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Abstract: Soil aggregate stability (SAS) is a significant indicator of soil structure stability, soil quality and soil erosion, however, very few researches have concentrated on SAS in the Qilian Mountains, China. In this research, three main vegetation types, desert grassland, steppe and meadow were taken as the research object. The characteristics of indices of SAS including water-stable aggregate (WSA), mean weight diameter (MWD) and geometric mean diameter (GMD) under different vegetation types, different soil depths, and different altitudes were studied. The results showed that SAS was greatest in meadow, followed by steppe and desert grassland. Generally, SAS decreased with the increasing of soil depths, however, only this decrease in meadow were significant. Two-way ANOVA results showed effects of vegetation types were more powerful than soil depths. Soil aggregate stability increased initially and then decreased with altitude under the same vegetation types. The strongest stability occurred at 2600, 2739 and 2971 m, respectively, in desert grassland, steppe and meadow with the corresponding range of altitudes of 1692~3522, 1696~3257 and 2965~3579 m in this research. In addition, the relationship between soil aggregate stability and environment factors showed that there were significantly (P<0.01) positive relationships between soil aggregate stability and mean annual precipitation, soil organic carbon and macro-aggregates (>0.25 mm). The present study provides insight into the assessment of soil quality and the sustainable development in this region.
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1 Introduction
The soil conditions are closely associated with the human health, economy growth, social development, the natural environment protection and so on (Yu et al., 2018; Zhu et al., 2000). Soil aggregate, an importantly basic unit of soil structure, is commonly employed as an important indicator to assess soil quality, soil erosion, soil sustainability (Nciizah and Wakindiki, 2014; Ye et al., 2018) and often used as an index of soil erodibility (Ahmadi et al., 2011; Nciizah and Wakindiki, 2014). Soil aggregate stability (SAS), an essential factor of soil fertility and environmental problems, is very important for soil moisture movement and storage, water infiltration and soil erosion (Zhao et al., 2017; Zhang et al., 2008, 2018; Zeng et al., 2018). Moreover, it can prevent effectively soil nutrients loss and soil degradation because it is a capability to stand up to damage by external forces such as rainfall erosion and runoff erosion (Bernard and Roose, 2002). Consequently, increasing SAS is a powerful pattern to enhance soil quality, control soil erosion and other ecological environment issues resulted from soil deterioration (Six et al., 2000; Zhu et al., 2017; Zeng et al., 2018). 
Therefore, there are lots of studies on soil aggregate stability worldwide. Arshad and Cohen (1992) found that the stability of soil aggregates can be used as a proxy of soil quality. Hortensius and Welling (1996) included soil aggregate stability in the universal normalization of soil quality measurements. Amézketa (1999), Field and Minasny (1999), Field et al. (2006) developed a variety of techniques for measuring the stability of soil aggregates including wet sieving, Le Bissonnais method, ultrasonic stability tests, and so on. Bernard and Roose (2002) reported soil aggregate stability is an important proxy of soil susceptibility to runoff and erosion, especially in Mediterranean and tropical areas. Li et al. (2009) found the stability of soil aggregates at 0-30 cm soil depth was significantly reduced by crop planting. An et al. (2010) found that SAS would be affected by different plant communities. Shi et al. (2012) and Algayer et al. (2014) found SAS often served as a critical indicator to access soil degradation and soil erodibility. Nciizah and Wakindiki (2014) studied the applicability of employing the correlation between SAS and interrill erodibility as a predictor for soil susceptibility to erosion. Cao et al. (2016) found alpine meadow soils showed the greatest soil aggregate stability and alpine desert showed the lowest soil aggregate stability in the Tibet Plateau. In addition, they suggested average annual precipitation can serve as a key climate factor affecting the spatial distribution of SAS. Li et al. (2017) reported that SAS was greater at 4950 m than at other altitudes related to a best combination of temperature and precipitation in a Tibetan alpine meadow. They also reported that global warming in the future can influence the stability of soil aggregates. Zeng et al. (2018) also found vegetation types, soil organic matter and clay contents all had significant influences on soil aggregate stability. Ye et al. (2018) studied the spatial variability of SAS in the Loess Plateau. Guan et al. (2018) reported that short-term climate warming exhibited a negative influence on SAS. Zheng et al. (2019) studied the factors related to SAS at ultisols in Southern China. Liu and Han (2020) reported that SAS can better reflect soil deterioration than soil erodibility under the changing of land use. Zhu et al. (2020) found that for the restored cut slopes, soil aggregate stability increased with an increase in altitude. 
In summary, there were many researches on the stability of soil aggregates all over the world and a lot of progresses were made, however, very few researches have concentrated on soil aggregate stability in the Qilian Mountains, one of the high altitude regions with complex vegetation types and climate conditions, where the hydrothermal conditions are unique because of the complex terrain. In view of this, the current study examined the desert grassland, steppe, meadow in the Qilian Mountainous. Our current work was aimed to study (1) the characteristics of the soil aggregate stability at different vegetation types, soil depths and altitudes, (2) the effect of vegetation types, soil depths, and their interactions on soil aggregate stability, (3) the correlation between soil aggregate stability and the climate factors, soil attributors in the Qilian Mountains.
2 Materials and methods
2.1 Study area 
The Qilian Mountains (35°48′~40°05′N, 93°18′~103°54′E, Figure 1), situated in the northeast margin of the Tibetan Plateau, covers an area of approximately 1.84×105 km2 (Deng et al., 2013; Sun et al., 2015; Liu et al., 2015). The altitude of the Qilian Mountains was ranged within 1,623~5,766 m (Deng et al., 2013). Altitudes within 1600~2400 m, 2400~2800 m, 2800~3200 m, 3200~4000 m are mainly desert, steppe, needle leaf forest, scrub and meadow, respectively. Altitudes higher than 4000 m are alpine vegetation in this region (Zhou et al., 2016). The climate is a typical plateau continental semi-arid with an average annual air temperature ranging from 6℃ at low elevations to -5℃ at high elevations. The annual precipitation is ranged from150 mm to 800 mm and occurring between May and September (Sun et al., 2015). The vegetation types generated by these vertical features are very diverse (Deng et al., 2013). Grassland and meadow, which account for over 60% of the total area, are the main vegetation types in this area (He et al., 2012).
2.2 Soil sampling and analysis
In August 2018, 47 sampling sites, which represented desert grassland, steppe and meadow, respectively, were selected in the Qilian Mountains. The essential information of the sampling sites was listed in Table 1.
In each sampling site, soil samples from 0-10, 10-20, 20-30 and 30-40 cm were collected with a 15×2 cm soil corer and the three replicate samples were mixed to form one composite sample at each soil depth. Soil samples were air-dried, crushed and passed through a 0.6-cm sieve. One part was used for aggregates analysis, and another part was passed through a 0.2 cm sieve for soil organic carbon and soil particle analysis.
Soil organic carbon (SOC) was measured by the Walkley-Black method (Wei et al., 2018). The composition of soil particles was measured by Mastersizer 2000, a laser particle analysis instrument produced by Malvern Company, UK. The soil aggregate size fractions were determined by the shaker and wet-sieving method with the TTF-100 aggregate analyzer. Firstly, 25 g air-dried soils were passed through 0.6 cm sieve. Second, the soils were placed on the top sieve with sieve set of 4, 2, 1, 0.25, and 0.038 mm) and submerged in a water bucket for 10 minutes. Then the nested sieve was oscillated vertically for 10 minutes at the rate of 30 r/min. The soils retained in each sieve were collected and oven-dried and weighed. Weight of dried aggregates in each sieve was employed to calculate the indices of SAS including WSA, MWD and GMD. WSA, MWD and GMD were calculated by equations as following:
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2.3 Statistical analysis
Graphics were plotted using Excel 2010. All statistical analyses were conducted using SPSS 20.0(IBM Corporation, Armonk, New York). SOC, soil particles, soil aggregates, WSA, MWD and GMD were analyzed through two-way analysis of variance (ANOVA) taking vegetation type and soil depth as the fixed factors. Within each depth, the difference in the soil aggregates between vegetation types was evaluated by one-way ANOVA with a least significant difference (LSD) test. Pearson's relationship coefficient was adopted to assess the correlations between soil aggregate indices with environmental factors including average annual precipitation, average annual temperature, soil particles and soil organic carbon.
3 Results
3.1 Soil aggregate stability under different vegetation types and soil depths
The descriptive statistics and significant differences of soil aggregate fractions, soil particles and soil organic carbon of different soil depths under the three vegetation types in the Qilian Mountain area were listed in Table 2. As Table 2 shown, soil particle size percentage of clay and silt in the desert grassland was significantly lower than that in the steppe and meadow, but it was the opposite case for sand content. There was no significant difference in soil particle size along the soil depths for the three vegetation types. Soil texture of the three vegetation types was also classified according to the soil particle size categorization criteria of the USDA (Minasny and Mcbratney, 2001; Peng et al., 2015). Soil textures of desert grassland were classified as loamy sandy soil, and both the steppe and meadow were classified as silty loam soil.
Soil organic carbon (SOC) content in the meadow was highest, followed by steppe and desert grassland at each soil layer. There was significant (P<0.05) difference in SOC between meadow and desert grassland at each soil layer. Only in the 0-10 cm soil layer, there were significant (P<0.05) differences in SOC among the three vegetation types. There were significant differences in SOC between 0-10 cm and other three soil depths, 10-20, 20-30 and 30-40 cm in the meadow. 
Soil aggregate size fraction in the desert grassland was 1~0.25 mm, followed by 0.25~0.038, 2~1, 4~2 and >4 mm size fractions in the different soil depth. For the steppe and meadow, the dominant aggregate size was 1~0.25 mm, however, the order of the size fraction was different at different soil depths (Table 2). Generally, the percentage of 1~0.25 mm was highest and the percentage of > 4 mm was lowest in the three vegetation types. Previous researches reported that, SAS, the stability of soil aggregates is commonly expressed by water-stable aggregates (WSA), mean weight diameter (MWD) and geometric mean diameter (GMD) (Ahmadi et al., 2011; Ye et al., 2018; Zhu et al., 2018; Wang et al., 2018). Therefore, SAS was also expressed by WSA, MWD and GMD and calculated by formula (1) ~ (3) in this research. 
The calculated indexes of SAS at different vegetation types and soil depths were present in Figure 2. As Figure 2 shown, WSA, MWD and GMD were greatest in meadow, followed by steppe and desert grassland at each soil layer. The WSA varied from a minimum of 72.50% (desert grassland) in the 30-40 cm layer to a maximum of 92.49% (meadow) at 0-10 cm soil layer. It was obviously (P<0.05) higher in WSA at meadow than that at desert grassland in the 0-10 cm soil layer, and at meadow and steppe than that at desert grassland in 10-20 cm soil layer. MWD changed from the minimum value of 0.80 mm (desert grassland) at 10-20 cm to the maximum values of 1.56 mm (meadow) at 0-10 cm. MWD was obviously (P<0.05) lower in desert grassland than in meadow and steppe at 0-10 and 10-20 cm soil layers. MWD was also significant (P<0.05) between meadow and desert grassland, steppe in the 20~30 cm. The GMD changed from the minimum value of 0.56 mm (desert grassland) at the 10~20 cm and the maximum value of 1.51 mm (meadow) at the 0-10 cm. GMD was significantly (P<0.05) smaller in desert grassland than meadow and steppe at 0~10 and 10~20 cm. There was significant (P<0.05) difference in GMD between desert grassland and meadow at 20-30 cm. No significant differences of WSA, MWD and GMD among the three vegetation types were found at 30-40 cm soil layer. 
The effect of soil depths on SAS indexes was also obtained from Figure 2. As Figure 2 shown, WSA, MWD and GMD were decreased with the increasing in soil depths. However, most of this change trend in WSA, MWD and GMD were not significant. For the meadow, WSA and MWD were significant higher at 0-10 cm soil layer than that at 20-30 and 30-40 cm soil depths. There was significant (P<0.05) difference in GMD between 0-20 cm and 20-40 cm in the meadow.
In addition, in order to analyze the effect of vegetation types, soil depths, and their interaction on indices of SAS, SOC and particles, two-way ANOVA analysis were performed in Table 3. As Table 3 shown, soil particles of the clay, silt and sand were only significantly (P<0.05) influenced by vegetation types. SOC, WSA, MWD were both influenced by the vegetation types and soil depths. Only GMD was significantly influenced by vegetation types, soil depths and their interactions. Moreover, the effect of vegetation types was powerful than that of soil depths for different soil properties.
3.2 soil aggeragte stability under different altitudes
Soil aggregate stability indexes varied greatly with altitude at the three vegetation types (Figure 3). For desert grassland, WSA increased with altitude from 36.170% at 1692 m to 98.901% at the altitude of 2600 m, and then diminished as the altitude increased to 3522 m (Figure 3a). The distribution of MWD and GMD across the elevation was resembled changes of WSA (Figure 3b, 3c). The maximum indexes of MWD (1.278 mm) and GMD (0.980 mm) also occurred at the altitude of 2600 m, and the minimum indexes of MWD (0.541 mm) and GMD (0.292 mm) occurred at the altitude of 1692 m. 
For the steppe, WSA increased with altitude from 74.289% at 1707 m to 97.230% at the elevation of 2739 m, and then decreased (Figure 3a). The distribution of MWD and GMD with the elevation was resembled changes of WSA (Figure 3b, 3c). The greatest indexes of MWD (2.313 mm) and GMD (1.495 mm) occurred at the altitude of 2739 m. The smallest and the next smallest MWD occurred at the altitude of 3172 m (0.924 mm) and 1707 m (0.990 mm). The lowest GMD and next lowest GMD occurred at the altitude of 1707 m (0.647 mm) and 3172 m (0.654 mm). 
For the meadow, changes of three SAS indexes, WSA, MWD and GMD with altitude were similar to the variation of WSA, MWD and GMD in desert grassland and steppe (Figure 3a, 3b, 3c). That is, the values of WSA, MWD and GMD increased first and then decreased with the altitude increasing. The highest indexes of WSA (97.050%), MWD (2.088 mm) and GMD (1.555 mm) all appeared at the altitude of 2971 m, whereas the smallest indexes of WSA (78.807%), MWD (1.066 mm) and GMD (0.664 mm) all occurred at the altitude of 3579 m. 
In addition, the changes of three indexes of SAS, WSA, MWD, GMD with altitude in the three vegetation types were all described by negative quadratic functions (Figure 3a, 3b, 3c), which indicated that soil aggregate stability initially increased and then decreased with altitude increasing. All the fitted equations were significant at probability level of 5% or 1% (Figure 3). The altitude range of sample sites from desert grassland, steppe and meadow was fallen within 1692~3522, 1696~3257 and 2956~3579 m, respectively in the research. The peak value of soil aggregate stability indexes occurred at the altitude of 2600, 2739 and 2971 m, respectively in desert grassland, steppe and meadow. 
3.3 correlation of soil aggeragte stability with climate factors and soil properties
The correlation between SAS and climate factors including mean annual temperature, and mean annual precipitation, soil properties including soil organic carbon, soil particle contents, soil aggregate fractions were analyzed and presented in Table 4. As Table 4 shown, WSA, MWD, GMD were all significantly (P<0.01) positive with mean annual precipitation, soil organic carbon, macro-aggregates (>0.25 mm) content. In addition, WSA was significantly negative with mean annual temperature (P<0.05) and micro-aggregates content (P<0.01). MWD and GMD were significantly (P<0.01) positive with clay and silt particles, whereas a significant (P<0.01) negative relation with sand content. Also, GMD were significantly (P<0.01) negative with micro-aggregates content (0.038~0.25 mm). 
4 DISCUSSIONS
4.1 Influences of vegetation types and soil depths on SAS
Our results indicated that SAS followed a descending order of meadow> steppe> desert grassland at each soil depth, indicating vegetation types played an important role in SAS. The probable reason is that the SOC ranked as meadow> steppe> desert grassland (Table 2) and significantly positive with three indices of SAS in the research (Table 4). As we all know that the greater the SOC, the more stable the soil aggregates (An et al., 2010; Cao et al., 2016; Zhao et al., 2017). Organic matter affects soil structure and stability of soil aggregates by binding soil mineral particles (Onweremadu et al., 2007). The result is consistent with prior findings that vegetation types influence SAS (Cao et al., 2016; Zeng et al., 2018) through the binding agents in soils including organic matter, fungal hyphae and so on (Ayoubi et al., 2012; Khormali et al., 2009; Zhao et al., 2017). 
The results also showed that the influence of vegetation types on SAS was more obvious in 0-30 cm soil depth and there were no significant differences in SAS among the three vegetation types in 30-40 cm soil layer (Figure 2). And in general SAS reduced with the increasing in soil depths although most of the changes were not significant (Figure 2). The probably reason is that the SOC reduced as soil depths increasing (Table 2). Also, this could be explained as that the belowground biomass and root length of vegetation types were both mainly distributed at surface soil in Qilian Mountain area (Deng et al., 2013). The result is in line with previous findings that soil organic carbon appeared enrichment phenomenon in the top soil and reduced with soil depth (Qin et al., 2016). Therefore, the impacts of vegetation types on soil aggregate stability will decrease with soil depth increasing since the greater the SOC, the more stable the soil aggregates (An et al., 2010; Cao et al., 2016; Zhao et al., 2017) as mentioned above. 
Two-way ANOVA analysis showed that two indices of SAS, WSA and MWD were both influenced by vegetation types and soil depths, whereas they were not affected by the interactions of vegetation types and soil depths. Only GMD was all influenced by vegetation types, soil depths and their interactions. The results are similar to the results of Li et al. (2009) and Zhu et al. (2018) who reported that only GMD were affected by the vegetation types, soil depths and their interactions. 
4.2 Changes of SAS with altitude 
The results indicated that SAS increased at first and then reduced with the increase of the altitude under the same vegetation types. And for different vegetation types, the altitude of the greatest SAS is different. The results are similar to the findings that soil aggregate stability gradually increased with altitude increase, reached a peak, and subsequently decreased with elevation increasing in a Tibetan alpine meadow (Ohtsuka et al., 2008; Sa et al., 2012; Li et al., 2017). The probably reason is that there existed the optimal hydrothermal conditions for diversity of vegetation species and biological diversity at each vegetation type (Sa et al., 2012; Li et al., 2013). Therefore, the optimal combination of temperature and precipitation was responsible for SAS (Li et al., 2017). The results are also consistent with previous results that soil aggregate stability was higher at altitudes within 4800~4950 m than at other elevations (4400~4800 m and 4950~5300 m) and with greater SAS at the altitude within 3960~4162 m than that at other altitudes (3826~3960 m and 4162~4450 m) in the Tibetan Plateau meadow (Ohtsuka et al., 2008; Sa et al., 2012; Li et al., 2017). The altitude of the greatest value of soil aggregate stability was 2600, 2739 and 2971 m, respectively in desert grassland, steppe and meadow since altitude ranges were 1692~3522, 1696~3257 and 2956~3579 m, respectively at desert grassland, steppe and meadow in this study. The differences in altitude ranges lead to the different results, but the variation trend was as the same as before. However, the results is not in line with Zhu et al. (2020) who studied the changes of soil aggregate stability along with the altitude in the Southwest China and found that SAS was increased with altitude increasing. The reason is that Zhu et al. (2020) studied of the restored cut slopes, not natural underlying surface. Therefore, there is a best combination of temperature and precipitation at different vegetation types in this region.
4.3 correlation of SAS with climate factors and soil properties 
The results indicated that SAS were all significantly positively related with mean annual precipitation, soil organic carbon, macro-aggregates (>0.25 mm). The results are in line with previous findings that there are positive relationships between SAS with mean annual precipitation (Cerdà 2000; Cao et al., 2016) and SOC (Onweremadu et al., 2007; An et al., 2010). Additionally, previous research also showed that macro-aggregates had a greater SOC content compared with micro-aggregates at all land uses (An et al., 2010). 
We all know the precipitation and temperature both are very important for the plant growth, and further influences the plant species and richness, aboveground biomass, root mass, root density and so on, finally, soil organic carbon changed, and further soil aggregate stability changed. Similarly, precipitation and temperature both are very important for the plant growth in the Qilian Mountains, because the altitude of the Qilian Mountains were ranged between 1,623 and 5,766 m. For examples, soil samples from the desert grassland, steppe and meadow in the current research were within 1692~3522, 1696~3257 and 2965~3579 m, respectively. Therefore, temperature and precipitation are the best combination to determine species, soil organic carbon and soil aggregate stability among all vegetation types in the Qilian Mountains. Therefore, the climate factors including precipitation and temperature is very critical in this region.
5 Conclusions
Vegetation types had a major influence on soil aggregate stability. The highest stability of soil aggregates in different soil layers in the Qilian Mountains is meadow, then steppe and desert grassland. However, there was no significant difference at 30-40 cm soil layer among different vegetation types. Soil aggregate stability changed significantly with soil depths only in the meadow. Soil aggregate stability firstly increased with altitude increasing, reached the maximum value at the altitude of 2600, 2739 and 2971 m, respectively in desert grassland (1692~3522 m above sea level), steppe (1696~3257 m above sea level) and meadow (2965~3579 m above sea level) and then decreased, indicating that there existed an optimal hydrothermal conditions for diversity of vegetation species under each vegetation type. Since the altitude range of the three vegetation types was different, the maximum value of soil aggregate stability of each vegetation type was also different. Soil aggregate stability was significantly positive with the macro-aggregates (>0.25 mm) fraction contents, soil organic carbon and mean annual precipitation. Our results will provide insight into the assessment of soil quality and the sustainable development in this region. 
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Figure Captions
Figure 1 Location of study area and sampling sites.
Figure 2 WSA (a), MWD (b) and GMD (c) varied with soil depths (0-10, 10-20, 20-30, 30-40 cm) under different vegetation types in Qilian Mountains. Different uppercase letters indicate significant differences between soils depths and different lowercase letters indicate significant differences between different vegetation types (p<0.05).
Figure 3 WSA (a), MWD (b) and GMD (c) varied with the altitudes under different vegetation types in Qilian Mountains.
Table Titles
Table 1 General conditions of sampling sites. 
Table 2 Soil properties of different soil depths under different vegetation types on the Qilian Mountain (Mean value±standard deviation) 
Table 3 Two-way ANOVA results for the effects of vegetation types, soil depths, and their interaction on soil properties and soil aggregate stability 
Table 4 Pearson's relationship coefficient between aggregate stability parameters and climate, soil attributors in Qilian Mountains 
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