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Abstract

:

The selection of suitable tree species and the reasonable allocation of planting areas are important measures for improving soil quality. This study aimed to investigate the characteristics of typical vegetation type soil quality differences and their dominant factors in loess hilly–gully areas after returning farmland to the forest (grassland). The soil quality status and dominant factors of arbors, shrubs and grasslands in the study area were comprehensively analyzed using the soil quality index (SQI) and structural equation modeling (SEM). The results showed the following: (1) In the study area, the shrub forest had a high capacity for air permeability, water retention and nitrogen fixation. (2) The soil quality of the three vegetation types improved with increasing precipitation, and the soil quality indicator of shrubs was the highest, indicating a better soil quality improvement. However, the soil quality of the arbors and grasslands showed a greater percentage increase. In the precipitation range of 400–410 mm, the soil quality of shrub forests was significantly higher than that of arbors and grasslands. (3) Structural equation modeling analysis indicated that precipitation, vegetation and soil factors are closely related to soil quality. Further analysis showed that soil bulk density, porosity, capillary water-holding capacity, soil organic carbon and total phosphorus were the dominant factors affecting the soil quality in the study area. The purpose of this study was to evaluate quantitatively the soil quality after different vegetation types under different precipitation gradients, to clarify the variation trend of soil quality at different vegetation types with different precipitation gradients and to provide a scientific basis and data support for the quantitative evaluation of vegetation restoration and selection of tree species and vegetation configuration within different precipitation gradients in loess hilly and gully regions in the future.
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1. Introduction


Vegetation and soil have a direct and close relationship as soil and vegetation co-influence each other through time [1,2]. The restoration of vegetation communities can lead to the return of litter and change in root activity, thereby continuously improving the soil environment [3]. Improving the soil environment has impacts on plant growth and yield, soil texture and structure, soil fertility and nutrient cycling, soil microbial activity, as well as ecosystem functioning and biodiversity [4].



In the gullies and ridges of the Loess Plateau, the surface soil, soil erosion and loss are severe [5]. Reasonable vegetation management is an important step in ecological restoration [6,7] and an important measure for improving soil quality [8,9]. However, owing to the arid climate, water has become a critical factor constraining ecological restoration and reconstruction in the region. Relevant studies have shown that soil moisture plays an important linking role in the soil–vegetation–atmosphere system, and the spatiotemporal variability of soil moisture further affects the distribution, structure and ecological function of regional plant communities [10]. Meanwhile, how vegetation utilizes soil moisture can lead to changes in vegetation growth and distribution, altering the net primary productivity of vegetation [11], which also affects the restoration of soil quality [12]. Studies have shown that, in the Loess Plateau area, vegetation and soil moisture are positively correlated. As soil moisture increases, so does vegetation cover, with an overall increase in soil quality [13,14]. In addition, studies have shown that changes in precipitation patterns can affect soil moisture and temperature conditions, soil substrates, soil microbial communities and enzyme activities [15,16,17]. Precipitation is an important factor for vegetation growth and affects the distribution characteristics of vegetation through changes in precipitation distribution patterns [18], and the soil layer is a key factor for allocating precipitation moisture [19]. Therefore, studying the relationship between precipitation, vegetation and soil quality is important for understanding the long-term effects of ecological environmental changes and changes in vegetation distribution patterns.



At present, the research on soil quality is mainly on the influence of a single or a few vegetation types on soil quality [20,21] or concentrated on the changes in soil properties affected by vegetation, thereby affecting soil quality [22,23,24]. However, systematic studies on soil quality for the same vegetation type under different precipitation gradients and between different vegetation types under the same gradient are relatively rare. Therefore, in this study, three areas with significant differences in precipitation gradients in the loess hilly and gully region—Wuqi County Changcheng (400–410 mm), Jinfoping (440–445 mm) and Baibao (460–470 mm)—were selected as research areas. Three representative vegetation types, including arbors, shrubs and grasslands, were selected as the research objects. Through investigation and sampling, to study soil quality and its dominant factors, the main objectives of this study were (1) to elucidate the differences in soil quality evaluation indicators of typical vegetation under different precipitation gradients; (2) to comprehensively score the soil physical structure, soil water retention, soil salinity reduction, soil carbon sink, soil available nutrients and soil quality of the three typical vegetation types in the study area; and (3) to use structural equation modeling to study the relationships among precipitation, vegetation, soil factors and soil quality and to further explore the dominant factors affecting vegetation soil quality. This study aimed to determine the soil quality status of the same vegetation under different precipitation gradients and between different vegetation types under the same precipitation gradient in the loess hilly and gully regions, as well as the dominant factors that affect it.




2. Study Area Overview and Methods


2.1. Overview of the Study Area


The study area is located in Wuqi County (Figure 1). It has a prevalent semi-arid temperate continental monsoon climate with an average annual temperature of 7.8 °C. The landform is mainly composed of Loess Plateau ridge-hill gullies with elevations between 1233 and 1809 m. The soil is loessal soil. The county has gradually formed a forest and grassland dominated by plant species such as Platycladus orientalis, Caragana korshinskii, Leymus secalinus, Lespedeza daurica, Thymus mongolicus, Artemisia gmelinii, Potentilla chinensis, Cirsium setosum, Ixeris polycephala and Delphinium grandiflorum.




2.2. Sample Plot Layout and Soil Sample Collection


The research team conducted a comprehensive survey of the entire Wuqi County and selected three different precipitation gradient zones within the county [24] as the study areas, Changcheng (400–410 mm), Jinfoping (440–445 mm) and Baibao (460–470 mm) (Figure 1). In each precipitation gradient area, three typical vegetation types, arbor, shrub and grassland, with representative and similar habitats, were selected as research objects. They are Populus X hopeiensis (P × H), Hippophae rhamnoides (HR) and grassland (GL). A total of 27 sample plots of 20 m × 20 m were set up in each vegetation type distribution area of each study area, and the sample plot information was recorded (Table 1). The vegetation in the plot was investigated using the method of each wood scale. A five-point sampling method was used for each plot, and the soil was sampled to a depth of 100 cm after removing surface litter. The soil was divided into five layers from top to bottom, with an interval of 20 cm between each layer, resulting in a total of 135 soil profiles. Three replicates were collected for each profile using an auger to measure the physical properties. A total of 2025 auger samples were collected. Simultaneously, soil samples from the same soil layer were collected for mixing and sieving to determine their chemical properties. A total of 135 bags of mixed soil samples were collected.




2.3. Soil Indicator Measurement


Soil indicators were determined by the soil physical properties determination method [25] as well as soil agrochemical analysis [26]. Details are shown in Table 2.




2.4. Soil Quality Indicator Evaluation Model


2.4.1. Indicator Selection


In this study, 15 soil physical and chemical indicators that have significant impacts on soil quality were selected, taking into account previous research findings [27,28,29] and experimental conditions. These indicators included BD, NCP, TCP, CP, SWC, maxWHC, CWHC, pH, EC, SOC, AP, AN, AK, TN and TP, which were used to comprehensively evaluate soil quality. Based on previous research results [29], BD, NCP, CP and TCP were classified as soil physical structure indicators; SWC, maxWHC and CWHC were classified as soil water retention indicators; pH and EC were classified as soil salinity and alkalinity indicators; SOC was classified as a soil carbon sink indicator; AP, AN, AK, TN and TP were classified as soil available nutrient indicators.




2.4.2. Calculation of Soil Indicator Weight and Membership Degree


The correlation coefficients between each indicator were determined using a correlation matrix, and the average correlation coefficient between each evaluation indicator was calculated. The weight of each evaluation indicator, Ri, was determined by dividing the average correlation coefficient by the sum of all average correlation coefficients [30]. Secondly, the membership degree of the evaluation indices in the fuzzy comprehensive evaluation was determined by their membership functions [31].




2.4.3. Soil Quality Indicator Calculation


The soil quality evaluation index is calculated by combining various indicators. The larger the soil quality evaluation index, the better the effect of vegetation on soil quality recovery, as shown in Equation [32].


  S Q I =   ∑  i = 1   n      R   i   × F (   x   i   )    








where SQI is the soil quality evaluation index, Ri is the weight of each indicator, n is the number of evaluation indicators and F(xi) represents the membership degree value of each evaluation indicator.





2.5. Data Processing


The weights, membership degrees and soil quality indices were calculated using Excel 2010. One-way analysis of variance (ANOVA) and reliability and validity tests were conducted using SPSS 22.0. Origin 2021 and ArcMap 10.2 were used for mapping. Based on the relationships among precipitation, vegetation, soil factors and soil quality, a structural equation model was constructed using the plspm package in R 4.3.1. On this basis, the maximum factors affecting soil quality were obtained, and then the indicators were selected through reliability and validity tests with a reliability test result greater than 0.6 and a validity test greater than 0.5 using SPSS 22.0. After selection, a structural equation model was constructed using AMOS 21.0.





3. Results


3.1. Statistical Analysis of the Typical Vegetation Soil Indicator


Under different precipitation gradients, the soil physical indicators of the different vegetation types showed significant differences in response to changes in precipitation (p < 0.05). In the 400–470 mm precipitation area, except for BD, physical indicators of arbors and shrubs generally showed an increasing trend with the increase in precipitation. Based on the comprehensive analysis of the differences in soil physical indicators, the soil physical indicators of shrubland were found to be higher, especially in terms of maxWHC, CWHC and TCP, indicating that shrubland had better air permeability and water retention (Table 3). The soil chemical indicators of the different vegetation types also differed significantly (p < 0.05). The EC, AN and TN of both arbors and shrubland soils showed an increasing trend with increasing precipitation. Based on the comprehensive analysis of the differences in soil chemical indicators, it was found that compared with arbors and grasslands, shrublands had advantages in most of the chemical indicators. The soil pH and SOC of shrubland were relatively stable and in the low-precipitation zone, the TN and AK contents were higher than those of arbors and grasslands (p < 0.05), indicating better nitrogen fixation ability (Table 3).




3.2. Variation Characteristics of Soil Quality of Typical Vegetation with Precipitation Gradient


The weight values of different soil indicators in the study area were different and the weight values of maxWHC and TCP were higher, which play an important role in the evaluation of soil quality in the study area (Figure 2). On the precipitation gradient of 400–470 mm, the scores of arbors, shrub and grassland physical structure indicator, soil water retention indicator, salinity indicator, carbon sink indicator and available nutrient indicator in the study area showed different trends with the decrease in precipitation (Figure 3). The indicator scores of arbors decreased overall with decreasing precipitation, and the scores for available nutrients did not differ significantly between the 400–10 mm and 440–445 mm precipitation zones (p > 0.05). The scores of each shrubland indicator fluctuated with the changes in precipitation. The scores of the salinity indicator and soil available nutrient indicator were the lowest in the 400–420 mm precipitation area, and the other indicators showed an increasing trend with increasing precipitation. In addition to soil water retention, the scores of each grassland indicator showed a decreasing trend with decreasing precipitation. A comprehensive analysis of various soil indicators showed that the comprehensive soil quality indicator of the three vegetation types decreased with decreasing precipitation, with arbors and grasslands showing more significant declines.



Under the same precipitation gradient, there were significant differences in the comprehensive soil quality indicator among the three vegetation types (p < 0.05) (Figure 3f). In the 400–470 mm precipitation zone, shrubland had the highest comprehensive soil quality indicator and was significantly higher than that of arbors and grasslands in the 400–410 mm precipitation zone, showing the best improvement in soil quality in the study area. In the 440–470 mm precipitation zone, arbors have higher soil quality than grasslands, but grassland soil quality improved by 42.86%, whereas arbors soil quality improved by 21.15%, with grassland soil quality improvement being higher than that of arbors.




3.3. Effects of Environmental Factors on Soil Quality under Different Precipitation Gradients


3.3.1. Relationship between Precipitation, Vegetation, Soil Factors and Soil Quality


To explore the interactive effects of precipitation, vegetation, soil factors and soil quality, we used the mean precipitation value for each gradient (402.5 mm for Changcheng, 442.5 mm for Jinfopingand and 465 mm for Baibao). The diameter at breast height, base diameter and tree height in the stand structure was used as indicators, and the soil factors were soil physical and chemical factors. These four were constructed using SEM, and the relationship diagram is shown in Figure 4. Precipitation, vegetation and soil factors jointly explained 85% of the structural variance in soil quality, with vegetation affecting soil quality, with a path coefficient of −0.21. Precipitation and soil factors had a positive impact on soil quality, with path coefficients of 0.25 and 0.83, respectively, indicating that soil factors significantly influenced soil quality. The indirect effects of precipitation and vegetation on soil quality were greater than their direct effects. Precipitation can directly or indirectly influence soil quality through vegetation and soil factors.




3.3.2. Dominant Factor Analysis of Soil Quality Based on Soil Factors


As shown in Figure 4, soil factors had a significant influence on soil quality. Furthermore, SEM was used to analyze the effects of soil factors on the SQI and the intensity of action, as shown in Figure 5. BD has a direct impact on SQI in the 400–410 mm precipitation area, where negative impacts are higher than positive impacts. BD had a direct negative impact on SQI in the 400–410 mm precipitation area. The indirect effects of AK and AP on SQI in this area were greater than their direct effects. In the 440–445 mm precipitation area, CP and BD had a direct negative impact on SQI, followed by SOC, AP and AN, which had an important impact on SQI, showing that the indirect impact was higher than the direct impact. In the 460–470 mm precipitation area, TCP and CWHC had a greater impact on SQI and a direct positive impact. TP and SOC also played important roles in the SQI impact. In different vegetation types, water-holding capacity and porosity are important factors affecting the SQI of arbors, and the influence of available nutrients is relatively small. The change in the physical structure of the soil is the main factor affecting the SQI of shrubs, but the available nutrients play an important role in affecting the SQI of shrubs, and the impact is higher than that of arbors. The SQI of the grasslands was mainly affected by EC and BD.






4. Discussion


4.1. Analysis of the Influence of Precipitation on Soil Quality


Precipitation affects the net primary yield of plants, and controlling detrital elements entering the soil can directly affect the soil nutrient status and indirectly affect microorganisms and enzyme activities [33], thus affecting soil quality. Relevant studies have pointed out [10] that below 370 mm of precipitation, the restriction of water on ecosystem services such as species diversity will become more intense, and it will also have a significant impact on soil quality, which can explain the results of this study. This study shows that the comprehensive indicator of soil quality of arbors, shrubs and grassland showed a decreasing trend with the decrease in precipitation, which may be due to the gradual decrease in precipitation from southeast to northwest in Wuqi County [24]. This hydrothermal distribution pattern controls the amount of vegetation biomass and litter decomposition processes, thus affecting soil quality. This study shows that the comprehensive indicator of soil quality of the three vegetation types showed an increasing trend with increasing precipitation. This may be because precipitation changes have an important impact on plant growth. Appropriate precipitation helps to promote biological activities in the soil and provides suitable living conditions for these organisms and promotes soil organic matter decomposition and nutrient release [34,35]. Secondly, precipitation can moisten soil particles, increase soil cohesion and stability, and reduce the possibility of wind erosion and water erosion [36]. Precipitation contains a certain amount of soluble nutrients, such as nitrogen, phosphorus, potassium, etc. These nutrients are essential for the growth and development of plants [37]. An increase in precipitation can effectively increase soil nutrients to a certain extent. In addition, studies have shown that when environmental conditions are dry, the impact of precipitation on soil quality is greater [38]. Therefore, with an increase in precipitation, the soil quality of the Loess Plateau significantly improved.




4.2. Analysis of the Influence of Vegetation on Soil Quality


Vegetation plays a key role in soil quality restoration, mainly acting on the soil through three processes: root growth [39], litter accumulation and decomposition [40] and biological activities [41]. This study found that the soil quality of different vegetation types was significantly different (p < 0.05). Compared with shrubs, the soil quality of arbors and grassland decreased with a decrease in precipitation, and the response to the precipitation gradient was stronger. This may be due to the differences in the demand for soil moisture by vegetation growth. This study showed that in the 440–445 mm precipitation area, the soil quality of arbors was higher than that of the other two gradients. This may be because the precipitation gradient area is close to the precipitation line suitable for tree growth [42], which meets the water demand of arbor growth and has a positive effect on the improvement of soil quality. However, an area with less precipitation does not meet its growing demand, resulting in poor soil quality, particularly in the 400–410 mm precipitation area. This study showed that the comprehensive indicator of soil quality in shrubland was the highest, the soil quality improvement effect in the study area was the best and the suitability was the strongest. This may be because shrub roots can secrete organic compounds, which have a positive effect on soil microorganisms and soil nutrients and also promote an increase in soil enzymes mainly derived from plant roots, soil microorganisms and animal and plant residues, which is conducive to the improvement of soil quality [43]. At the same time, some studies have shown that the soil aeration, water permeability and water conservation capacity of shrub forests are significantly higher than those of other land-use types [44], and the soil moisture consumption of shrubs is lower during the growing season [45], which is conducive to the maintenance of soil moisture. The roots of grasslands are mainly distributed in the 0–30 cm soil surface layer [46]. The roots are short, and the biomass is low, which has little effect on the soil, resulting in the improvement of soil quality under the three precipitation gradients that were lower than those of arbors and shrubs.




4.3. Analysis of Dominant Factors Affecting Soil Quality


Precipitation plays an important role in vegetation growth in arid and semi-arid regions. Vegetation is more sensitive to precipitation [47], and vegetation growth has a certain impact on soil properties [48], resulting in differences in soil quality. This study showed that precipitation can indirectly affect soil quality through its effects on vegetation. This may be due to vegetation, which primarily intercepts and redistributes precipitation through the canopy. This directly affects the amount of atmospheric precipitation that can reach the soil surface [49], and the effects of precipitation on vegetation growth stress are obvious [50,51]. At the same time, the results of this study also showed that vegetation has a direct negative impact on soil quality, which may be because tall trees consume more water and nutrients to maintain their growth and development [52]. However, in this study area, the overall precipitation was low, and evaporation was severe, resulting in a decline in vegetation growth, particularly in the precipitation area of 400–410 mm. As a result, the net primary productivity of vegetation is low [53], leading to a reduction in organic matter input into the soil and inhibition of soil nutrient cycling and microbial decomposition activities. Simultaneously, the surface microenvironment changes, vegetation coverage decreases and the soil surface is susceptible to erosion, which ultimately reduces soil quality. Furthermore, it is also possible that low precipitation has resulted in inadequate capacity to supply tall trees for growth, which in turn has led to a decline in soil quality.



This study showed that soil factors have a significant influence on soil quality. The soil bulk density, porosity and capillary water-holding capacity were important indices affecting soil quality in the study area. The soil bulk density is relatively low, the structure is relatively loose, the pores are numerous, the water storage and fertilizer retention capacity are strong and the soil quality is good. In contrast, the soil structure is compact, with few pores, poor water permeability, low water storage and fertilizer retention performance and poor soil quality [54]. It is concluded that under different precipitation gradients, how to effectively improve soil quality, the focus is on the improvement of soil structure and soil moisture supply, how to effectively hold water, prevent soil erosion caused by concentrated precipitation and prevent soil from being excessively dry. Soil moisture caused by soil caking cannot be replenished in time, affecting soil quality. Therefore, the selection of tree species is particularly important for vegetation restoration in arid and semi-arid regions. This study shows that soil organic carbon and total phosphorus are also important indices affecting soil quality, which are directly related to plant growth and nutrient supply [55], which is consistent with previous research results. This study showed that increased precipitation leads to increased soil water availability, which can accelerate solute transport, nutrient cycling and substrate diffusion to soil microorganisms [13] and can effectively increase soil nutrients to a certain extent. This study showed that the soil quality indicator of shrublands was the highest under the 400–470 mm rainfall gradient, and it was significantly higher than that of trees and grassland under the 400–410 mm rainfall gradient. This may be due to the hilly and gully regions of loess; compared with trees, shrubs have weaker water consumption capacity, better community structure, lush branches and leaves and high canopy density and can form dense forest canopies and litter layers and develop root layers, which is conducive to reducing the ineffective consumption of water [56,57]. This study also showed that shrublands have strong permeability, water retention and nitrogen fixation capacity. Therefore, it is suggested that under a rainfall gradient of 400–410 mm, vegetation planting mainly consists of shrubs. This study also showed that when the precipitation was greater than 440 mm, the improvement in grassland soil quality (42.86%) was much higher than that of arbors (21.15%) (Figure 3f). Related studies have also shown that the forest–grass composite model significantly improves soil physical and chemical properties, reduces soil density, increases soil porosity and water storage and increases soil organic matter and available nutrient content [57,58], which could effectively improve soil quality. Therefore, it is suggested that the rainfall range of 440–470 mm in the study area should be restored using the vegetation construction mode with shrubs and grasslands.





5. Conclusions


Studies have shown that soil physical and chemical indicators of different vegetation types vary with precipitation. The soil quality of the three vegetation types increased with increasing precipitation. The soil quality of the shrubland was the highest, and the soil quality was improved. The soil quality percentage of arbors and grasslands increased relatively higher, and the soil quality increased significantly with an increase in the precipitation gradient. There is a close relationship between precipitation, vegetation, soil factors and soil quality. Soil factors affected the soil quality directly. Precipitation and vegetation mainly affected soil quality indirectly through soil factors. Soil bulk density, porosity, capillary water-holding capacity, soil organic carbon and total phosphorus were the dominant factors affecting soil quality in the study area. Therefore, in the process of improving soil quality in the study area in the future, the improvement of soil structure and soil effective water-holding capacity should be considered. Under a precipitation gradient of 400–410 mm, the vegetation planting is mainly shrubs. When precipitation is 440–470 mm, the vegetation construction mode of shrubs and grasses is recommended for vegetation restoration.
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Figure 1. Basic information on the sampling points. 
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Figure 2. Weight of each indicator. 
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Figure 3. Changes in the soil quality indicator of different vegetation types with precipitation gradient. Note: Different lowercase letters indicate significant differences between different vegetation types of soil quality under the same precipitation gradient (p < 0.05). Different capital letters indicate significant differences between different precipitation gradients for the same vegetation type of soil quality (p < 0.05). 
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Figure 4. Relationship between precipitation, vegetation, soil factors and soil quality. The blue arrow indicates a positive impact, the red arrow indicates a negative impact, the solid arrows indicate significant impacts and the thickness indicates the size of the path coefficient. *** represents a significant correlation at the 0.001 level and * represents a significant correlation at the 0.05 level. 
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Figure 5. Influence of different dominant factors on the SQI. (a–c) represent arbors, shrubs and grassland in the 400–410 mm precipitation area, respectively. (d–f) are the arbors, shrubs and grassland in the 440–445 mm precipitation areas, respectively. (g–i) represent arbors, shrubs and grasslands in the 460–470 mm precipitation area, respectively. The red arrow indicates a significant positive impact, the blue arrow indicates a significant negative impact, the solid arrows indicate significant impacts, the dotted arrow indicates no significant impact and the thickness indicates the size of the path coefficient. *** represents a significant correlation at the 0.001 level, ** represents a significant correlation at the 0.01 level, and * represents a significant correlation at the 0.05 level. 
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Table 1. Basic information on the sample sites.
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Precipitation Gradient

	
Annual Mean Precipitation/mm

	
Vegetation

	
Aspect

	
Restoration

Years/a

	
Altitude/m

	
Slope/°

	
Crown Density/%

	
Diameter at

Breast

Height/cm

	
Base

Diameter

/cm

	
Tree Height/m






	
Changcheng

	
400~410

	
P × H

	
Shady slope

	
30

	
1505.7

	
23

	
30

	
13.75

	
/

	
13.5




	
HR

	
Shady slope

	
8

	
1534.9

	
31

	
40

	
/

	
2.46

	
1.5




	
GL

	
Shady slope

	
/

	
1520.7

	
26

	
60

	
/

	
/

	
/




	
Jinfoping

	
440~445

	
P × H

	
Shady slope

	
30

	
1331.6

	
20

	
75

	
19.48

	
/

	
15




	
HR

	
Shady slope

	
8

	
1430

	
25

	
70

	
/

	
3.53

	
2




	
GL

	
Shady slope

	
/

	
1400.3

	
28

	
85

	
/

	
/

	
/




	
Baibao

	
460~470

	
P × H

	
Shady slope

	
30

	
1484.1

	
25

	
85

	
30.25

	
/

	
20




	
HR

	
Shady slope

	
8

	
1545

	
30

	
75

	
/

	
4.05

	
3




	
GL

	
Shady slope

	
/

	
1580.9

	
25

	
90

	
/

	
/

	
/








Note: P × H, HR and GL represent Populus X hopeiensis, Hippophae rhamnoides and grassland, respectively.













 





Table 2. Soil indicator measurement.






Table 2. Soil indicator measurement.





	Soil Indicators
	Measurement Methods
	Membership Functions





	Soil water content (SWC)
	Drying method.
	Ascending membership function



	Soil bulk density (BD)
	Ring knife method.
	Descending membership function.



	Non-capillary porosity (NCP), total capillary porosity (TCP), capillary porosity (CP), maximum water-holding capacity (maxWHC), capillary water-holding capacity (CWHC)
	Ring knife method.
	Ascending membership function



	Soil organic carbon content (SOC)
	Potassium dichromate oxidation method.
	Ascending membership function



	Soil available potassium (AK)
	NH4 OAc-flame photometry.
	Ascending membership function



	Soil alkali nitrogen (AN)
	Alkaline hydrolysis-diffusion absorption method.
	Ascending membership function



	Soil available phosphorus (AP)
	Extraction with 0.5 mol·L−1 NaHCO3 and silica-molybdenum blue colorimetry.
	Ascending membership function



	Soil total nitrogen (TN)
	Sulfuric acid digestion-sodium salicylate and adjust with NaOH method.
	Ascending membership function



	Soil total phosphorus (TP)
	NaOH melting-molybdenum

antimony colorimetric method.
	Ascending membership function



	Soil pH
	1:2.5 soil-to-water ratio using a pH-320 m.
	Descending membership function.



	Electrical conductivity (EC)
	Conductivity method.
	Descending membership function.










 





Table 3. Statistics of soil quality indices for different vegetation types under different precipitation gradients.
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Sample Plot

	
400~410 mm

	
440~445 mm

	
460~470 mm




	
P × H

	
HR

	
GL

	
P × H

	
HR

	
GL

	
P × H

	
HR

	
GL






	
SWC (%)

	
8.07 ± 0.49

	
9.01 ± 0.31

	
9.55 ± 0.3

	
18.43 ± 0.33

	
17.32 ± 0.38

	
23.42 ± 1.23

	
20.02 ± 0.68

	
14.75 ± 1.35

	
19.04 ± 0.67




	
Cb

	
Ca

	
Ca

	
Ba

	
Ab

	
Aa

	
Ab

	
Bc

	
Ba




	
BD (g/cm3)

	
1.38 ± 0.04

	
1.29 ± 0.02

	
1.38 ± 0.03

	
1.29 ± 0.09

	
1.31 ± 0.07

	
1.44 ± 0.09

	
1.16 ± 0.09

	
1.18 ± 0.04

	
1.15 ± 0.05




	
Aa

	
Ab

	
Aa

	
ABa

	
Aa

	
Aa

	
Bb

	
Bb

	
Bb




	
maxWHC (%)

	
33.63 ± 1.34

	
39.8 ± 1.2

	
33.47 ± 0.42

	
37.65 ± 3.99

	
37.98 ± 2.4

	
30.46 ± 1.11

	
43.31 ± 5.17

	
43.37 ± 2.02

	
27.98 ± 3.8




	
Bb

	
ABa

	
Ab

	
ABa

	
Ba

	
Bb

	
Aa

	
Aa

	
Ba




	
CWHC (%)

	
28.4 ± 0.4

	
35.25 ± 0.78

	
30.34 ± 0.58

	
34.01 ± 2.32

	
32.64 ± 0.9

	
28.75 ± 1.37

	
36.52 ± 2.39

	
37.59 ± 1

	
28.81 ± 1.53




	
Bc

	
Ba

	
Bb

	
Aab

	
Cb

	
Bb

	
Aa

	
Aa

	
Ba




	
NCP (%)

	
7.51 ± 1.96

	
6.54 ± 1.73

	
4.91 ± 1.32

	
3.66 ± 1.9

	
6.72 ± 1.93

	
3.48 ± 0.44

	
8.48 ± 3.38

	
8.02 ± 2.66

	
10.52 ± 2.63




	
Aa

	
Aa

	
Ba

	
Aa

	
Aab

	
Ba

	
Aa

	
Aa

	
Aa




	
CP (%)

	
39.23 ± 1

	
44.93 ± 0.82

	
41.4 ± 0.43

	
44.09 ± 1.27

	
42.26 ± 1.48

	
42.7 ± 1.18

	
42.12 ± 1.08

	
44.5 ± 0.91

	
41.86 ± 1.94




	
Bc

	
Aa

	
Ab

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa




	
TCP (%)

	
46.74 ± 1.64

	
51.48 ± 1.04

	
46.31 ± 1.65

	
47.75 ± 2.6

	
48.97 ± 1.16

	
46.18 ± 1.03

	
50.6 ± 3.03

	
52.52 ± 1.94

	
52.38 ± 2.38




	
Ab

	
ABa

	
Bb

	
Aa

	
Ba

	
Bb

	
Aab

	
Aa

	
Aa




	
SOC (g/kg)

	
7.42 ± 0.49

	
7.28 ± 1.1

	
7.5 ± 3.47

	
8.32 ± 1.18

	
10.9 ± 4.03

	
2.99 ± 0.69

	
10.55 ± 0.96

	
8.42 ± 1.72

	
14.24 ± 1.33




	
Ba

	
Aa

	
Ba

	
Ba

	
Aa

	
Bb

	
Aa

	
Aa

	
Aa




	
EC (μs/cm)

	
75.64 ± 2.26

	
90.63 ± 8.73

	
78.09 ± 7.14

	
89.4 ± 3.23

	
90.32 ± 5.48

	
82.15 ± 6.96

	
91.43 ± 4.52

	
91.75 ± 5.39

	
92.6 ± 6.05




	
Ba

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa




	
pH

	
8.43 ± 0.05

	
8.43 ± 0.14

	
8.38 ± 0.07

	
8.35 ± 0.06

	
8.17 ± 0.07

	
8.44 ± 0.13

	
8.27 ± 0.09

	
8.29 ± 0.09

	
8.14 ± 0.08




	
Aa

	
Aa

	
Aa

	
Ba

	
Bb

	
Aa

	
Cb

	
ABb

	
Bb




	
AN (mg/kg)

	
0.75 ± 0.45

	
1.17 ± 0.52

	
1.79 ± 0.86

	
0.88 ± 0.58

	
5.79 ± 2.49

	
0.89 ± 0.1

	
4.83 ± 0.5

	
10.43 ± 0.96

	
6.13 ± 1.32




	
Ba

	
Ca

	
Ba

	
Bb

	
Ba

	
Bc

	
Ab

	
Aa

	
Aa




	
AP (mg/kg)

	
5.84 ± 1.33

	
4.99 ± 0.37

	
6.25 ± 2.3

	
6.12 ± 0.49

	
7.79 ± 1.2

	
7.09 ± 0.21

	
7.37 ± 1.28

	
7.73 ± 2.17

	
8.27 ± 0.75




	
Aa

	
Aa

	
Aa

	
Ab

	
Aab

	
Aa

	
Aa

	
Aa

	
Aa




	
AK (mg/kg)

	
57.89 ± 4.51

	
64.33 ± 7.42

	
33.11 ± 8.96

	
96.56 ± 6.43

	
38 ± 11.51

	
53.78 ± 8.16

	
105.67 ± 8.21

	
73.22 ± 5.92

	
42 ± 6.72




	
Ba

	
Ba

	
Bb

	
Aa

	
Ab

	
Ac

	
Aa

	
Ab

	
ABb




	
TN (g/kg)

	
0.1 ± 0.03

	
0.28 ± 0.13

	
0.22 ± 0.06

	
0.42 ± 0.14

	
0.46 ± 0.2

	
0.23 ± 0.06

	
0.37 ± 0.17

	
0.6 ± 0.22

	
0.2 ± 0.07




	
Aa

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa

	
Aa




	
TP (g/kg)

	
0.27 ± 0.06

	
0.18 ± 0.04

	
0.09 ± 0.02

	
0.25 ± 0.08

	
0.09 ± 0.03

	
0.08 ± 0.04

	
0.11 ± 0.05

	
0.14 ± 0.03

	
0.08 ± 0.03




	
Aa

	
Aa

	
Ab

	
ABa

	
Bb

	
Aa

	
Ba

	
ABa

	
Ab








Note: Different lowercase letters indicate significant differences between different vegetation types under the same precipitation gradient (p < 0.05). Different capital letters indicate significant differences between different precipitation gradients for the same vegetation type (p < 0.05).
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