	10.34

	20
	10-30
	9.01
	56.42
	18.02

	40
	30-60
	8.04
	52.04
	24.12

	80
	60-100
	7.33
	46.98
	29.32

	120
	100-140
	7.34
	44.12
	29.36

	160
	140-180
	7.07
	42.88
	28.28

	200
	180-220
	7.42
	47.1
	29.68

	240
	220-280
	7.61
	46.5
	45.66

	320
	280-290
	8.05
	52.26
	8.05

	SWRLP
	0-290
	
	
	222.8



Table 4 The SWRLP in caragana shrubland planted in the fish scale pit at the top of the Heici mountain
	Measuring point depth（cm）
	Representing soil layer(cm)
	Wilting coefficient (%)
	Saturated water content (%)
	Water storage in the representing soil layer (mm)

	5
	0-10
	10.32
	50.64
	10.32

	20
	10-30
	9.79
	53.19
	19.58

	40
	30-60
	8.88
	54.16
	26.64

	80
	60-100
	8.13
	52.38
	32.52

	120
	100-140
	8.08
	54.09
	32.32

	160
	140-180
	7.67
	52.47
	30.68

	200
	180-220
	8.74
	54.6
	34.96

	240
	220-260
	9.54
	56.38
	38.16

	320
	260-290
	9.22
	54.88
	27.66

	SWRLP
	
	
	
	252.84


[bookmark: _GoBack]Table 5 The SWRLP in alfafa grass at the farmland
	Measuring point depth（cm）
	Representing soil layer(cm)
	Wilting coefficient (%)
	Saturated water content (%)
	Water storage in the representing soil layer (mm)

	0
	0-10
	7.06714
	37．7473
	7.06714

	20
	10-30cm
	6.995856
	36．9589
	13.99171

	40
	30-60cm
	7.152202
	36．0308
	21.45661

	80
	60-100cm
	7.548363
	35．997
	30.19345

	120
	100-150cm
	7.873807
	36．1743
	39.36904

	180
	150-210cm
	8.356747
	41．005
	50.14048

	240
	210-270cm
	7.598339
	39．357
	45.59004

	300
	270-290cm
	6.339579
	40．0053
	12.67916

	SWRLP
	0-290
	
	
	220.5


According to the results of the present study on SWRULP using method similar to the methods applied in Red plum apricot forest in 2018, with a SWRULP of 212.7 mm, indicated that SWRULP changes based on site conditions and vegetation type.
Verification
The SWRULP theory can be demonstrated using data measurement in the field (Guo and Shao, 2003). When the volumetric soil water content in the 0 to 290-cm soil layers is close to or equal to the wilting point, the soil water resource is equal to SWRUL and Caragana does not grow well because the caragana root expanded into 500 cm and the root water absorption depth is equal to root distribution depth plus soil moisture depth affected by roots, caragana can absorb some water from the soil layer below MID, but the absorbed water is smaller than canopy transpiration rate and cannot support plant grow well, and plant leaves may shift color from green to yellow and fall early before August in Caragana shrublands planted in the fish scale pit at the top of the Heici Mountain in 2003. Even the precipitation in the year was 623.3 mm, which was close to the maximum record of 634.7 mm in 1984 (Guo 2010). The theory could also be demonstrated based on field-measured growth data in 1–5 year-old Caragana shrubs sowed in the middle of Heici Mountain. When the soil water resource level in the MID was equivalent to 222.8 mm since 15 May in 2006 (Figure 4b), the increment in Caragana height was only 4.3 cm among which, 96% of 4.3 (4.13 cm) was the amount of Caragana growth in the period from April 15 to May 15, and Caragana almost stop growing from May 15 (Figure 4c) because soil water resources in the MID of a five-year-old Caragana shrubland in 2006 was equivalent to 222.8 mm and the precipitation in 2006 was lower than the average annual precipitation (Figure 4a), indicating that the 222.8 mm in the MID was the SWRULP of Caragana in the semiarid loess hilly region. If the soil water supply from precipitation was inadequate (Figure 4a), soil water influenced Caragana growth considerably. Because the SWRULP was 222.8 mm in the Caragana shrubland of the semiarid region, the soil water resources decreased with Caragana growth. When the soil water resource were equivalent to SWRULP, soil water influenced Caragana growth greatly, and the relationship between soil water and plant growth (RBSWPG) should be regulated based on SWCCV in the key period of plant water relationship regulation to reduce the canopy interception rate and canopy transpiration rate. The first time of the regulation of the relationship is the start time, which is the 5th year after sowing (Guo and Li, 2009). Although soil water is concealed in the soil and is difficult to determine whether soil water storage at the MID is equivalent to SWRULP, height growth is a sensitive index that is easy to measure and can be used to assess whether soil water resources are equivalent to SWRULP. Therefore, a height growth of 5 cm can be considered as a value representing the SWRULP of Caragana in the region. 
In the alfalfa grassland in 2015, when the soil water resources were equivalent to an SWRULP of 220.5 mm, the alfalfa wilted because alfalfa are soft-leaf plants. Saskatoon berries are good anti-drought species and the RBSWPG in Saskatoon berries shrublands should not be regulated because they flower in the last 10 days of April, bear fruit in last 10 days of May, and mature in the first 10 days of July. In addition, it completes its growing season rapidly and halts growth before August, when the soil water resources are greater than SWRULP, showing that the relationship between soil water and plant growth should not be regulated on SWCCV in key period of plant water relationship regulation.
[bookmark: OLE_LINK298]Discussion
Soil moisture is a state variable that influences a wide range of ecological, hydrological, geotechnical, and meteorological processes by means of soil evaporation and plant transpiration. Moisture conditions in the uppermost soil horizon influence the amount of water that infiltrates the soil and influences overland flow and runoff (Romano，2014). 
The concept of soil water resources emerged in 1986 (Budagovski 1986) after the concept of overall soil moistening (Lvovich 1980). Soil water resources could be defined as the water stored in the soil from the surface soil to the water table (Generalized soil water resources), the root zone (Narrow soil water resources), or the antecedent soil moisture plus the soil water supply from precipitation in the growing season for deciduous plants, or over a year for evergreen plants (Dynamic soil water resources). Soil water resources are renewable water resources and are components of water resources (Guo, 2017). 
Under the influence of atmospheric factors, soil water conditions, and plant characteristics, plant water status is dynamic, complex, and fundamental for effective water management, particularly soil water management in water-limited regions such as the Loess plateau in China. When plant grow after sowing or planting, the soil water and soil water resource are at high levels; however, as the trees or plant grow and develop, soil water resource amounts reduce with an increase in annual plant growth, which may be observed in the form of height growth reductions. When the trees grow to a certain age, the leaf area index increases and the amounts of soil water uptake by plant roots keep rising and soil water supply decreases, which could cause a rapid decline in soil water content and soil water resources in the soil root zone, even if there are some increases following rainfall events. In addition, throughfall in forest land and soil water supply in root soil zone may dwindle since soil water mainly comes from precipitation through forest canopy and canopy interception increases because canopy density increases gradually in water-limited regions. Consequently, precipitation, soil evaporation, and plant transpiration influence soil water resource amounts, and non-native forest growth decreases soil water resources.
Trees such as Caragana, Black locust, and grass species such as Lucerne grow well in regions of the Loess Plateau. With plant growth, soil water content and soil water resources reduce and soil drying often occurs in the forest lands (Li 1983; Chen et al., 2007). When the degree of soil drying reaches a certain limit where indicator plants cannot extract adequate water from the soil to meet the transpiration requirements of the plant, the soil drought has developed into severe soil desiccation (Li 1983; Chen et al., 2007, Guo and Shao, 2013), and the soil layer where the soil water content is equivalent to the wilting coefficient has become a DSL (Guo and Shao, 2003; Guo 2017). DSLs that have developed in soil layers below the MID become permanently dry soil layers, which ultimately result in the severe desiccation of soil, soil degradation, vegetation decline, and crop failure. Because permanent DSLs may cut off the link between soil water in the soil layers at higher levels than MID, and soil layers lower than MID, and influence the water cycle on land (Tian 2010) and thee sustainable use of soil water resources, severe desiccation of soil and soil degradation eventually lead to vegetation decline and crop failure. Therefore, it is critical to take steps to prevent the development of permanent DSLs as a soil water management strategy in water-limited regions. 
Because vegetation decline also impairs ecosystem services of nonnative vegetation, sustainable use of soil water resources, sustainable management of forest and vegetation, and sustainable crop production in water-limited regions, it is necessary to manage severe soil drought and soil degradation to ensure the health of non-native forests and vegetation ecosystems in water-limited regions.  
The sustainability of forests planted in semiarid areas depends largely on the adaptability of the species and the management practices adopted based on the respective site conditions. Once a forest is established, cutting or thinning is a key management tool at the disposal of foresters; however, quantitative guidelines, based on key measurable processes, for the thinning of dryland forests remain scarce (Ungar et al., 2013). Consequently, there is a need to regulate the non-equilibrium relationship between soil water resources and plant growth by thinning some trees or cutting some branches, or leaves based on soil water carrying capacity for vegetation (SWCCV) when the existing density surpasses the SWCCV to ensure that soil water resource are used sustainably. 
To facilitate the control of soil degradation, a theory should be formulated and a suitable index developed for assessing the soil drought severity (Guo and Shao, 2003), particularly in environments where irrigation may not be practical due to factors such as inaccessible water tables.
 Some of the soil water deficit indices include crop moisture index (Palmer 1968), soil moisture deficit index, evapotranspiration deﬁcit index, and plant water deﬁcit index (Shi et al., 2015). Such drought indices can be divided into meteorological, hydrological, and agricultural drought indices (Mishra and Singh, 2010). Because most of the drought indices are based on meteorological variables (Mckee et al., 1993) or on water balance equations, they hardly account for water deficit accumulation or soil water storage (Martínez-Fernández et al., 2015). Therefore, such indices are not appropriate indices for evaluating soil drought severity in forests, grasslands, and farmlands in the water-limited regions such as the Loess Plateau of China, because soil drought is a natural phenomenon. Therefore, it is critical to develop novel indices that take into account factors such as the vertical distribution of roots in soil and how such factors influence the absorption of water in the soil profile.
Soil water resource use limit by plants is the soil water resources at the MID at which soil water content in all soil layers is equivalent to the wilting coefficient, which can be used to express the severity of soil drying under extreme conditions and act as a suitable soil water management index. Therefore, when the soil depth of a DSL is equivalent to MID and soil water resource in the MID are equivalent to SWRULP, we can control and reduce soil water use by plant to prevent severe soil drought and the formation of permanent DSLs in the soil layers below MID. 
There are two major criteria used to define soil water deficit: soil water resource use limit by plant (SWRULP) and lethal soil water resources. SWRULP is the limit of plants for the utilization of soil water resources. It is the soil water stored at MID when all the soil layers in the MID become DSLs, which implies that the soil water content in the MID is equivalent to the wilting coefficient and plant roots absorb water from soil layers deeper than MID. Lethal soil water resources represent the soil water stored in the root zone soil, at a level which the soil water content within the root zone soil is equivalent to the wilting coefficient. If the soil water resources are equivalent to lethal soil water resources and there is no timely supply of soil water from precipitation, plants would die because the plant-available soil water is used up in the root zone soil. The SWRULP in the Caragana shrubland was 222.3 mm when the wilting coefficient of 7.7% at the middle soil layer was used as the representative wilting coefficient of the entire soil profile to estimate SWRULP (Guo 2010). In fact, the SWRULP was 222.8 mm, because the wilting coefficients change with soil depth in the present study.
[bookmark: OLE_LINK281][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK283][bookmark: OLE_LINK282][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: OLE_LINK297][bookmark: OLE_LINK284][bookmark: OLE_LINK285][bookmark: OLE_LINK116][bookmark: OLE_LINK117]Briggs and Shantz (1911, 1912) first emphasized the importance of the wilting coefficient. Richards and Weaver (1943) observed that soil water potential at wilting ranged from -1.0×105 to -2.0×105 mPa, with an average of approximately -1.5×105 mPa (15 bar). Therefore, for practical purposes, the water content at -1.5×105 mPa is close to the point at which soil moisture usually becomes limited severely (Kramer 1983, Parchami-Araghi et al., 2013). Wilting coefficients are different for different plant species within plant communities because soil water potential at wilting ranges from -1.0 to - 2.0×105 MPa. Consequently, wilting coefficients should be expressed based on the wilting coefficients of indicator plants in plant communities and changes in soil water potential at wilting under different vegetation types.    
[bookmark: OLE_LINK91]Because the wilting coefficient represents a minor range of soil water content (Veihmeyer 1972), the low limit value of wilting coefficient could be used as the standard or plant soil water use index in every soil layer for estimating the SWRULP. In addition, because the centrifuge-based method can alter bulk density and over-estimate wilting coefficient, the pressure chamber method could be used to measure soil bulk density at different soil suctions and then estimate wilting coefficient, which would increase the precision of wilting coefficient. 
SWRULP is one of the most important criteria for assessing if plants are using soil water sustainably (Guo 2017) since plant roots are distributed vertically in the soil. When the soil water resource within the MID are equivalent to SWRULP, it is necessary to explore SWCCV in key period of plant water relationship regulation to regulate the RBSWPG because soil water influences plant growth considerably when soil water resources are equivalent to SWRULP. 
Plants grow in complex environments, root distribution changes with soil depth, and plants absorb water from different soil depth and soil spaces. Therefore, it is a challenge to use the soil water deficit index to describe severe soil drought in forest land and grasslands. SWRULP is a superior soil water deficit index and it changes based on site condition and plant species, since it integrates soil texture, soil depth, infiltration depth, wilting point, and soil water management requirements, so that it better expresses severe soil drought in forest land. 
Conclusion
[bookmark: OLE_LINK46][bookmark: OLE_LINK105][bookmark: OLE_LINK106]Soil desiccation is a natural phenomenon and it occurs extensively. Soil desiccation has an accumulative effect. For the improved management of soil water resource, control of soil degradation, vegetation decline and crop failure caused by excessive soil drought, soil water resource should be managed sustainably. When soil desiccation becomes severe and influences plant growth, it leads to soil degradation, vegetation decline, crop failure, and threatens the stability of nonnative forests and vegetation. Currently, stakeholders should regulate the RBSWPG because soil is a loose medium and a water reservoir. To conserve and manage soil water resources effectively, it is necessary to understand the difference between light soil desiccation and serious soil desiccation, and establish some soil water deficit standards, such as SWRULP and SWCCV, which would to facilitate the regulation of RBSWPG when soil desiccation reaches severe levels.
[bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK34][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK130][bookmark: OLE_LINK96][bookmark: OLE_LINK97]SWRULP changes based on site condition and plant species and it can serve as a standard for the determination of whether plants have excessively used soil water resources. It may also be employed as an indicator for the selection of superior plant varieties, and, theoretically, provides a foundation for determination of the appropriate period of beginning to regulate RBSWPG. The timing of RBSWPG regulation is crucial. Soil water resources are valuable and too early or too late regulation of the relationship would to the waste of soil water resources or irreversible soil degradation, vegetation decline, or crop failure in water-limited regions. 
[bookmark: OLE_LINK37]Distinguishing severe soil desiccation from light soil desiccation depends on the wilting point, maximum infiltration depth, SWRULP and the soil water management requirements of stakeholders. The SWRULP was 222.8 mm in Caragana shrubland in the middle of Heici Mountain, 252.8 mm at the top of the semiarid region, and 220.5 mm in the alfalfa grassland in the Loess Plateau. When the soil water resources in the MID of 290 cm reached the limit, Caragana height growth was lower than 5 cm, which can be the alternative indicator value for SWRULP. The soil water resources would reach their limit 5 years after sowing, and the appropriate time to regulate the relationship between plant growth and soil water falls on the fifth year in the Caragana shrubland. While, alfalfa wilted, Saskatoon berries would grow well because key developmental stages such as flowering and fruit set fall under favorable conditions.
The SWRULP theory could improve researchers’ understanding of soil desiccation, soil degradation, and sustainable exploitation of soil water resources, and facilitate the evaluation of whether plant excessively use soil water, in addition to the determination of the appropriate time to begin regulating RBSWPG and the selection of plants suitable for cultivation in water-limited regions. The SWRULP presents a foundation for the control of irreversible soil degradation, sustainable use of soil water resource, sustainable management of forest and sustainable production of crop in water-limited regions.
When the soil water equals SWRULP, It is time to regulate the plant-water relation based on soil water-carrying capacity to achieve the maximal Maximum yield and benefit of plant ecosystem.
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Figure 1. The soil water suction changes with volumetric soil water content in
caragana shrubland.
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Figure 3 The dynarmics of soil water content in caragana shrubland. a, the dynamics of soil water
content with soil depth in 1 to S-year-old caragana shrubland b, the dynarmics of root biormass with
soil depth in 16-year-old caragana shrublandlVSWC isvolumetrical soil water content,
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