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Abstract
Dryland soils are nutrient-poor and prone to degradation due to aridity, grazing and enclosure. It is essential to examine the effects of grazing and enclosure on aridity-induced soil degradation in dryland ecosystems to optimize land management practices in response to climate change. However, quantitative evaluation on this topic is scarce due to a lack of long-term field monitoring data. This study evaluated the combined effects of aridity and grazing/enclosure using data from three research stations providing long-term (2005-2015) data on soil physical and chemical properties in the typical steppe and desert steppe across the semi-arid and hyper-arid areas of China’s drylands. Results showed that soil organic matter (OM) content was higher for enclosures (20.50 g/kg) than for grazing (19.06 g/kg). In the semi-arid steppe, those aged 30-33 years had the highest soil total nitrogen (TN) contents (1.21 g/kg). Longer enclosures aged 34-36 years decreased soil TN content (0.88 g/kg). In the desert steppe, the enclosure aged 5-8 years exhibited the highest soil OM (2.44 g/kg) and TN (0.21 g/kg) contents. Grazing enhanced the decrease of OM content (from 4.57 to 2.39 g/kg) with increasing aridity (1 - aridity index) from 0.35 to 1. These findings indicate that enclosures can improve soil fertility, but prolonged enclosures may have negative effects. Grazing had a synergistic effect on the decrease of OM with aridity. Results can be used to formulate sustainable land management strategies in response to climate changes, such as reducing the enclosure period in wetter and restored areas, and diminishing the grazing intensity in areas with higher aridity.
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1. Introduction
Drylands cover about 41% of the global land areas (Cherlet et al., 2018) and comprise >38% of the human population (Reynolds et al., 2007). Drylands are characterized by limited and highly variable rainfall, high evaporation, nutrient-poor soils, and sparse vegetation (Maestre et al., 2021). Drylands tend to expand under the interactive effects of global climate change and human activities (Huang et al., 2016; Reed and Stringer, 2016; Li et al., 2021). As global climate change continues to impact dryland regions, sustainable management practices are needed to reduce the vulnerability of dryland ecosystems (Lal, 2012). Soil physical and chemical properties, which are essential for ecosystem functioning and productivity, are modulated by climate, vegetation, land management practices and their interactions (Zhou et al., 2023). By exploring these interactions, we can gain a better understanding of the underlying processes and develop evidence-based ecological management strategies of drylands. 

Livestock grazing is the most common land use in drylands (Maestre et al., 2016), yet it modifies plant cover, biomass and richness (Eldridge et al., 2016), alongside multiple soil physical and chemical properties (Eldridge and Delgado-Baquerizo, 2017). Grazing promoted the cycling of nitrogen by stimulating net nitrogen mineralization through the release of nitrogen-rich waste products such as dung and urine to pastures, which increased the availability of nitrogen (Zarekia et al., 2012). However, high-intensity and long-term grazing slowed nitrogen cycling by reducing the abundance of nitrogen-rich and palatable species and increasing nitrogen-poor species (Shan et al., 2011). Xie and Wittig (2004) also observed that the increase in grazing intensity in the steppes of northern China reduced soil organic matter and nitrogen content. In order to control the grassland degradation caused by grazing, grazing exclusion was implemented and proved to promote plant productivity, species richness, and soil fertility (He et al., 2009; Angassa et al., 2012; Sun et al., 2020). Notably, the effects of enclosure vary with the age of the enclosure. Sun et al. (2020) reported that 4-8 years of enclosure significantly increased the soil nutrient content, but reduced the aboveground biomass, plant diversity and soil fertility in semi-arid alpine meadows on the Qinghai-Tibet Plateau (Sun et al., 2021b; Wu et al., 2021). Steffens et al. (2008) observed that the soil physical and chemical properties did not change after five years of the enclosure, but improved after 25 years of enclosure in the semi-arid steppes of Mongolia. Because of these disputes, the effects of enclosure and grazing on soil physical and chemical properties and the effects of enclosure years need to be further verified. 

Grazing might have synergistic effects on ecosystems with aridity, including enhancing land degradation and desertification under a warmer and drier climate (Maestre et al., 2022a; Maestre et al., 2022b). On the other hand, an increase in aridity caused nonlinear and abrupt changes in soil properties (Delgado-Baquerizo et al., 2013; Berdugo et al., 2020). Therefore, soil physical and chemical properties are affected by the interactions of management practices (i.e., grazing or enclosure), age of enclosure, and local aridity conditions (Mallen-Cooper et al., 2018). It is necessary to evaluate the combined effects of grazing pressure and aridity in dryland ecosystems for comprehending the condition of dryland ecosystems in the face of climate change and growing human activities. 

China's drylands, which cover approximately 67% of the land areas (6.6 million km2), and provide a wide range of ecological services, such as food, energy, carbon sequestration, habitat and biodiversity, supports approximately 580 million people (Li et al., 2021). Grasslands and deserts are the two largest natural ecosystems, accounting for 34.2% and 21.1% of China’s dryland area, respectively. Degradation of the nutrient-poor soil, caused by processing including water and wind erosion, and salinization, is a major land degradation process (Prăvălie, 2021). China’s drylands are characterized by increasing aridity and are at risk of expansion due to climate change (Huang et al., 2016; Huang et al., 2017; Prăvălie et al., 2019). The grazing of sheep and goats is the major form of livestock production, and has a long history of hundreds of years in China’s arid and semi-arid grasslands (Yan et al., 2013). Overgrazing in some regions has caused rapid grassland degradation, ultimately reducing livestock production (Akiyama and Kawamura, 2007). Since the 1980s, the Chinese government has implemented several grassland restoration measures, such as vegetation planting and livestock exclusion using fences (Wang et al., 2018). Studies reported contradicting results on the effect of grazing and enclosure management on soil physical and chemical properties (Chen et al., 2015; Hao and He, 2019). For instance, a previous study reported that long-term overgrazing reduces vegetation cover, biodiversity and soil fertility, ultimately causing grassland degradation and desertification in drylands (Hao and He, 2019). However, Chen et al. (2015) reported that grazing could improve soil fertility and promote the cycling of carbon, nitrogen and phosphorus. In addition, the combined effects of aridity and grazing/enclosure management on soil physical and chemical properties in typical dryland ecosystems in China have not been fully elucidated. To obtain a comprehensive understanding of the effects of the interaction between aridity and grazing/enclosure, it is essential to analyze data obtained through regular and systematic monitoring of dryland ecosystem structural and functional attributes through comparative experiments under the enclosure and grazing treatments, such as the on-site retention of soil nutrients and plant productivity.

[bookmark: _Hlk123743449]The hypotheses of this study are as follows: i) enclosures of medium ages (30-33 years in the semi-arid steppe and 5-8 years in the desert steppe) promote the accumulation of soil carbon and nitrogen compared with the younger (26-29 years in the semi-arid steppe and 1-4 years in the desert steppe) and older enclosures (34-36 years in the semi-arid steppe and 9-11 years in the desert steppe); and ii) grazing has a synergistic effect on the decrease of soil organic matter content with increasing aridity. These hypotheses were tested through the analysis of 10 years of field monitoring of soil properties. The specific objectives of this study were: i) to assess the interactive effects of grazing/enclosure management and local aridity conditions on soil physical and chemical properties; and ii) to investigate the effects of the age of livestock exclusion on soil physical and chemical properties. The findings of this study provide valuable new insights into the formulation of strategies for the integrated management and sustainable utilization of natural resources.

[bookmark: _Hlk58269789]2. Materials and methods
2.1 Study sites
This study was conducted across the drylands of China, which cover approximately 6.6 million km2 accounting for 66% of China’s terrestrial areas (Fig. 1a). Precipitation in the region is low, with a mean annual rainfall of 305.3 mm reported between 2005 and 2015 (Li et al., 2021). China’s drylands are mainly characterized by grasslands (2.3 million km2, 34%), deserts (1.4 million km2, 21%), and croplands (1.1 million km2, 16%). The natural landscape comprises typical steppes, desert steppes and deserts from east to west along the aridity gradient. Typical steppes are mainly distributed in areas with a temperate and semi-arid climate, with approximately 350 mm mean annual precipitation (Bai et al., 2004). Stipa grandis and Leymus chinensis steppes are common in typical grassland areas, and Haplic Calcisols are the main soil types as reported by the FAO/UNESCO taxonomy (Wu et al., 2009). Desert ecosystems have an annual average precipitation of <200 mm and > 700 mm evapotranspiration. The deserts have low coverage of aboveground vegetation (<5%), and the main soil type is Arenosols which is highly vulnerable to wind erosion (Jin et al., 2007; Chang et al., 2015).

The Chinese Ecosystem Research Network (CERN) is a national network comprising 40 ecosystem research stations that provide long-term, comprehensive monitoring of major ecosystems in China (Fu et al., 2010; Zhao et al., 2021). The CERN network has one grassland ecosystem research station and two desert ecosystem research stations to study the effects of enclosure and grazing across China’s drylands. These stations include the Inner Mongolia Grassland Ecosystem Research Station (NMG), Ordos Desert Ecological Research Station (ESD), and Cele Desert Ecosystem Research Station (CLD) (Fig. 1 and Table 1). The 3 sites crossed from semi-arid grassland (NMG) to semi-arid desert (ESD) and to hyper-arid desert ecosystems (CLD) (Liu et al., 2020) (latitudinal range from 37°00′N to 43°55′N, longitudinal range from 80°43′E to 120°42′E). The region had a mean annual land surface temperature ranging from 2.0 to 13.4°C (from 2005 to 2015), and a mean annual precipitation ranging from 43.8 to 386,7 mm (from 2005 to 2015) (Table 1). Control-impact paired experiments were set across the fences between the enclosure and grazing management areas for the three ecosystem research stations (Fig. 2). Table 1 summarized the key characteristics in the region of each research station. 

2.2 Soil sampling and analysis
[bookmark: _Hlk129288968]Soil sampling sites for 10-year monitoring were set up for the enclosure and grazing treatments, with a rectangular sampling plot (100 m  100 m) in the northwest of each site (Fig. 2). Sites were set up approximately 20-30 m away from the fence border between the enclosure and grazing lands to avoid the edge effect. The selected paired sites had similar soil types, vegetation types and landscape positions (Table 1). Collections of soil samples were carried out in the enclosure and adjacent grazing sites during the annual growing season over the period from 2005 to 2015 (Table 1). To ensure representative sampling, the sampling area was divided into 16 small subplots. Soil samples were collected from 6 pre-defined subplots out of 16 sampling subplots each year (Fig. 2). The subplots of sampling were changed annually, with the first-year samples collected from subplots marked A and the second-year samples collected from subplots marked B. The order was changed annually (Fig. 2). At least 10 soil samples were collected in an S-shaped pattern from each selected plot, and were then fully mixed to obtain a single composite sample for subsequent analysis.

The soil sampling process followed a set of established procedures as defined by the CERN. These protocols required soil samples to be collected at five different depths (0-10 cm, 10-20 cm, 20-40 cm, 40-60 cm, 60-100 cm) using a soil sampler with a diameter of 4.0 cm at each site. Soil physical and chemical properties, including bulk density (g/cm3), the ratio of silt and clay (Silt+clay) (%), pH, organic matter (OM) content (g/kg), total nitrogen (TN) content (g/kg), total phosphorus (TP) content (g/kg) and total potassium (TK) content (g/kg) were evaluated in this study. A 1.0-m long, 0.7-m wide, and 1.0-m deep pit was dug in each sampling plot to determine soil bulk density using a stainless steel cutting ring (5.0-cm diameter by 5.0-cm height, 100 cm3 volume). Samples were manually mixed, and gravel and major live plant material (such as visible root residues) were removed prior to analysis. All samples were air-dried, crushed and sieved through a 2 mm mesh. The samples were portioned into subsamples and 50 g subsamples were ground using a mortar and sieved with a 0.25 mm mesh to determine the OM, TN, TP and TK content. N:P stoichiometric ratio is the ratio of total nitrogen to total phosphorus. The ratio of silt+clay was determined by the pipette method (Miller and Miller, 1987). Soil pH was evaluated by potentiometric method with 1:2.5 soil-to-water suspension (Pansu and Gautheyrou, 2006). Soil OM content was evaluated by the potassium dichromate oxidation method. A digestion mixture of potassium dichromate with sulfuric acid was added to the soil samples and subjected to external heating using an electric plate at 100 ºC for 30 minutes under reflux (Kalembasa and Jenkinson, 1973). Soil TN content was determined using the Kjeldahl method (Bremner, 1960). Soil TP content was measured using the antimony anti-colorimetric method after treatment of the samples with sulfuric acid, perchloric acid and molybdenum. Phosphorus compounded in the soil reacts with sulfuric acid and perchloric acid under high-temperature conditions, completely transforming into orthophosphate salt which is dissolved in the solution. Anti-colorimetry is then used to determine the soil TP content (Sommers and Nelson, 1972). Soil TK content was evaluated by the sodium carbonate melting method. Sodium carbonate (Na2CO3) was used as an alkali solvent which melted with the soil samples at a high temperature (920°C). Then the potassium dissolved in the solution (Knudsen et al., 1983). Soil samples were transported to the laboratory for analyzing physical and chemical properties. The laboratory analyses were conducted at each research station using established methods and protocols.

2.3 Statistical analysis
Annual mean precipitation and potential evapotranspiration data from 2005-2015 were retrieved from the TerraClimate dataset (https://www.climatologylab.org/terraclimate.html). This dataset provides monthly climate and climatic water balance data with a 4 km spatial resolution for global terrestrial areas (Abatzoglou et al., 2018). Datasets of soil properties under different treatments (enclosure vs. grazing), ages of enclosure (three categories including younger (26-29 years in the semi-arid steppe and 1-4 years in the desert steppe), medium (30-33 years in the semi-arid steppe and 5-8 years in the desert steppe) and older ages(34-36 years in the semi-arid steppe and 9-11 years in the desert steppe)) at each soil depth were tested for normality using the Shapiro–Wilk test, and for homogeneity of variance using Levene’s test (p>0.05). One-way and two-way analysis of variance (ANOVA) with Fisher's least significant difference (LSD) test with Bonferroni correction was conducted to determine a statistically significant difference at the p=0.05 level for the means of the variables. The value for the enclosure treatment was subtracted from the value for the adjacent grazing treatment to obtain the difference between enclosure and grazing. If the result > 0, it indicated that the enclosure treatment had a higher value than the grazing treatment. Conversely, if the result < 0, it indicated that the enclosure had a lower value than grazing.

Max-min normalization was used to normalize the values of soil physical and chemical properties to avoid dimensional differences. For the time series of the difference in values of soil properties between enclosure and grazing (enclosure–grazing) and aridity (1-AI, aridity index, the ratio of mean annual precipitation to mean annual evapotranspiration) from 2005 to 2015, linear regression analysis was conducted to evaluate the variation of soil properties along the aridity gradient. Ordinary least-squares regression analysis was performed to estimate the linear trends, and the slope coefficient of the fitted regression line was computed. The significance of the linear regression equation was tested using the F-test. Pair differences in soil properties between the enclosure and grazing treatments, among different enclosure ages, and among different soil depths were tested using the student’s T-test with statistical significance determined at p=0.05. Data analysis was conducted using SPSS 26.0 software.

3. Results
3.1 Effects of enclosure and grazing management
Soil physical and chemical properties varied with soil depth. In the semi-arid steppe, the soil pH on the topsoil at 0-10 and 10-20 cm depths were significantly lower (p<0.05) than those at 20-40 and 40-60 cm soil depths for both the enclosure and grazing treatments (Fig. 3a). The OM, TN and TP contents, the ratio of silt and clay, and N:P ratio decreased with increasing soil depth for the enclosure and grazing treatments. However, the differences between the two treatments were not significant (p>0.05) in the deeper 40-100 cm soil (Fig. 3c, d, e, g and h). Soil OM and TN contents in the desert steppe significantly decreased (p<0.05) from the topsoil (0-10 cm) to the deeper soil for the enclosure and grazing treatments, but the differences in the lower 10-100 cm soil were not significant (p>0.05) between the two treatments (Fig. 4c and d). The TP content in the 0-10 cm topsoil for the enclosure treatment (0.41±0.05 g/kg) was significantly higher than that for the deeper 60-100 cm soil (0.35±0.01 g/kg) (Fig. 4e). The pH, bulk density, TK content, ratio of silt and clay, and N:P were not significantly different (p>0.05) across the studied soil depths for both the enclosure and grazing treatments (Fig. 4a, b, f, g and h).

Soil pH for the enclosure treatment in the semi-arid steppe was lower than that of the grazing treatment in the 0-60 cm soil of the Inner Mongolia grassland (Table 2). The OM contents for the enclosure treatment were higher compared with the grazing treatment (Table 2). However, soil pH, bulk density, OM, TN and TP contents in the 0-100 cm soil were not significantly different (p>0.05) between the enclosure and grazing treatments (Table 2). The TK content for the enclosure treatment (25.64±1.52 g/kg) set-up for 30-33 years was significantly higher (p<0.05) for the 60-100 cm soil compared with the grazing treatment (23.53±0.53 g/kg) (Table 2). The ratios of silt+clay of the 20-40, 40-60 and 60-100 cm soil were significantly lower (p<0.05) for the enclosure treatment set up for 34-36 years than the grazing treatments (Table 2). The N:P ratio of the topsoil at 0-10 and 10-20 cm was lower for the enclosure treatment than for the grazing treatment (Table 2). However, the N:P ratio for the deeper 40-100 cm soil for the enclosure treatment set-up for 30-33 years was significantly higher (p<0.05) than the grazing treatment (Table 2). The pH, bulk density, OM, TN, TP, TK, silt+clay content and N:P ratio for the desert steppe were not significantly different between the enclosure and grazing treatments for the 0-100 cm soil (Table 2).

3.2 Effects of enclosure ages
Soil pH in the 20-40 cm soil for the younger enclosure of 26-29 years was 7.29±0.24, which was significantly lower (p<0.05) than that of 7.37±0.17 for the medium-aged enclosure of 30-33 years in the semi-arid steppe (Fig. 5a). The TP content for the 10-20 cm soil for the younger 26-29 years aged enclosure (0.23±0.04 g/kg) was significantly lower (p<0.05) than that of the older-age enclosure of 34-36 years (0.30±0.03 g/kg) (Fig. 5e). The silt+clay ratio in 0-10, 10-20, 20-40, and 40-60 cm soil for the 30-33 years medium-aged enclosure were significantly lower (p<0.05) than the value for the 34-36 years older-aged enclosure (Fig. 5g). The medium-aged enclosure (30-33 years) had significantly higher (p<0.05) TN content in the 10-20 cm soil and TK content in the 0-100 cm soil compared with the younger-aged enclosure (26-29 years) and older aged enclosure (34-36 years) (Fig. 5d and 5f). However, the results showed that the values for the studied soil properties in the semi-arid steppe and the desert steppe were not significantly different between the enclosure and grazing treatments (enclosure-grazing), and showed no significant differences (p>0.05) were observed with differences in age of the enclosure (Fig. 5 and 6).

Soil bulk density of the 0-20 cm topsoil in the desert steppe was 1.59 g/cm3 in the 1-4 years younger-aged enclosure, and then increased to 1.71 g/cm3 in the 5-8 years aged enclosure (Table 3, Fig. 6b). Differences in soil OM, TN, and TP contents and the silt+clay ratio between the enclosure and grazing treatments (enclosure-grazing) in the younger 1-4 years aged enclosure increased in the medium 5-8 years aged enclosure, and then decreased in the older 9-11 years aged enclosure in the desert steppe (Fig. 6c, d, e and g). Differences in OM contents in the 0-60 cm soil and TN content in the 0-10 cm soil were negative for the enclosure treatment with 1-4 enclosure years, implying that values for the enclosure treatment were lower than values for the grazing treatment. Notably, differences significantly increased (p<0.05) to positive values (values>0) for the treatments with 5-8 enclosure years, and then significantly decreased (p<0.05) to negative values (values<0) for the treatments with 9-11 enclosure years (Fig. 6c and d). The difference in TK content between the enclosure and grazing treatments decreased from positive values during the 1-4 and 5-8 enclosure years to negative values during the 9-11 enclosure years (Fig. 6f). Differences in TK content and N:P ratio in the 0-60 cm soil were not significant (p>0.05) among the three enclosure ages (Fig. 6f and h). Analysis of the linear regression showed a significant decrease (p<0.05) in values of enclosure-grazing from 1 to 11 enclosure years, with a slope of -0.039 (p<0.05, R2=0.660) and -0.041 (p<0.05, R2=0.472), respectively.

3.3 Combined effects of land management and aridity
The soil properties data for the enclosure and grazing treatments were obtained from 2009 to 2015 for the semi-arid steppe of Inner Mongolia Grassland (NMG). The aridity of the semi-arid steppe significantly decreased from 0.74 in 2005 to 0.58 in 2015 with a slope of -0.132 (R2=0.383, p<0.05), showing that the climate changed to a wet climate with time. Soil TP content showed a significant increase with time with a slope of 0.36 (p<0.001), whereas the TK content and silt+clay ratio significantly decreased (p<0.05) from 2005 to 2015 for enclosure and grazing treatments (Table 4). The aridity of the desert steppe decreased from 2005 to 2015 with a slope of -0.011 (p>0.05) from 2005 to 2015. Soil bulk density, TP content and the silt+clay ratio showed a significant increase (p<0.05) from 2005 to 2015 for both enclosure and grazing treatments (Table 4). On the contrary, the TK content significantly decreased from 2005 to 2015 with a slope of -0.077 (p<0.001, R2=0.934) and -0.035 (p<0.05, R2=0.289) for the enclosure treatment and grazing treatment, respectively (Table 4).

Soil OM and TK contents and N:P ratio for the desert steppe of Ordos Desert (ESD, aridity=0.73) and Cele Desert (CLD, aridity=0.98) significantly decreased (slope>0, p<0.05) with increased aridity (Fig. 7a, b, e, f, g and h). On the contrary, the TP content significantly increased (slope<0, p<0.001) as the aridity increased (Fig. 7c and d). A comparison of the trends for the enclosure and grazing treatments showed that the slopes of OM and TK contents were positive, and the slopes for the grazing treatment were higher than the slopes for the enclosure treatment (Fig. 7a, b, e and f). The slope of the TP content was negative, and the absolute value for the grazing treatment (0.84) was lower than that of the enclosure treatment (0.91) (Fig. 7c and d). The enclosure treatment exhibited a higher decrease in the N:P ratio (slope = -1.46) than the grazing treatment (slope = -1.34) (Fig. 7g and h).

4. Discussion
[bookmark: _Hlk95811176][bookmark: _Hlk95811375]4.1 Effects of enclosure and grazing management 
Soils for the semi-arid typical steppe and desert steppe are moderately alkaline with pH values ranging from 7.0 to 8.2. Soil pH for the enclosure treatment was slightly lower than that of the grazing treatment. Similarly, Tessema et al. (2011) observed a slightly higher pH value in lightly grazed areas than in enclosure areas in a semi-arid savanna in Ethiopia. The possible reasons for this observation include: i) grazing may induce changes in the composition of plant species, leading to a lower proportion of annual and perennial grasses and legumes favored by herbivores that may increase soil pH (Semmartin et al., 2010); ii) accumulation of livestock waste in the area can increase soil pH; and iii) grazing exclusion management practices may lead to higher root biomass and root microbial metabolism, which promote accumulation and metabolism of organic acids, resulting in lower soil pH (Mofidi et al., 2013).

The grazing area exhibited a slightly higher soil bulk density than the enclosure areas due to the effect of trampling by large herbivores on soil compaction (Feyisa et al., 2017). Soil bulk density in the desert steppe increased along the age chrono sequence of enclosures, which is consistent with findings from a study conducted by Feyisa et al. (2017) in the East African rangelands.

The enclosure treatment exhibited relatively higher soil nutrients (including soil OM and TK) than the grazing treatment, indicating that the enclosure enhanced soil nutrient accumulation. These results are consistent with findings on typical drylands (He et al., 2009; Angassa et al., 2012; Mekuria and Veldkamp, 2012). Higher levels of soil nutrients for enclosure compared with grazing area were attributed to the higher accumulation of herbaceous biomass, litter cover from grasses and woody plants, and plant root residues, which are the primary sources of soil organic matter (Angassa et al., 2012; Mekuria and Veldkamp, 2012). The grazing treatment had a higher ratio of soil silt+clay associated with stabilized soil organic carbon indicating a higher carbon sequestration potential of the soils (Conant et al., 2003; He et al., 2009). The enclosure treatment had a lower N:P ratio in the topsoil but a significantly higher N:P ratio in deeper soil compared with the grazing treatment. The TP content in the topsoil was significantly higher than that in the deeper soil for the enclosure treatment. However, the TP content was not significantly different between topsoil and deeper soil for the grazing treatment. The main reason is that grazing and animal activities increase the distribution of the carbon that plants absorb to their root exudates, thus promoting the development of underground parts and accelerating litter decomposition (Bardgett and Wardle, 2003). This increases the content of soil nutrients, especially in the deeper soil.

OM and TN in the semi-arid steppe and desert steppe regions were concentrated on the topsoil, and their contents decreased with an increase in soil depth with an equilibrium observed for the 40-100 cm soil. These findings are consistent with findings reported by Wang et al. (2001), who suggested that nutrients on the topsoil are easily lost through water and wind erosion (Feyisa et al., 2017). The vertical distribution of soil nutrients in the semi-arid steppe and desert steppe can be ascribed to the vegetation with the root-shoot allocations along the soil profile (Jobbágy and Jackson, 2000). The relatively stable soil OM and TN in the desert profile could be attributed to the low precipitation, leading to weak soil leaching, and slow infiltration and diffusion of soil elements (Lu et al., 2023).

[bookmark: _Hlk67755231]4.2 Effects of enclosure ages
Soil TN, TP, TK, silt and clay contents of the semi-arid steppe with the enclosure age ranging from 26 to 36 years increased between enclosures of 26-29 years to 30-33 years, but decreased from those of 30-33 years to 34-36 years of the enclosure. The medium age (5-8 years) of the enclosure had higher soil OM, TN, TP, silt and clay contents compared with the younger (1-4 years) and older (9-11 years) enclosures for the desert steppe. Differences in the soil nutrients between the enclosure and grazing treatment changed from positive to negative when the enclosure age increased from 5-8 years to 9-11 years. These results indicated that managing enclosures of different ages is important and can help to improve soil fertility (Wang et al., 2011; Feyisa et al., 2017), but that prolonged enclosure can have negative effects on soil fertility. Sun et al. (2020) reported that the effect of enclosure on promoting vegetation growth was only observed in the first few years of the enclosure, probably because continued enclosure results in a decline in plant diversity leading to a decline in vegetation growth (Sun et al., 2020). In the absence of livestock, which might graze on the tall grasses and keep them at a shorter height, the tall grasses could grow taller and increase their aboveground biomass (Onoda et al., 2014). This increase in biomass could further enhance their competitive advantage for light, as they were able to shade out shorter species and capture more sunlight for photosynthesis, which limited the growth and reproduction of shorter species, and further declined the biodiversity (Wu et al., 2021). Plant species losses could reduce the uptake of atmospheric carbon and nitrogen into the soil (Zhang et al., 2018). In addition, the less-compacted soil under enclosure treatment has more soil aeration and a higher water infiltration capacity, which accelerates the degradation of soil organic carbon (Shi et al., 2013). This implies that prolonged livestock exclusion might not be sustainable if soil fertility improvements are desired.

4.3 Combined effects of land management and aridity
Temporal variations in soil properties result from the combined effects of climate change and land management practices (grazing/enclosure). The climate in  China’s northwest drylands became wetter from 2005 to 2015 (Groisman et al., 2018). An increase in TP content and a decrease in TK content were observed for the enclosure and grazing treatments in the semi-arid typical steppe and desert steppe. The increase in TP could be attributed to reduced soil erosion on the topsoil containing soil phosphorus (Belnap, 2011). A decrease in TK was associated with an increase in soil enzyme and microbe activity, which increased the capacity of soil potassium release and absorption by plants (Sardans and PeÑUelas, 2007).

A positive relationship was observed between the TP content and aridity, whereas the OM and TK contents, N:P ratio, and aridity exhibited a negative relationship in the desert steppe. Similar results were reported in previous studies along an aridity transect (Delgado-Baquerizo et al., 2013; Jiao et al., 2016; Wang et al., 2020). The contents of soil carbon and nitrogen are mainly controlled by biological processes, such as photosynthesis, atmospheric N fixation, and soil enzyme and microbe activity (Jiao et al., 2016), while soil phosphorus content is primarily derived from physical processes, such as mechanical weathering, and is regulated by biological and geochemical processes (Finzi et al., 2011; Delgado-Baquerizo et al., 2013). Decreased vegetation production with an increase in aridity lowered the input of soil organic matter (Berdugo et al., 2020). However, higher wind erosion and lower plant absorption promote the accumulation of soil TP in a more arid region (Delgado-Baquerizo et al., 2013). This implies that an increase in aridity promoted the decoupling of soil TN and TP, leading to a decrease in the N:P stoichiometric ratio (Delgado-Baquerizo et al., 2013; Jiao et al., 2016).

Grazing enhanced the negative relationships between OM, TK and aridity, and it might be more pronounced in drier environments (Maestre et al., 2022b). Similar findings from previous studies also indicated that the decrease in soil nutrients with the increase in aridity was more profound under the grazing treatment (Eldridge et al., 2016), because the grazing management reduced the vegetation and litter cover, and species richness, resulting in ecosystem characteristics being more like that of a slightly more arid climate (Hamilton et al., 2022). These results indicate that aridity and grazing have synergistic effects on the structure and function of ecosystems (Gaitán et al., 2018). Notably, grazing weakened the increase in TP with increased aridity compared with the enclosure treatment. Moderate grazing was found to be beneficial for optimizing the plant species composition (Hanke et al., 2014). For example, the allelopathy of the genus Artemisia promotes their growth and suppresses the growth of other species (Hierro and Callaway, 2021). In desert steppes where the genus Artemisia is the dominant species, grazing inhibits the growth of Artemisia and reduces its allelopathy effect on other plants, contributing to increasing the diversity and biomass of herbaceous plants (Hierro and Callaway, 2021). Moreover, livestock dung might improve the availability of phosphorous (Vandandorj et al., 2017). These effects promote the uptake of soil TP by plants in grazing lands (Vandandorj et al., 2017; Yan et al., 2020), thus weakening the increase in TP caused by increasing aridity.

[bookmark: _Hlk67769851]4.4 Implications
The findings indicated that enclosure reduced soil pH and increased soil nutrients, implying that enclosure management plays an important role in regulating ecosystem services in the arid typical steppe and desert steppe by promoting soil nutrient accumulation. Improving the level of soil nutrients in degraded pasture lands has direct environmental, economic, and social benefits for the local people (Robert, 2001). Successful local actions of enclosure management should be encouraged and supported as they can have a global impact. Notably, the positive effects of grazing exclusion decreased with an increase in the age of the enclosure. Results in this study indicated that long-term enclosures in arid and semi-arid grassland ecosystems might not improve the accumulation of soil nutrients. The removal of fences and moderate grazing could improve soil fertility, and promote diversity and productivity (Zhan et al., 2020; Sun et al., 2021a). Additionally, a monitoring and assessment system combined with remote sensing, field surveys and a long-term fencing database should be used to track the real-time status of grassland restoration and determine the appropriate time to stop the enclosure (Sun et al., 2021b).

[bookmark: _Hlk123882246]Grazing management can enhance the decreasing trend of some soil nutrients (such as soil OM and TK), but weaken the increasing trend of others (such as TP) with increasing aridity. Grazing could be promoted as a strategy to improve soil quality in drylands where the climate is more humid. However, grazing could promote soil degradation in areas with high aridity levels. Therefore, the formulation of grazing management strategies should be conducted based on the cumulative effect of grazing and aridity (Eldridge et al., 2017). Grazing management needs to adapt to climate change, and implement measures to increase species richness and pasture coverage under changing aridity (Cowie et al., 2011). Government authorities should advocate for light grazing treatment over heavy grazing. In addition, high grazing intensities should be prohibited under extreme aridity conditions. Moreover, low-aridity areas cannot be considered as having the capacity to support any grazing intensity (Velasco Ayuso et al., 2020). Studies should be conducted to further understand the relationship among grazing strategies, soil properties, and climate (Byrnes et al., 2018), identifying the key drivers of ecosystem function and structure can be identified (Li et al., 2021). Moreover, it is important to reduce the undesirable effects of climate change on dryland ecosystem function and structure. To address this, long-term monitoring and comprehensive assessment should be conducted to evaluate the effect of grazing on dryland ecosystem function and structure, which can help to determine the most effective management strategies for maintaining or improving the quality and productivity of dryland ecosystems.

5. Conclusion
[bookmark: _Hlk98857002]Soil physical and chemical properties in China’s drylands are modulated by the combined influences of aridity and land management. Soil nutrients such as OM and TN were concentrated in topsoil, and decreased with an increase in soil depth and stabilize in the 40-100 cm soil. The enclosure treatment in the semi-arid steppe was associated with a lower soil pH, N:P ratio, and ratio of silt+clay, but higher soil OM and TK contents compared with the grazing treatment. Soil physical and chemical properties were not significantly different between enclosure and grazing treatments in the desert steppe. The enclosure treatment of 30-33 years in the semi-arid steppe had higher soil TN and TK contents than the younger (26-29 years) or older (34-36 years) aged enclosures. The older enclosure of 34-36 years exhibited higher soil TP, and silt+clay contents compared with the medium or younger enclosures. The medium-aged enclosure of 5-8 years in the desert steppe had higher soil OM, TN, TP, silt and clay contents relative to the younger (1-4 years) or older (9-11 years) enclosures. The hypothesis that enclosures of medium ages promote the accumulation of soil carbon and nitrogen compared with the younger and older enclosure can be accepted.

The study period experienced a wetter climate from 2005 to 2015, which was associated with an increasing trend in TP content but a decreasing trend in soil OM and TK contents and N:P ratio with the increased aridity. Grazing enhanced the decrease in OM and TK, by which the hypothesis that grazing has a synergistic effect on the decrease of soil organic matter content with increasing aridity can be accepted. However, grazing weakened the increase in TP with increased aridity, which indicated that the enclosure strategy was a useful practice to alleviate land degradation in grassland, with medium enclosures of 30-33 years and 5-8 years being best for the accumulation of soil nutrients in the semi-arid steppe and desert steppe, respectively. Findings from this study provided information on the combined effect of land management (enclosure and grazing) and aridity on soil nutrient accumulation, and suggested that the enclosure period in wetter and restored areas should be shortened, as well as the grazing intensity in areas with higher aridity should be reduced. 
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Fig. 1. (a) Distributions of major ecosystems in China’s drylands. (b) Spatial distributions of (c) Inner Mongolia Grassland (NMG), (d) Ordos Desert (ESD) and (e) Cele Desert (CLD) of the Chinese Ecosystem Research Network (CERN) in China’s drylands (Figure adapted from http://www.cern.ac.cn).
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Fig. 2. The sub-plot layout strategy used in soil sampling. The enclosure and grazing lands are not drawn to scale. Symbol sources: Illustration of Ovis aries (Sheep), from Tim Carruthers, Integration and Application Network (ian.umces.edu/media-library).
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Fig. 3. Soil properties for enclosure and grazing across different soil depths in the semi-arid steppe (NMG): (a) pH, (b) bulk density, (c) organic matter (OM), (d) total nitrogen (TN), (e) total phosphorus (TP), (f) total potassium (TK) contents, (g) the ratio of silt and clay (Silt +clay), (h) the stoichiometric ratio of nitrogen: phosphorus (N:P). Error bars indicate standard errors of means. Means with standard error bars followed by the same letter for the same soil depth indicate insignificant differences (p < 0.05). Means without standard error indicate that the number of samples is 1 (N=1), and N>3 for others.
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Fig. 4. Soil properties for enclosure and grazing across different soil depths in the desert steppe (ESD and CLD): (a) pH, (b) bulk density, (c) OM, (d) TN, (e) TP, (f) TK contents, (g) the silt +clay ratio, (h) the N:P ratio. Error bars indicate standard errors of means. Means with standard error bars followed by the same letter for the same soil depth indicate insignificant differences (p < 0.05). Means without standard error indicate that the number of samples is 1 (N=1), and N>3 for others.
[image: ]
Fig. 5. Soil properties for enclosure and differences between enclosure and grazing (enclosure–grazing) across different soil depths along the enclosure age sequence in the semi-arid steppe (NMG): (a) pH, (b) bulk density, (c) OM, (d) TN, (e) TP, (f) TK contents, (g) the silt +clay ratio, (h) the N:P ratio. Error bars indicate standard errors of means. Means with standard error bars followed by the same letter for the same enclosure age category indicate insignificant differences (p < 0.05). Means without standard error indicate that the number of samples is 1 (N=1), and N>3 for others.
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Fig. 6. Soil properties for enclosure and differences between enclosure and grazing lands (enclosure–grazing) across different soil depths along the enclosure age sequence in the desert steppe (ESD and CLD): (a) pH, (b) bulk density, (c) OM, (d) TN, (e) TP, (f) TK contents, (g) the silt +clay ratio, (h) the N:P ratio. Error bars indicate standard errors of means. Means with standard error bars followed by the same letter for the same enclosure age category indicate insignificant differences (p < 0.05). Means without standard error indicate that the number of samples is 1 (N=1), and N>3 for others.
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Fig. 7. Variation of soil properties for enclosure and grazing in the desert steppe (ESD and CLD) along the aridity gradients as determined by linear fit: (a), (b) OM, (c), (d) TP, (e), (f) TK contents, (g), (h) the N:P ratio. Slope>0 indicates that the content of the soil property increases along the aridity gradient. Slope<0 indicates that the content of the soil property decreases along the aridity gradient.

Tables
Table 1. Site information about the CERN grassland research station (NMG) and two CERN desert research stations (ESD and CLD).
	Abbreviation
	NMG
	ESD
	CLD

	Ecosystem Research Station
	[bookmark: _Hlk120394268]Inner Mongolia Grassland Ecosystem Research Station
	Ordos Desert Ecological Research Station
	[bookmark: _Hlk120394924]Cele Desert Ecosystem Research Station

	Location
	Inner Mongolia Plateau
	Mu Us Desert
	Taklimakan Desert

	Latitude and longitude
	116°42′E, 43°38′N
	110°11′E, 39°29′N
	80°43′E, 37°00′N

	Elevation (m)
	1100
	1300
	1310

	Topography
	Platform
	Sand dunes
	Sand dunes

	Dryland subtypes
	Semi-arid
	Semi-arid
	Hyper-arid

	AI
	0.26
	0.27
	0.02

	Climate type
	Semi-arid temperate monsoon climate
	Semi-arid continental climate
	Hyper arid warm temperate climate

	Annual mean temperature (℃)
	2.0
	8.1
	13.4

	Annual precipitation (mm)
	266.7
	386.7
	43.8

	Ecosystem
	Grassland
	Desert
	Desert

	Vegetation type
	Temperate typical steppe
	Shrubland
	Desert vegetation

	Dominant species
	Stipa grandis, Leymus chinensis
	Artemisia ordosica
	Alhagi sparsifolia, Karelinia capsica, Tamarix chinensis

	Soil type
	Haplic Calcisols
	Arenosols
	Arenosols

	Soil properties and sampling years
	Bulk density, TK: 2005, 2010, 2015; Silt+clay: 2005, 2015; pH, OM, TN, TP: 2005-2007, 2009-2010, 2015
	Bulk density: 2005, 2010, 2015; Silt+clay: 2005-2006, 2010, 2012, 2015; pH, OM: 2005-2010, 2012-2013, 2015; TN: 2005-2007, 2010, 2012-2013, 2015; TP, TK: 2005, 2010, 2012-2013, 2015
	Bulk density, Silt+clay, TP, TK: 2005, 2010, 2015; pH, OM, TN, TP: 2005-2010, 2013-2015

	Grazing intensity
	Moderate grazing
	Light grazing
	Light grazing

	Starting year of enclosure 
	1979
	2004
	2004

	Area of experiment field
	Enclosure: 250,000 m2; Grazing: 23,000 m2
	Enclosure: 12,100 m2; Grazing: 2,500 m2
	Enclosure: 21,750 m2; Grazing: 10,000 m2


Note: Detailed descriptions are available in Bai et al. (2004) for NMG, Jin et al. (2007) for ESD, and Chang et al. (2015) for CLD. Soil properties: soil pH, organic matter (OM), total nitrogen (TN), total phosphorus (TP), total potassium (TK) contents, bulk density, and the ratio of silt and clay (Silt+clay).

Table 2. Comparisons of selected soil properties (mean ± standard error) in the enclosure and adjacent grazing lands across different soil depths in the semi-arid steppe of Inner Mongolia Grassland (NMG).
	Soil Property
	Depth
(cm)
	Land management across enclosure age sequence

	
	
	26-29 years
	30-33 years
	34-36 years

	
	
	Enclosure
	Enclosure
	Grazing
	Enclosure
	Grazing

	pH
	0-10
	7.19±0.21
	7.03±0.49 a
	7.11±0.74 a
	7.01±0.14 a
	7.39±0.10 a

	
	10-20
	7.11±0.19
	6.94±0.53 a
	7.26±0.69 a
	7.08±0.15 a
	7.48±0.13 a

	
	20-40
	7.29±0.24
	7.37±0.17 a
	8.00±0.33 a
	-
	-

	
	40-60
	7.86±0.45
	7.44±0.17 a
	8.18±0.10 a
	
	-

	Bulk density 
(g/cm3)
	0-10
	1.38±0.08
	1.18 a
	1.31 a
	1.08
	-

	
	10-20
	1.40±0.02
	1.32 a
	1.54 a
	1.28 a
	1.22 a

	
	20-40
	1.37±0.07
	1.38 a
	1.39 a
	1.38 a
	1.24 a

	
	40-60
	1.04±0.01
	1.38 a
	1.35 a
	1.41 a
	1.30 a

	
	60-100
	1.32±0.07
	1.39 a
	1.40 a
	1.43 a
	1.44 a

	OM (g/kg)
	0-10
	38.88±7.01
	35.41±4.95 a
	29.88±2.86 a
	33.11±8.39 a
	29.54±4.62 a

	
	10-20
	21.13±4.30
	26.11±2.89 a
	24.00±2.99 a
	25.34±8.35 a
	28.07±6.46 a

	
	20-40
	16.91±1.81
	19.38±1.97 a
	18.44±2.05 a
	11.82±4.16 a
	15.17±0.57 a

	
	40-60
	14.24±1.63
	17.57±3.55 a
	15.41±1.60 a
	11.90±4.05 a
	11.23±0.31 a

	
	60-100
	11.30±0.61
	13.38±1.37 a
	13.35±2.31 a
	10.88±4.15 a
	5.51±0.60 a

	TN (g/kg)
	0-10
	2.12±0.35
	1.91±0.29 a
	1.85±0.31 a
	1.43±0.13 a
	1.46±0.17 a

	
	10-20
	1.19±0.24
	1.47±0.15 a
	1.61±0.22 a
	1.10±0.18 a
	1.30±0.04 a

	
	20-40
	0.94±0.10
	1.06±0.11 a
	1.09±0.10 a
	0.69±0.01 a
	0.82±0.02 a

	
	40-60
	0.78±0.07
	0.90±0.09 a
	0.80±0.19 a
	0.70 a
	0.63 a

	
	60-100
	0.62±0.03
	0.71±0.03 a
	0.37±0.10 a
	0.60±0.02 a
	0.36±0.01 a

	TP (g/kg)
	0-10
	0.33±0.05
	0.31±0.02 a
	0.30±0.02 a
	0.33±0.03 a
	0.33±0.02 a

	
	10-20
	0.23±0.04
	0.26±0.03 a
	0.27±0.03 a
	0.30±0.03 a
	0.33±0.02 a

	
	20-40
	0.21±0.02
	0.22±0.02 a
	0.25±0.02 a
	0.23±0.01 a
	0.28±0.02 a

	
	40-60
	0.19±0.02
	0.20±0.01 a
	0.24±0.02 a
	0.23±0.02 a
	0.26±0.01 a

	
	60-100
	0.17±0.02
	0.20±0.02 a
	0.25±0.03 a
	0.21±0.01 a
	0.21±0.01 a

	TK (g/kg)
	0-10
	22.66±0.21
	25.12±1.00 a
	24.81±0.73 a
	19.41±1.31 a
	19.36±0.14 a

	
	10-20
	22.05±1.12
	25.00±1.19 a
	25.12±0.54 a
	19.37±0.60 a
	18.30±0.68 a

	
	20-40
	22.71±0.57
	25.46±0.91 a
	24.46±0.81 a
	19.14±0.28 a
	17.18±0.70 a

	
	40-60
	23.68±0.03
	25.56±0.99 a
	24.75±1.01 a
	18.61±0.52 a
	17.65±0.56 a

	
	60-100
	23.14±0.28
	25.64±1.52 a
	23.53±0.53 b
	19.10±1.16 a
	18.26±1.10 a

	Silt+clay (%)
	0-10
	-
	29.27
	-
	62.77±0.13 a
	65.73±1.66 a

	
	10-20
	-
	23.91
	-
	58.69±1.94 a
	63.37±1.40 a

	
	20-40
	-
	19.8
	-
	50.85±2.42 b
	59.80±0.14 a

	
	40-60
	-
	19.37
	-
	47.58±1.78 b
	57.74±1.73 a

	
	60-100
	-
	-
	-
	44.72±2.46 b
	51.39±2.44 a

	N:P
	0-10
	6.43±0.79
	6.14±0.62 a
	6.17±1.11 a
	4.31±0.56 a
	4.48±0.60 a

	
	10-20
	5.21±0.48
	5.65±0.68 a
	5.88±1.24 a
	3.69±0.32 a
	3.99±0.19 a

	
	20-40
	4.53±0.32
	4.76±0.64 a
	4.33±0.64 a
	3.01±0.13 a
	2.97±0.20 a

	
	40-60
	4.13±0.26
	4.37±0.56 a
	3.28±0.90 b
	3.06±0.19 a
	2.43±0.07 a

	
	60-100
	3.76±0.41
	3.47±0.13 a
	1.45±0.36 b
	2.85±0.16 a
	1.70±0.09 a





Notes: Soil physical and chemical properties included bulk density, pH, organic matter (OM), total nitrogen (TN), total phosphorus (TP), and total potassium (TK) contents, the ratio of silt and clay (Silt+clay), and the ratio of nitrogen: phosphorus (N:P). Means (± standard error) followed by the same letters indicate an insignificant difference between the enclosure and the adjacent grazing lands at p>0.05. Means without standard error indicate that the number of samples is 1 (N=1), and N>3 for the other means.
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Table 3. Comparisons of selected soil properties (mean ± standard error) in the enclosure and adjacent grazing lands across different soil depths in the desert steppe of Ordos Desert (ESD) and Cele Desert (CLD).
	Soil Property
	Depth
(cm)
	Land management across enclosure age sequence

	
	
	1-4 years
	5-8 years
	9-11 years

	
	
	Enclosure
	Grazing
	Enclosure
	Grazing
	Enclosure
	Grazing

	pH
	0-10
	7.89±0.27 a
	7.93±0.28 a
	7.67±0.19 a
	7.71±0.33 a
	7.83±0.36 a
	7.87±0.40 a

	
	10-20
	7.88±0.25 a
	7.89±0.26 a
	7.83±0.25 a
	7.77±0.49 a
	7.86±0.33 a
	8.00±0.38 a

	Bulk density (g/cm3)
	0-10
	1.48 a
	1.49 a
	1.69 a
	1.69 a
	-
	-

	
	10-20
	1.50 a
	1.50 a
	1.72 a
	1.69 a
	-
	-

	OM
(g/kg)
	0-10
	3.11±0.84 a
	3.71±0.72 a
	3.52±2.07 a
	3.14±1.87 a
	3.90±0.88 a
	4.76±0.33 a

	
	10-20
	2.38±0.35 a
	2.96±0.50 a
	2.45±0.84 a
	2.44±0.95 a
	2.39±0.24 a
	3.10±0.17 a

	
	20-40
	1.88 a
	2.57 a
	2.20±0.56 a
	1.95±0.31 a
	1.73±0.15 a
	3.06±1.03 a

	
	40-60
	1.79 a
	2.39 a
	2.03±0.43 a
	1.73±0.43 a
	1.59±0.58 a
	2.64±0.52 a

	
	60-100
	1.72 a
	2.12 a
	1.99±0.48 a
	1.62±0.35 a
	-
	-

	TN
(g/kg)
	0-10
	0.19±0.08 a
	0.24±0.07 a
	0.25±0.04 a
	0.25±0.03 a
	0.20±0.00 a
	0.25±0.01 a

	
	10-20
	0.15±0.05 a
	0.19±0.07 a
	0.20±0.04 a
	0.21±0.01 a
	0.13±0.02 a
	0.17±0.02 a

	
	20-40
	0.15 a
	0.12 a
	0.20±0.05 a
	0.14±0.05 a
	0.10±0.03 a
	0.14±0.02 a

	
	40-60
	0.11 a
	0.11 a
	0.19±0.00 a
	0.16±0.04 a
	0.10±0.02 a
	0.11±0.03 a

	
	60-100
	0.10 a
	0.08 a
	0.19±0.05 a
	0.13±0.03 a
	-
	-

	TP
(g/kg)
	0-10
	0.37 a
	0.41 a
	0.40±0.06 a
	0.42±0.04 a
	0.47±0.03 a
	0.48±0.02 a

	
	10-20
	0.36 a
	0.37 a
	0.43±0.07 a
	0.40±0.03 a
	0.44±0.03 a
	0.47±0.02 a

	
	20-40
	0.36 a
	0.36 a
	0.41±0.07 a
	0.39±0.05 a
	0.44±0.02 a
	0.46±0.04 a

	
	40-60
	0.35 a
	0.36 a
	0.40±0.07 a
	0.39±0.04 a
	0.45±0.03 a
	0.45±0.01 a

	
	60-100
	0.34 a
	0.36 a
	0.37±0.06 a
	0.36±0.02 a
	-
	-

	TK
(g/kg)
	0-10
	25.55 a
	24.98 a
	20.66±0.91 a
	18.14±2.14 a
	18.61±0.69 a
	19.38±0.63 a

	
	10-20
	26.18 a
	22.18 a
	20.41±0.93 a
	18.97±0.94 a
	18.03±1.08 a
	19.12±0.54 a

	
	20-40
	25.17 a
	23.64 a
	20.93±0.89 a
	18.74±1.66 a
	18.38±0.76 a
	20.18±1.22 a

	
	40-60
	24.47 a
	17.28 a
	20.77±1.27 a
	18.39±0.79 a
	19.15±1.11 a
	19.16±0.48 a

	
	60-100
	25.15 a
	24.12 a
	20.53±1.08 a
	19.99±1.13 a
	-
	-

	Silt+clay
(%)
	0-10
	18.43 a
	22.04 a
	25.99±6.33 a
	22.50±6.65 a
	56.26±1.82 a
	59.28±2.67 a

	
	10-20
	17.80 a
	21.27 a
	24.83±7.31 a
	23.08±7.90 a
	55.49±1.43 a
	58.24±5.35 a

	
	20-40
	19.98 a
	21.72 a
	24.47±8.51 a
	25.65±10.34 a
	54.96±2.06 a
	56.80±6.17 a

	
	40-60
	19.78 a
	21.75 a
	28.06±6.80 a
	25.14±13.34 a
	56.71±2.68 a
	55.51±1.96 a

	
	60-100
	28.04 a
	21.90 a
	32.48±5.69 a
	29.91±10.20 a
	-
	-

	N:P
	0-10
	0.51 a
	0.59 a
	0.58±0.13 a
	0.59±0.18 a
	0.42±0.06 a
	0.53±0.09 a

	
	10-20
	0.43 a
	0.51 a
	0.49±0.20 a
	0.52±0.25 a
	0.30±0.10 a
	0.37±0.07 a

	
	20-40
	0.43 a
	0.32 a
	0.48±0.16 a
	0.40±0.23 a
	0.23±0.11 a
	0.31±0.04 a

	
	40-60
	0.30 a
	0.30 a
	0.48±0.20 a
	0.36±0.14 a
	0.22±0.05 a
	0.25±0.07 a

	
	60-100
	0.31 a
	0.22 a
	0.52±0.19 a
	0.36±0.06 a
	-
	-


Note: Soil physical and chemical properties included bulk density, pH, organic matter (OM), total nitrogen (TN), total phosphorus (TP), and total potassium (TK) contents, the ratio of silt and clay (Silt+clay), and the ratio of nitrogen: phosphorus (N:P). Means (± standard error) followed by the same letters indicate an insignificant difference (p>0.05) between the enclosure and the adjacent grazing lands. Means without standard error indicate that the number of samples is 1 (N=1), and N>3 for the other means.

Table 4. Variation of soil properties for the enclosure and grazing management in grassland and desert ecosystems along the time series as determined by a linear fit.
	Ecosystem
	Land management
	Year
	Soil Property
	Depth (cm)
	Slope
	R2
	F value
	p

	Semi-arid steppe
	Enclosure
	2009-2015
	pH
	0-20
	-0.003
	0.002 
	0.060
	0.808

	
	
	
	Bulk density
	0-60
	-0.013
	0.020 
	0.122
	0.739

	
	
	
	OM
	
	0.002
	0.000 
	0.025
	0.875

	
	
	
	TN
	
	-0.018*
	0.060 
	4.502
	0.037

	
	
	
	TP
	
	0.036***
	0.155 
	12.840
	0.001

	
	
	
	TK
	
	-0.119***
	0.914 
	362.269
	0.000

	
	
	
	N:P
	
	-0.033***
	0.359 
	47.357
	0.000

	
	Grazing
	
	pH
	0-20
	0.006
	0.004 
	0.138
	0.712

	
	
	
	Bulk density
	0-60
	-0.061
	0.502
	5.046
	0.075

	
	
	
	OM
	
	0.013
	0.035 
	0.350
	0.556

	
	
	
	TN
	
	-0.011
	0.019 
	2.929
	0.092

	
	
	
	TP
	
	0.036*
	0.293 
	4.436
	0.040

	
	
	
	TK
	
	-0.131***
	0.938 
	502.312
	0.000

	
	
	
	N:P
	
	-0.024**
	0.089 
	7.359
	0.009

	Desert steppe
	Enclosure
	2005-2015
	pH
	0-20
	-0.003
	0.159
	0.028
	0.869

	
	
	
	Bulk density
	
	0.171**
	0.999 
	159.695
	0.006

	
	
	
	OM
	0-60
	0.015
	0.050 
	1.159
	0.293

	
	
	
	TN
	
	0.003
	0.003 
	0.036
	0.852

	
	
	
	TP
	
	0.068***
	0.869 
	100.363
	0.000

	
	
	
	TK
	
	-0.077***
	0.934 
	142.069
	0.000

	
	
	
	Silt+clay
	
	0.082***
	0.836 
	73.199
	0.000

	
	
	
	N:P
	
	-0.021
	0.110 
	1.232
	0.293

	
	Grazing
	
	pH
	0-20
	0.001
	0.001 
	0.001
	0.974

	
	
	
	Bulk density
	
	0.179***
	0.989 
	1339.480
	0.001

	
	
	
	OM
	0-60
	0.021
	0.093 
	2.255
	0.147

	
	
	
	TN
	
	0.007
	0.010 
	0.182
	0.675

	
	
	
	TP
	
	0.066***
	0.763 
	73.266
	0.000

	
	
	
	TK
	
	-0.035*
	0.289 
	2.743
	0.013

	
	
	
	Silt+clay
	
	0.083***
	0.792 
	39.064
	0.000

	
	
	
	N:P
	
	-0.01
	0.035 
	0.364
	0.560


Note: Soil physical and chemical properties included bulk density, pH, organic matter (OM), total nitrogen (TN), total phosphorus (TP), and total potassium (TK) contents, the ratio of silt and clay (Silt+clay), and the ratio of nitrogen: phosphorus (N:P). Slope>0 indicates that the content of the soil property increases along the time series. Slope<0 indicates that the content of the soil property decreases along the time series. *, ** and *** indicate that the variation trend is significant at p=0.05, 0.01 and 0.001 levels, respectively
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