Grassland use impacts on soil properties and microbial communities: A case study from the Qinghai-Tibetan plateau
Abstract
Different grazing practices can have varying impacts on soil properties and soil microbial communities, which are critical for maintaining productivity and functions of grasslands and the overall ecosystem. The Qinghai-Tibetan plateau (QTP) is the largest high-altitude grazing region on earth, and has three different grazing practices, including seasonal grazing (SG), continuous grazing (CG), and exclosure grazing (EG) for 10 years. Vegetation, soil properties from two different depths (0-0.15 and 0.15-0.30 m) and soil microbial communitiesin the surface soil layer (0-0.15 m) were measured in triplicate plots within each grazing practice. The soil conditions in the SG site were the best, the CG site was the worst, while the EG site was intermediate. Dry aboveground biomass, soil organic carbon, total nitrogen, and total phosphorus content under SG were 838 g/m2, 20.73g/kg, 1.74 g/kg, and 0.20 g/kg, respectively, and under CG were 8.80 g/m2, 8.07g/kg, 1.07 g/kg, 0.16 g/kg, respectively. There was no significant difference in the α-diversity of soil bacteria and fungi among the three grazing practices. However, the bacterial communities were significantly different from each other; only the fungal community under EG was significantly different from the other grazing practices. While the relative abundance of Basidiomycota under SG was significantly higher than that under EG, no difference was observed in the relative abundance of Ascomycota, Zygomycota, and unclassified_k_Fungi among the three grazing practices. Compared to SG, CG and EG significantly increased the relative abundance of Actinobacteria, Gemmatimonadetes, Verrucomicrobia, and Nitrospirae, but decreased the relative abundance of Proteobacteria and Bacteroidetes. 
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1. Introduction 
[bookmark: _Hlk33452927]Grasslands account for approximately 25.4 % of the total land area of the earth (Watson et al., 2000), and provide many functions and basic services related to global biogeochemical cycles, mitigation of climate change impacts, biodiversity conservation, food and water security, and pastoralist livelihoods and way of life (Parton et al., 1993; Lehnert et al., 2014; Harris et al., 2016). However, continuous, and uncontrolled use of grasslands for animal grazing have largely affected the productivity and functionality of this ecosystem around the world. Moreover, the changing climate and increasing demand for meat-based diets are putting extra pressure on global grassland ecosystems. Covering about 15 × 107 million ha of grassland, the Qinghai-Tibetan plateau (QTP), the largest high-altitude grazing region on earth (Cao et al., 2017), is facing similar challenges to other grasslands around the world. Grasslands on the QTP are important for regulating climate, balancing biogeochemical cycles, providing water resources, and maintaining unique species in the region and surrounding areas (Wang et al., 2002; Yu et al., 2013; Dong et al., 2011; Cao et al., 2018). For many generations, people who lived in this region were engaged in collective nomadic activities and were known as ‘the nationality on horseback’ (Cao et al., 2011). However, in the 1970s, nomads and pastoralists in the QTP, as in other grasslands in the world, were accused of exploiting and misusing natural resources in their fragile environments (Cao et al., 2017). As a result, grasslands were gradually contracted to individual households (Yeh & Gaerrang, 2011). In the late 1990s, grassland degradation on the QTP drew the attention of Chinese scientists and policymakers (Harris, 2010). Overgrazing was regarded as the most important factor causing this degradation (Hafner et al., 2012; Ma et al., 2016), although the linkage between them is still not confirmed (Harris, 2010; Cao et al., 2013; Cao et al., 2019). 
[bookmark: OLE_LINK18][bookmark: _Hlk33452616]In order to reverse the trend of continuous grassland degradation on the QTP, a series of measures were adopted by Chinese governments (Deng et al., 2017), including grazing rest during the growing stage, rotational grazing, and exclosure grazing. Some studies (e.g. Wei et al., 2012; Luan et al., 2014; Ma et al., 2016; Shang et al., 2017; Li et al., 2017) found that these measures improved soil quality, while others did not find any improvement or in fact, any effect (e.g. Zou et al., 2013; Lu et al., 2015, 2017; Guo et al., 2018). These inconsistent and inconclusive results suggested that the effects of grazing practices on soil are dependent on local environmental conditions, time of exclosure, grassland types, and the degree of degradation (Piñeiro et al., 2010; Damene et al., 2012; Raiesi and Riahi, 2014; Xiong et al., 2016; Wang et al., 2019). Studies on the effects of grazing practice on soil microbial communities also indicated inconsistent results. For example, some studies (e.g. Qi et al., 2017; Xun et al., 2018; Du et al., 2019) found that the soil microbial community was affected by grazing practices, while others (e.g. Li et al., 2013; Che et al., 2018) observed minimal impacts from grazing practices and greater impacts from long-term warming. This also suggested that the relationship between grazing practices and soil microbial communities is site (grassland type)-specific. However, compared to studies of the effects of grazing on soil biogeochemistry, the effects on soil microbial community remain relatively unexplored. Since soil microbes play an important role in maintaining the functions of grasslands or in fact, any ecosystem (Ambrosini et al., 2016; Bahram et al., 2018; Beneduzi et al., 2019), soil microbial community structure, composition and diversity and their relationship with soil biogeochemical properties should be taken into consideration to develop and achieve better grassland management (Zhang et al., 2016; Wang et al., 2019). 
The overall objective of this study was to quantify the impact of various grazing practices on soil physicochemical properties and microbial communities in order to provide information on the effectiveness of degraded grassland restoration. Owning to its critical importance, we took the QTP as a case study area and compared three different grazing practices including seasonal grazing (SG), continuous grazing (CG), and exclosure grazing (EG) for 10 years. SG refers to livestock moving between summer pasture (June to September) and winter pasture, CG often occurs in common pasture with year-round livestock foraging, while EG means grazing exclosure for recovery of degraded grasslands or to prevent degradation.
2. Materials and methods 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]2.1. Study area and sampling  
[bookmark: _Hlk33452958]About 90% of the total land area (330,000 km²) of Nagqu city (30-31°N, 91–93°E) within the QTP is covered by Kobresia-dominated alpine meadow and Stipa purpurea-dominated alpine grasslands, with a mean elevation above 4,500 m and an average annual rainfall of 407 mm (Cao et al., 2017). The soil types include alpine meadow soils, meadow bog gleyed soils, and alpine steppe soils. Our sampling site (31.37°N，91. 90°E) was about 15 km from Nagqu City, with an elevation of 4,509 m above mean sea level. At this site, the Nagqu Station of Plateau Climate and Environment (NPCE) was established under CG grassland in 2009 (Fig 1A). Following the NPCE establishment, no grazing was permitted within the station site, indicating that EG and CG would have had similar soil and vegetation conditions in 2009. The SG started in about 2004 after grasslands were contracted to individual households in this area. All three grazing practices were common in this study site during our investigation. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]In early September 2018, samples of vegetation, and soil were collected form the study site. Within each grazing type, three plots (10 m ×10 m) were randomly located. In order to avoid edge effects that can result from seed dispersal (Kakinuma et al., 2017), all plots were established as far away as possible from the fences. Within each plot, three quadrats (0.5 m × 0.5 m), including two ends and one central point, were selected along a diagonal line. Number of vegetation species were recorded within each quadrant, and above-ground biomass (AGB) samples were collected to measure dry AGB. The average number of species was 9 for both the SG and CG sites, and 7.89 for the EG site. The dry AGB was 838 g m-2, 45.92 g m-2, and 131.08 g m-2 in SG, CG, and EG sites, respectively. Soil samples for physical and chemical analyses were collected from 0-0.15 m and 0.15- 0.30 m soil depths. Samples for soil microbial community analysis were collected from the 0-0.15 m soil layer. Soil samples were stored following the protocols for different analysis and sent to the laboratory for further processing. 
2.2. Soil properties analysis 
[bookmark: _Hlk33452644]Soil water content (SWC) was calculated as the ratio of water weight to soil dry weight. Soil pH was determined using a ratio of 2.5:1 water to air-dried soil with a standard pH meter. Soil particle size was determined using the Automatic Granularity Laser (MALVERN, Germany). Soil organic carbon content (SOC) was determined following wet dichromate oxidation using an air-dried homogenized subsample of 0.2 g soil and titration with FeSO4. Soil total nitrogen (STN) was determined using the Kjeldahl method (Bremmer and Mulvaney, 1982), and soil total phosphorus (STP) was determined by P-Olsen (Olsen and Sommers, 1982). NH4-N was determined using the distillation method (Su et al., 2017), and NO3–N was determined by the phenol disulfonic acid method. 
[bookmark: OLE_LINK12][bookmark: OLE_LINK13]2.3. Soil microbial community analysis
In nine of the soil microbial community samples from each site, after they were sieved, fine samples were randomly selected, and sent to the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China), for soil DNA extraction and PCR amplification, Illumina MiSeq sequencing, and processing of sequencing data (details can be found in the Supplementary section).
The richness of the soil microbial community was measured by Chao1 and Sob indices; α-diversity was characterized using Shannon's index and Simpson's index, and β-diversity was detected by principal coordinate and dissimilarity analysis (Castro et al., 2010; Xu et al., 2018). 
2.4. Data analysis
Soil properties among the different treatments were compared using one-way analysis of variance (ANOVA) followed by a least-significant-difference post hoc test at p < 0.05, with statistical software SPSS 21.0 (SPSS Inc. Chicago, USA). The Bray-Curtis similarities among the OTUs were calculated and clustered at the genus-level using the complete group clustering method with R3.1.1 (package vegan). 
Principal coordinate analyses (PCoA) were used to detect the clusters of the soil bacteria and soil fungi using functions within R3.1.1 (package vegan) (Castro et al., 2010). A dissimilarity analysis (PERMANOVA) was performed using 999 permutations and a Bray-Curtis distance measure was used to test for differences in soil microbial communities among the experimental treatments. Redundancy analysis (RDA) and Spearman correlation analysis were used to determine the correlation between vegetation and soil properties and the dominant bacteria genera. The Mantel test using the Bray-Curtis coefficient and Euclidean distance to construct dissimilarity matrices were performed to examine the relationship between microbial community structure and vegetation and soil properties. All these analyses were performed using functions within R3.1.1 (package vegan).
3. Results 
3.1. Soil properties under different grazing practices
Among the three grassland treatments, SG had the highest SWC. No difference was observed in SWC between CG and EG sites. Similarly, soil pH in under SG was the highest, followed by EG, and CG. No difference was observed in soil clay content. Silt content was highest under SG, and lowest under EG. Fine sand content was highest under CG, and lowest under EG. However, coarse sand content was highest under EG and lowest under SG (Table 1). 
Soils in the SG site exhibited the highest SOC and no difference was observed between the EG and CG sites. STN under CG showed a lower value compared with that under SG or EG, while no difference was observed between SG and EG. STP under SG was significantly higher than that under EG, and STP under CG was not different from either SG or EG. NH4-N under SG was significantly higher than that under CG and EG, with no difference between the latter two. NO3-N under SG was significantly higher than that under CG, while no difference was observed between the other treatments (Table 1).
3.2. Diversity of soil microbes 
Across all the samples, we obtained a total of 517,454 and 437,970 high-quality fungal and bacterial sequences, respectively. These were then grouped into 2,232 and 6,026 OTUs for fungi and bacteria, respectively, using the 97% sequence similarity cutoff. The fungi were from 7 phyla, 30 classes, 88 orders, 189 families, and 382 genera. The bacteria were from 45 phyla, 122 classes, 231 orders, 456 families, and 859 genera. For fungi, there was no difference in Chao index, Ace index, Simpson index and Shannon index among the three grazing practices. There was only a significant difference in the Sobs index between SG and EG. For bacteria, no significant difference was observed in any index among the three grazing practices (Table 2).
For fungi, the contributions of the first principal component and the second principal component were 17.25% and 14.93%, respectively (Figure 2a). For bacteria, the contributions of the first and second principal components were 44.59% and 13.46%, respectively (Figure 2b). The PERMANOVA showed that the fungal community under each grazing practice was quite distinct, and the bacterial community under EG was significantly different from the other sites (Table 3). 
3.3. Taxonomic composition of soil microbial communities
In the fungi communities, across all grazing practices, the relative abundance of Ascomycota was the highest, representing 67.71% of the total sequences, followed by Zygomycota, unclassified_k_Fungi, and Basidiomycota, representing 21.59%, 6.68%, and 3.76% of the total sequences, respectively (Figure 3a, c). With the exception of the relative abundance of Basidiomycota under SG, which was significantly higher than that under EG, no differences were observed in the relative abundance of Ascomycota, Zygomycota, and unclassified_k_Fungi among different grazing practices (Figure 3c). The most abundant phylum of the bacterial community was Actinobacteria, representing 28.62% of the total sequences, followed by Proteobacteria, Acidobacteria, Chloroflexi, and Bacteroidetes, representing 27.95%, 14.47%, 9.10%, and 6.45% of the total sequences, respectively (Figure 3b). Compared to SG, soils under CG and EG showed significantly increased relative abundance of Actinobacteria, Gemmatimonadetes, Verrucomicrobia, and Nitrospirae, but decreased relative abundance of Proteobacteria and Bacteroidetes. The relative abundance of Acidobacteria in the soils under CG was significantly higher than that under SG while no difference was observed between SG and EG. The relative abundance of Chloroflexi under CG was significantly higher than that under EG while no difference was observed between soils under CG and SG. Exclosure grazing significantly decreased the relative abundance of Firmicutes, compared to SG and CG (Figure 3d). 
The Venn diagram showed that a total of 90 and 314 genera were shared among soils under SG, CG and EG for fungi and bacteria, respectively (Figure 4). The number of site-specific fungal genera for SG, CG, and EG were 11, 24, and 17, respectively, and the number of site-specific bacterial genera for SG, CG and EG were 63, 4, and 5, respectively. 
3.4. Relationships between environmental properties and soil microbial communities
The results of the Mantel test showed that the microbial community was significantly correlated with soil and vegetation properties (Table 4). For fungi, the RDA analysis showed that the environmental properties of axis 1 and 2 represented 32.09% and 18.92%, respectively, and STP and NH4-N significantly affected fungal community composition, with NH4-N being the primary environmental factor (Fig. 5a and Table S1). For bacteria, the RDA analysis showed that the environmental properties of axis 1 and 2 represented 51.38% and 17.92%, respectively, and AGB, plant species number, SWC, pH, NH4-N, and NO3-N were significantly correlated with bacterial community composition, with soil pH being the primary environmental factor (Fig. 5b and Table S1). 
Note. The values corresponding to the RDA1 and RDA2 columns are the cosine of the angle between the environment factor arrow and the sort axis, indicating the correlation between the environment factor and the sort axis, r2 represents the determination coefficient between environmental factors and species distribution. The smaller the value, the smaller the influence of environmental factors on species distribution. p-values represent the significance of correlation. Significance level: p < 0.05. AGB: aboveground biomass; SWC: soil water content; SOC: soil organic carbon; STN: soil total nitrogen; STP: soil total phosphorus; NH4-N: ammonium nitrogen; NO3-N: nitrate nitrogen.
The Pearson correlation analysis (Figure 6) showed that AGB, SWC, soil pH, NH4-N, and NO3-N had positive correlations with Proteobacteria, Firmicutes, and Bacteroidetes, but had negative correlations with Verrucomicrobia, and Gemmatimonadetes. The number of species was only positively and negatively related to Basidiomycota and Actinobacteria, respectively. Except for fine sand being positively related to Nitrospirae, other particle sizes were not correlated with the relative abundance of soil bacterial and fungal phyla. SOC and STP were positively related to Zygomycota and negatively related to Ascomycota, and STN had no relationship with the relative abundance of soil bacterial and fungal phyla. AGB, SWC and soil pH were negatively related to Nitrospirae and Actinobacteria but were positively related to unclassified_k_Fungi. NH4-N was negatively related to Actinobacteria and Acidobacteria, and NO3-N was negatively related to Acidobacteria. 
4. Discussion
4.1 Variation in soil properties among different grazing practices
[bookmark: _Hlk33453027][bookmark: _Hlk33452681]Soil conditions under EG were better than under CG (Table 1) likely due to the intensified trampling caused by CG (Dlamini et al., 2014). Trampling, soil disturbance by livestock, often interacts with other degrading factors, such as exposure to wind, low regeneration of communities, and decline in plant biomass (Cao et al., 2013), and ultimately leads to deterioration of soil aggregates, and reduction in soil moisture content, water-holding capacity, and mechanical resistance (Herbin et al., 2011; Mei et al., 2013; Chaudhuri et al., 2015). SOC and STN were greater under EG than under CG (Table 1) as found by others (e.g. Mekuria et al., 2007; Sousa et al., 2012; Guo et al., 2016; Ebrahimi et al., 2016). This may be due to the intensive grazing, which can remove a major part of the AGB and reduce the input of organic matter to the soil while increasing soil erosion (Solomon et al., 2000; Sarah & Zonana, 2015; Yaghobi et al., 2018). Although SOC and STN increased under EG, STP had no change. Similar results were reported by Guo et al. (2016), who found that SOC and STN increased in the ungrazed steppe, both typical steppe and meadow steppe, but STP only increased in the former, and it did not change in the latter. This suggests that response of soil P to EG is dependent on grassland type. However, Mekuria et al. (2017) found that SOC, STN, STP were all lower under EG than under CG. They proposed that under EG, nutrient uptake by plants for livestock foraging led to lower soil nutrient content, the major contributor of soil organic matter (Frazão et al. 2013). 
[bookmark: _Hlk33453092]In our study, soil N availability under SG was higher than that under EG and CG (Table 1). Although the mechanisms of this are not well understood, according to Liu et al. (2016), it may be that a) the addition of animal excreta to the soil, both quantity and quality (Dijkstra et al., 2013), and b) the plant species composition resulting from selective grazing are the two major pathways influencing soil N availability in grazed grasslands. Since the amount of excreta under CG was greater than that under SG, plant composition may be the primary factor influencing soil N availability in the present study (Fig 1). Overall, the environmental conditions, including abiotic and biotic environments, under SG were better than those under EG and CG (Table 2). This suggests that SG is a sustainable rangeland management technique on the QTP (Miehe et al., 2008; Cao et al., 2019).
According to the proportions of clay, silt, and sand in soils of the study area, the soil texture was a loamy sand (Yaghobi et al., 2018). Previous studies (e.g. Su et al., 2005; Li et al., 2011; Ebrahimi et al., 2016; Ma et al., 2016) found that exclosure increased fine sand and silt +clay contents, suggesting that exclosure management improved soil structure. However, in the present study, similar to Mekuria et al., (2017), we found an opposite trend, with clay and silt being the same under EG and SG. This indicated that response of soil particle size to EG is also site dependent. In addition, due to their higher cation exchange capacity, greater levels of silt and clay in soils could preserve more organic matter (Lu et al., 2015). However, soil texture does not always influence SOC, STN, and STP as confirmed by Derner et al. (2019) and this study.
At our EG study site, after ten years of exclosure, only STN had significantly improved when compared to the other grazing practices; other soil properties were not sufficiently restored (Table 1). This indicates that on the one hand exclosure is a useful tool for restoring the degraded grassland while on the other hand, it may take a long time for the soil to recover to the desired level. As there is no exclosure greater than 10 years old in the study area, it is difficult to predict how long the degraded grasslands may take to return to near original conditions. Previous studies (Ao et al. 2011) found that as exclosure time increased, soil nutrient status reached a stable level and any exclosure after 14 years would probably not substantially enhance the soil nutrient contents. Furthermore, once degradation exceeds a certain threshold, EG may be unable to repair the damage done (Davies et al., 2016). Therefore, it is necessary to explore thresholds of both this stable level and degradation level by continuously monitoring the grassland. Only by understanding these thresholds, can we make suitable policies to protect and improve the grasslands. 
4.2 Factors influencing diversity of soil microbial communities 
In the present study, the α-diversity of soil bacteria and fungi as indicated by the Shannon and Simpson indices (Chu et al., 2014) was similar between SG, CG, and EG (Table 2). Similar results were also reported by Aldezabal et al. (2015), who found that α-diversity of bacterial and fungal communities between excluded and grazed plots were not different. The reasons for the lack of change in α-diversity of soil microbial communities even as grazing practices and vegetation and soil characteristics change, as in the present study, are not well understood. It is possible that soil microbes have a broad range of physiologies that help them successfully adapt to these changes (Prosser et al., 2007; Brown and Jumpponen, 2015) and maintain a certain α-diversity representing functional differences (Hill et al., 2000). However, Zhou et al. (2012) and Xun et al. (2018) found that compared to non-grazing and heavy-intensity grazing, intermediate grazing intensity significantly increased bacterial diversity, indicating the dominant role of habitat selection in bacterial assembly (Wang et al., 2018). 
[bookmark: _Hlk33452727][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: _Hlk33452751]While soil microbial α-diversity under SG, CG, and EG was similar, soil microbial β-diversity was quite different, suggesting that the response of microbial β-diversity to changing environmental conditions is quicker than microbial α-diversity (Masse et al. 2017). Masse et al. (2017) also found that the β-diversity and not the α-diversity, differed between reconstructed and natural soils. Apart from similarities between SG and CG in soil fungal communities, other microbial communities were very dissimilar among the three grazing practices, (Fig. 2, Table 3). In the present study, soil properties, especially NH4-N and STP, mainly determined the β-diversity of soil fungi because soil fungi are more sensitive to nutrients than soil bacteria (Levy-Booth et al., 2016). Similar results were reported by Tedersoo et al. (2014). However, vegetation properties, especially AGB and the number of plant species mainly determined the β-diversity of soil bacteria (Table 4, Table S1). This was in accordance with Li et al. (2018), but inconsistent with Dimitriu and Grayston (2010) and Ramírez et al. (2020), who found that soil properties, especially soil pH, can play a bigger role in determining phylogenetic structure and composition of bacterial communities (Siciliano et al., 2014). These are largely related to the β-diversity of soil bacterial microbes rather than to vegetation properties. Generally, vegetation is one of the main energy sources for the soil microbial community. It plays an important role in determining soil microbial community function as it can select soil microbes with which to be associated (Bardgett et al., 2003; Tsui et al., 2013) by providing more heterogeneous niches (Wang et al., 2018). Moreover, diverse plant species would sustain diverse litter types and root exudates, leading to a species-rich decomposer community (Steinauer et al., 2016). 
4.3 Bacterial community compositions at phyla level among grazing practices
[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK28][bookmark: OLE_LINK30][bookmark: _Hlk33452772]The bacterial community was composed of 45 phyla and the abundance of Actinobacteria, Proteobacteria, and Acidobacteria accounted for about 70% of the total sequences. Similar results are reported by Yang et al. (2017) and Ade et al. (2018) from the QTP. Actinobacteria are gram-positive bacteria that are widely distributed in various habitats (e.g. terrene, freshwater, and marine), and have an important role in maintaining metabolism and DNA repair (Yergeau et al., 2010; Campbell et al., 2010) as well as in the turnover of organic matter (Stach et al., 2010). The abundance of Actinobacteria was significantly lower under SG than under CG and EG (Fig 3d). These bacteria are often affected by multiple environmental parameters including AGB, the number of species, SWC and soil pH as in the present study (Fig 6). These results were in concordance with previous studies (e.g. Jian et al., 2015; Huang et al., 2017; Zhu et al., 2017; Ramírez et al., 2010). However, the underlying reasons still need further investigation (Jian et al., 2015). 
[bookmark: _Hlk33452793][bookmark: OLE_LINK38][bookmark: OLE_LINK39]Compared to Actinobacteria, the abundance of Proteobacteria, Bacteroidetes, and Firmicutes was higher under SG than under the other two practices (Fig 3d). This may be because Proteobacteria and Bacteroidetes have a wide range of metabolic types (Song et al., 2016), and are mostly copiotrophic bacteria (Leff et al., 2015; Xun et al., 2018), that can grow quickly in better environmental conditions (Nelson and Carlson, 2012). Hemkemeyer et al. (2018) found that the number of Proteobacteria was positively related to the sand-sized fraction. However, in the present study, it was positively related to AGB, SWC, soil pH, and available nitrogen, suggesting that Proteobacteria are also easily affected by various environment factors. The abundance of Acidobacteria under CG was higher than that under SG but was not different from that under EG (Table 1). This may be due to higher NO3-N, which regulates the anaerobic ammonium oxidation and nitrate reduction processes (Trimmer et al., 2005), under SG. The abundance of Gemmatimonadetes and Nitrospirae under SG was significantly lower than that under CG and EG (Fig 3d), suggesting that these two taxa may not be copiotrophic bacteria.
4.4 Variation in biological health trend of fungal community compositions at phyla level among sampled sites
[bookmark: OLE_LINK52][bookmark: OLE_LINK53]In fungal community compositions, the abundance of Ascomycota was the highest, followed by Zygomycota, unclassified_k_Fungi, and Basidiomycota (Fig 3a). Abundance of these fungi was also reported from other regions and types of grasslands, including alpine grassland in the central region of the QTP (Zhang et al., 2016), desert grasslands in the Central and Southwest United States and mesic grasslands in Eastern Australia (Ochoa-Hueso et al., 2017), and the meadow and desert steppes in Inner Mongolia, China (Wang et al., 2018b; Xun et al., 2018). 
[bookmark: _Hlk33452826]Except for Basidiomycota, no difference was observed in the abundance of other types of fungi among three grazing practices (Fig 3c), suggesting these types of fungi were not sensitive to environmental changes as described in Table 1. A similar observation was reported by Xun et al. (2018). Basidiomycota, being more sensitive to environmental perturbances (Osono, 2007), could be used as a fungal indicator of perturbance intensity (Xun et al., 2018). The abundance of Basidiomycota under SG was significantly higher than that under EG but was not different to that under CG. This may be caused by differences in STP rather than SOC as the trend of variation in STP was more similar to the trend of variation in the abundance of Basidiomycota among the three grazing practices (Table 1, Fig 6). In the present study, environmental factors such as AGB, soil pH, SOC, and STP were related to the abundances of fungi (Fig 6) as found by others (e.g Liu et al., 2015b; Rúa et al., 2015; Zhang et al., 2018), suggesting that in the study area these environmental factors played an important role in determining the abundances of fungi.
[bookmark: OLE_LINK29][bookmark: OLE_LINK37]Generally, the taxa of microbes can fill specific fragmented niche spaces, where no direct competitors exist (Wang & Or, 2013). From SG to EG to CG, the number of site-specific fungal genera increased, but the number of site-specific bacterial genera decreased (Fig 4a, b), suggesting that fungi are more adaptive to deteriorated environments than bacteria in the study area. However, Tolkkinen et al. (2015) found that the fungi may favor less perturbed ecosystems. This suggests that fungi preference may be site-dependent but the mechanisms behind this need further exploring. 
Conclusions
   The present study showed that soil properties and soil microbes were affected when grassland use changed on the QTP. In comparison with seasonal grazing (SG), continuous grazing (CG) caused deterioration of both vegetation and soil. After about 10 years exclosure of the continuous grazing area (EG), soil quality improved although it will need a longer time to recover to near original conditions. 
Variations in vegetation and soil properties resulted in changes to microbial communities. Although the α-diversity of soil bacteria and fungi among SG, CG and EG were similar, the PERMANOVA showed that the fungal community under each grazing practice was quite distinct, and the bacterial community under EG was significantly different from the other sites. The fungal community composition was mainly determined by soil total phosphorus and ammonium nitrogen, but the bacterial community composition was mainly determined by above-ground biomass, soil water content, pH, ammonium nitrogen, and nitrate nitrogen. Changes in soil microbial communities will have a feedback on soil and vegetation; however, the extent of this feedback needs further study. This study suggested that soil nutrients and microbial communities are sensitive to grazing practices, and EG can enhance the recovery of degraded grasslands in this region and elsewhere with similar climates.
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Table 1. Vegetation and soil characteristics of sites under seasonal grazing (SG), continuous grazing (CG), and exclosure grazing (EG). 
	Soil properties
	SG
	CG
	EG

	SWC (%)
	30.70±7.59a
	8.80±2.41b
	9.27±2.52b

	pH
	7.75±0.26a
	6.64±0.09c
	6.87±0.20b

	Clay (%)
	5.67±7.78a
	3.54±4.50a
	2.48±0.10a

	Silt (%)
	19.34±26.81a
	11.23±17.66ab
	6.39±2.52b

	Fine sand (%)
	26.98±7.51ab
	31.68±9.36a
	25.87±6.71b

	Coarse sand (%)
	48.00±31.02b
	53.56±16.35ab
	65.26±7.84a

	SOC (g/kg)
	20.73±10.15a
	8.07±4.62b
	12.83±5.28b

	STN (g/kg)
	1.74±0.59a
	1.07±0.53b
	1.43±0.50a

	STP (g/kg)
	0.20±0.12a
	0.16±0.06ab
	0.13±0.07b

	NH4-N (mg/kg)
	110.53±26.03a
	37.29±20.43b
	46.47±22.25b

	NO3-N (mg/kg)
	1.73±1.41a
	0.91±0.445b
	1.48±0.90ab


SG: seasonal grazing; CG: continuous grazing; EG: exclosure grazing. SWC: soil water content; SOC: soil organic carbon; STN: soil total nitrogen; STP: soil total phosphorus; NH4-N: ammonium nitrogen; NO3-N: nitrate nitrogen. Different lower-case letters represent significant differences at the p < 0.05 level


















Table 2 Variation in the α-diversity of soil bacteria and fungi at different levels in sites under seasonal grazing (SG), continuous grazing (CG), and exclosure grazing (EG).
	
	Fungi
	Bacteria

	
	SG
	CG
	EG
	SG
	CG
	EG

	Sobs
	456.3±60.3a
	354.0±205.7ab
	340.6±50.9b
	2513.8±244.2a
	2405.6±211.7a
	2515.2±112.2a

	Chao
	525.0±96.8a
	386.0±218.2a
	401.6±60.9a
	3255.0±422.4a
	3124.8±251.8a
	3285.5±117.4a

	Ace
	524.4±100.0a
	386.0±219a
	401.3±58.9a
	3241.9±441.2a
	3126.5±218.6a
	3269.0±144.4a

	Simpson (10-3)
	136.4±49.5a
	145.8±78.2a
	147.2±183.0a
	4.3±0.9a
	4.9±2.1a
	3.8±0.9a

	Shannon
	3.3±0.5a
	3.1±0.8a
	3.2±0.7a
	6.5±0.1a
	6.4±0.2a
	6.6±0.1a


SG: seasonal grazing; CG: continuous grazing; EG: exclosure grazing. Different lower-case letters represent significant differences at the p < 0.05 level. 























Table 3 PERMANOVA of dissimilarities of soil bacterial and fungal communities across the three grassland treatment sites.
	
	Fungi 
	Bacteria 

	
	SG
	CG
	SG
	CG

	CG
	0.009
	
	0.065
	

	EG
	0.007
	0.008
	0.015
	0.017


SG: seasonal grazing; CG: continuous grazing; EG: exclosure grazing. Bold values represent significant differences. 
























Table 4 Relationships between soil microbial community and environmental properties by Partial Mantel tests.
	
	Fungi
	
	Bacteria

	
	Soil properties1
	Vegetation properties2
	
	Soil properties1
	Vegetation properties2

	Statistic r
	0.382
	0.348
	
	  0.221 
	0.786

	Significance
	0.022
	0.017
	
	  0.121  
	0.001


1 Combination of SWC, pH, SOC, STN, STP, NH4-N, NO3-N, and soil particle size measurements at the depth of 0-15 cm as denoted. 2 Combination of aboveground biomass and plant species number. Bold values represent significant differences.





































Table S1 Effects of environmental properties on the distribution of microbial communities.
	Variables
	Fungi
	
	Bacteria

	
	RDA1 
	RDA2
	r2
	p
	
	RDA1 
	RDA2
	r2
	p

	AGB 
	0.1944
	-0.9809
	0.2682
	0.202
	
	0.9714
	0.2374
	0.7848
	0.002

	Plant species number
	0.0038
	-1
	0.265
	0.176
	
	0.3414
	0.9399
	0.5055
	0.007

	Clay
	0.2459
	-0.9693
	0.3687
	0.104
	
	0.7704
	0.6376
	0.0375
	0.781

	Silt
	0.1800
	-0.9837
	0.3419
	0.124
	
	0.6476
	0.762
	0.0394
	0.782

	Fine sand
	-0.7596
	0.6503
	0.0976
	0.535
	
	-0.7289
	0.6846
	0.2464
	0.185

	Coarse sand
	-0.0989
	0.9951
	0.3516
	0.115
	
	-0.1731
	-0.9849
	0.0679
	0.668

	SWC
	0.0641
	-0.9979
	0.2732
	0.191
	
	0.9809
	0.1946
	0.792
	0.002

	pH
	0.4800
	-0.8773
	0.2967
	0.161
	
	0.9906
	0.1368
	0.8871
	0.001

	SOC
	-0.7318
	-0.6815
	0.2093
	0.254
	
	0.5549
	0.8319
	0.2313
	0.209

	STN
	-0.6757
	-0.7372
	0.116
	0.516
	
	-0.5595
	0.8288
	0.0337
	0.819

	STP
	-0.8502
	0.5264
	0.4543
	0.035
	
	-0.9309
	0.3653
	0.2516
	0.180

	NH4-N
	0.0066
	-1
	0.4802
	0.028
	
	0.9885
	0.151
	0.6264
	0.006

	NO3-N
	-0.1957
	-0.9807
	0.0253
	0.861
	
	0.9974
	-0.0715
	0.5124
	0.015


SWC: soil water content; SOC: soil organic carbon; STN: soil total nitrogen; STP: soil total phosphorus; NH4-N: ammonium nitrogen; NO3-N: nitrate nitrogen. Bold values represent significant relationships.














