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Abstract 

Grazing exclusion (GE) has been applied as a suitable strategy to soil conservation worldwide, mainly in semiarid soils. However, it is unclear how GE management reduces the negative effects of overgrazing on the microbial community. In this study, we assessed the bacterial community in three different soil management belonged to a semiarid region from the Brazilian Caatinga biome, as follows: Native Caatinga (NC), Grazing exclusion (GE), and a highly degraded area by Overgrazing (OG). The bacterial community was assessed through the sequencing of the V4 region of the 16S rRNA gene. We also analyzed soil chemical and physical properties and correlated with bacterial community composition, and α- and β- diversities. Our results demonstrated that GE increases the conten of soil C, N, and bacterial diversity. However, the changes in bacterial diversity were significant in a specific site (nº 1), suggesting that GE strategy could be a context-dependent and a complex approach to Caatinga soils. Moreover, overgrazing might restrain the potential of bacterial diversity to sustain ecosystem functions, since non-beneficial elements (e.g., Na+ and Al3+) increased in OG, which presented a negative correlation with the bacterial community. Our study provides novel evidence that high-intensity disturbance by overgrazing could not only reduce soil fertility, but it may also restrain bacterial composition, with implications on environmental functioning. Thus, the Caatinga soil microbiome may be unable to maintain ecosystem services such as plant and animals’ development under overgrazing management. 
Keywords: Microbial ecology; Dryland microbiome; 16S rRNA sequencing; Land degradation; Nutrient cycle.  
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1. Introduction 


The semiarid region of northeastern Brazil covers about 15% of the national territory and is characterized by high temperature, reduced rainfall period, poor soils, and increased socioeconomic vulnerability (Pacca et al., 2018; Reynolds et al., 2007). In this biome, the vegetation consists of plant species with tolerance to harsh environmental conditions capable to support enormous human populations that are relying on and positively impacted from their ecosystem services (Beuchle et al., 2015; Marengo & Bernasconi, 2015). In addition, this region is significantly affected by the climate changes in Brazil, alongside the Amazon (Souza and Oyama, 2011; Seddon et al., 2016). 


The Caatinga biome presents high seasonally encompassing a mosaic of scrub vegetation and patches of dry forest, adapted to poor soils, and stressed environmental conditions, such as high temperatures and severe droughts (Leal et al., 2005; Santos et al., 2012). Although this biome presents a great plant diversity, including a high level of endemic species, its vegetation has been threatened (Pacca et al., 2018; Santos et al., 2011). Among the main anthropic threats, the extraction of the native forest for firewood and charcoal, burning practice, and overgrazing have contributed to the Caatinga deforestation (Cerdà and Lavee, 1999; Almeida et al., 2017). 

As one of the most used practices in Caatinga, the overgrazing promotes negative effects on this biome, such as erosion, water deficit, and reduced biodiversity (Brazier et al., 2014; Kurz et al., 2005; Palacio et al., 2014). This combination of negative effect by overgrazing has increased the land degradation found in this Brazilian semiarid region, which account for about 20% of the entire Caatinga (Cavalcanti, 2005; Vieira et al., 2015). 

The land degradation includes negative effects on soil microbiome and also on fauna and flora (Arroyo-Rodríguez et al., 2017; Li et al., 2006; Pulla et al., 2015; Zhao et al., 2009). Although it is known the negative effect of land degradation on soil microbiome, how it affects the Caatinga associated-microbiome remains unclear. The knowledge about soil microbiome is important since microorganisms are directly and indirectly associated with plant species and nutrient cycling processes (Buchkowski et al., 2017; Fierer, 2017). Particularly to degraded lands, microorganisms are influenced by variations in plant cover and edaphic variables (Bevivino et al., 2014; Griffiths and Philippot, 2013; Araújo et al., 2013) For instance, Araujo et al. (2013) assessed the influence of moderate and highly degraded lands in semiarid soils on microbial properties and found a significant decrease in soil microbial biomass and enzyme activity in highly degraded land.

In the last years, microbiome studies have revealed the microbial diversity associated with some Brazilian biomes, such as Cerrado, Amazon (Araujo et al., 2018; Mendes et al., 2015; Pedrinho et al., 2019; Rodrigues et al., 2013) and Atlantic forest (Lambais & Crowley, 2014; Mendes & Tsai, 2018; Santos et al., 2014). Most recently, the Caatinga biome began to be unveiled throughout metagenomics-based approaches and 16S rRNA next-generation sequencing technologies. These studies have brought valuable information about the microbial community diversity (Pacchioni et al., 2014), as well as the effects of seasonal variation on the microbiome associated with the rhizosphere of native plants (Kavamura et al., 2013; Lançoni et al., 2013; Taketani et al., 2015), and also the effects of land-use in the soil microbiomes (Lacerda-Júnior et al., 2019). Therefore, there is a clear gap regarding how land degradation in semiarid regions affects the microbial community composition and functioning. It is also unknown whether the selected microorganisms in highly degraded lands still retain abilities to sustain plant development under water limiting conditions (Nielsen & Ball, 2015). In this sense, the information regarding microbial resilience, which expresses the rate at which a community returns to a pre-disturbance condition (Sorensen & Shade, 2020), can be a useful tool to prevent the spread of desertification (Vieira et al., 2020). 
In this study we hypothesize that different land-use systems in Caatinga biome, spanning native, overgrazing, and grazing exclusion areas, would harbor taxonomically and structurally distinct bacterial communities with stronger effects on overgrazing areas compared with native and grazing exclusion. For this, we assessed the bacterial community structure and composition through 16S rRNA sequencing and related to changes in soil chemical properties. Here we aimed to uncover the effectiveness of long-term grazing exclusion on microbial community diversity and soil fertility recovery, and possibly identify bio-indicators taxa of soil conditions that could yield a better understanding of the biotic and abiotic factors that control the ecosystem processes under desertification in the Brazilian semiarid region. 

2. Materials and Methods
2.1 Study site
2.1.1 Location and climate conditions
Our study is based on an ongoing field survey in the Irauçuba municipally, Ceará State, Brazil (Figure 1). Irauçuba is located in the north part of the Ceará State (3°44′ S and 39°46′ W, 152 m above sea level), a region characterized by semiarid conditions and, consequently, low annual rainfall (~540 mm year -1, considering the last 20 years). The annual precipitation is mainly concentrated in the first four months (January-April) (Figure 2). Thus, long dry seasons (water scarcity) occur in the region, impacting both animals and plants development. According to the Köppen-Geiger classification system, the climate on the region is characterized by an annual mean temperature of ≥ 18º C and inserted on nomenclature as BSh (‘B’: dry, ‘S’: Semiarid and ‘h’: low latitude and altitude) (Alvares et al., 2013).
2.1.2 Vegetation, soil history, use, and management 
Irauçuba is part of the Caatinga Biome, which extends over 88% of the Ceará State. Specific plant species are living in Caatinga soils (e.g. herbaceous plant, stunted trees, and bushes), with some endemic species that remain dry almost every month of the year (Magdalena et al., 2019).  
The majority of Caatinga biome soils are rich in minerals but poor in nutrients availability and organic matter, mainly due to less expression of weathering action and low plant development potential. The main soil classes present in the region are Vertic Solonetz, Leptic Regosols, Haplic Solonetz, and Solodic Planosols, in which, generally, the drainage system is deficient, mainly in the B horizon (Oliveira Filho et al., 2019; Sousa et al., 2012). 

The extensive cattle production is the most predominant management practice adopted by small farmers in the region, including bovine, sheep, goat, and equines. Due to the difficulty to implant dense pastures fields, animal grazing on the native areas has been the principal strategy adopted to sustain livestock production. However, the number of animals increases year-by-year and, consequently, extrapolates the support capacity of the native vegetation. It is estimated that Irauçuba allocates 0.27 animal unit (AU) per hectare (1 AU means 300 kg of live weight), which represents 42% more than the ideal animal support capacity for the region (0.19 AU) (Oliveira Filho et al., 2019).
Thus, overcoming the native Caatinga’s capacity to support animal development has resulted in the removal of vegetation from the soil surface, which can directly impact C-N content and microbial diversity in the soil (Xun et al., 2018). In addition to intrinsic edaphoclimatic conditions and human practices (animals grazing), the Irauçuba region today presents highly degraded soils, being included in the Inhamuns Desertification Nucleus (Perez-Marin et al., 2012).
2.1.3 Experimental sites and soil sampling 


Three treatments were analyzed, as follows: I. Native Caatinga vegetation (NC), II. Grazing Exclusion (GE), and III. Overgrazing (OG), in three different sites (Figure 3). The NC samples were collected in a single site (site 1), due to the presence of an undisturbed secondary Caatinga forest (Figure 4, A). The NC treatment represented an initial reference to compare the microbiological attributes between GE and OG (Figure 4, B and C). Initially, both GE and OG areas showed the same soil conditions, with sparse vegetation due to the removal by cattle grazing. However, in the 2000s, the GE system was implanted by delimiting a specific soil area (50 x 50 m, 0.25 ha), not allowing the access of animals in the interior (Figure 4, C) (Oliveira Filho et al., 2019). Also, to measure the impact of grazing exclusion, the adjacent area (OG) remained under initial grazing conditions (free access for animals) (Figure 4, B). The total distance between the three sites is ~4 km, which represents an area of ~50 ha (Figure 4). The soil type in this area (including all different sites) was classified as Vertic Solonetz according to the FAO system (Perez-Marin et al., 2012). 

Bulk soil samples were collected from the 0-20 cm layer in March 2017 and 2018, in the ‘Aroeira’ farm (Irauçuba, Ceará). Briefly, we analyzed 18 soil samples from NC and OG (3 aleatory points with 3 replicates in each) and 15 samples from GE treatment, totaling 33 samples. The samples were stored in sterile plastic bags and taken to Microbial Ecology and Biotechnology Laboratory, Biology Department, at the Federal University of Ceará (www.lembiotech.ufc.br) to proceed with chemical, physical and microbiology analyses.
2.2 Soil chemical and physical characterization


Soil samples were air-dried, sieved (2 mm), and submitted to chemical analyses following Donagema et al. (2011) procedures. Soil pH was obtained in water (1:2.5) via potentiometry. The electrical conductivity (EC) was obtained through the saturated paste extract and determined in an electric conductivity meter. The Ca2+ and Mg2+ contents were extracted using a KCl solution (1 M) and quantified via atomic absorption spectrometry. Sodium (Na+), potassium (K+) and phosphorus (P) contents were extracted by Mehlich solution (0.05 mol L-1 HCL + 0.012 mol L-1 H2SO4) and quantified via colorimeter (P) and flame photometry (Na+ and K+). Total nitrogen (N) content was quantified using the semi-micro Kjeldahl method. Total organic carbon (C) was obtained through the wet way (K2Cr2O7) in the presence of sulfuric acid (H2SO4). The C/N rate was obtained through the relationship with total N and C. Also, the exchangeable aluminum (Al3+) was extracted by KCl solution (1 mol-1) and determined using NaOH solution (0.025 mol L-1). Potential acidity (H+Al) was extracted using sodium acetate (pH= 7.0) and determined via titration. The sulfur (S), the total cation exchange capacity (T), the base saturation (V%), the aluminum saturation (m%), and the exchangeable sodium percentage (ESP) were calculated following Donagema et al. (2011) instructions. Clay content was analyzed via pipette method; sand classes by sieving, and silt through the difference between the air-dried soil content (2 mm) and the sum of the clay and sand contents (Donagema et al., 2011). 
2.3 Soil microbiological analyses

2.3.1 Soil DNA extraction and sequencing

Total soil DNA was extracted from 0.5 g of soil using the DNeasy( PowerLyzer(PowerSoil( Kit (Qiagen, CA, USA), according to the manufacturer's instructions. The quality of the extracted DNA was checked with the Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and confirmed by electrophoresis in a 0.8% agarose gel. The V4 region of 16S rRNA gene was amplified using the 515F/806R primer set (Caporaso et al., 2011) and the following program: 95 °C for 4 min, 60 °C for 1 min, 72 °C for 2 min, followed by 25 cycles at 94 °C for 1 min, 60 °C for 1 min, and 72 °C for 2 min. PCR products were purified using calibrated Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, EUA), and paired-end sequenced using an Illumina MiSeq Reagent Kit v2 (300-cycles, 2 × 150 bp) into Illumina MiSeq sequencer (Illumina, San Diego, USA) at Genomic and Bioinformatic Facility Centre (CeGenBio) of the Federal University of Ceará, Brazil. 
2.3.2 Data processing 

We used Qiime (Quantitative Insights Into Microbial Ecology) software to bioinformatic analyses (Caporaso et al., 2010), following the instructions for Illumina 16S rRNA analyses available at Qiime website (qiime.org). A total of 4.5 million good quality sequences were obtained. Raw reads were joined through the paired-end pipeline. Also, the reads were filtered by the quality and chimeric sequences were removed. We binned the filtered files into operational taxonomic units (OTU) using the Sumaclust algorithm at 97% identity (Kopylova et al., 2014). Each OTU were taxonomically classified based on SILVA’s ribosomal database-132 (Quast et al., 2013). Singleton and Archaea sequences were removed. We rarefied the OTU table at 77,543 sequences/sample depth. The abundance-based beta diversity indices, including weighted UniFrac, were calculated and then ordinated using the core_diversity.py script in Qiime. A Principal Coordinates Analysis (PCoA) based on the weighted UniFrac distance matrix was performed to visualize the variations in the bacterial community structure (Edgar, 2010; Ramette, 2007; Vázquez-Baeza et al., 2011). Also, richness (OTU number), faith’s phylogenetic, and Shannon diversity indexes were obtained.
2.4 Statistical analyses
The variances homogeneity and normality were examined by Levene and Shapiro-Wilks test. The dataset was then analyzed using ANOVA and significant attributes were compared through the Tukey test (p<0.05). An Analysis of Similarities (ANOSIM test) was performed to examine differences in bacterial community structure (9999 permutations) (Anderson, 2001; Ramette, 2007). We correlated all soil attributes with bacterial diversity (Shannon index), OTU number (richness), and the phylogenetic diversity by the Pearson correlation test (Ramette, 2007). Also, we used redundancy analysis (RDA) to assess correlations between bacterial community structure and soil attributes.​​ In parallel, the Monte Carlo test was performed by considering 499 random permutations and displaying “p” values and Wilk's lambda (%) of the attributes, resulting in estimates of significance and weight of each correlation (Pereira et al., 2018). Upstream analyses were made in R software (version 3.6.3) using “agricolae”, “ggplot2”, “vegan”, “multtest” and “biobase” packages and Canoco® software for Windows (v. 4.5) (Leps & Smilauer, 2003).
3. Results
3.1 Soil chemical and physical characterization 
All soils presented acidity and the values of pH did not differ between areas. The soil under OG showed the highest values of EC, Na+, and ESP, while no significant differences were found between NC and GE. In contrast, the values of S varied according to GE > NC > OG. The potential acidity (H+Al) did not show significant differences between treatments. However, Al3+ and aluminum saturation index (m%) were higher in OG, than NC and GE (Table 1; p < 0.05).
The C/N ratio showed no significant differences between areas, while C and N increased in NC and GE. Specifically, OG showed a reduction of ~31% and ~43% in organic C, compared to GE and NC, respectively. N was higher in NC and GE than OG. Ca, Mg, K, and P did not show differences between areas. CEC was higher in GE and NC than OG. Specifically, GE showed ~40% more CEC than OG, which resulted in higher V% in NC and GE (Table 1; p < 0.05).
3.2 Bacterial community composition


We found Actinobacteria, Chloroflexi, Proteobacteria, Planctomycetes, Acidobacteria, Firmicutes, Verrucomicrobia and Gemmatimonadetes as the most abundant bacterial phyla in all evaluated areas. Actinobacteria phylum showed significant differences only in area 2, with higher relative abundance in NC (39.5%) and GE (39.1%). Chloroflexi showed significant differences in all sites, with higher relative abundance in OG. Proteobacteria also showed significant differences in all sites, mainly in NC and GE. Planctomycetes showed the highest relative abundance in OG from areas 2 e 3.  Acidobacteria showed higher relative abundance in GE, mainly at the areas 1 and 2; and Firmicutes showed differences in OG, specifically at area 2 (Table S1; p < 0.05).

We selected the most abundant bacterial families in each analyzed sites (Tables S2-S5; p < 0.05). At site 1, Solibacteraceae and Pyrinomonadaceae showed higher relative abundance in GE and NC. Gemmataceae, Xanthobacteraceae, and Sphingomonadaceae showed the highest relative abundance in NC, followed by GE and OG. Differentially, Roseiflexaceae and Ktedonobacteraceae presented higher relative abundance in OG (Table S2; p < 0.05). At site 2, Solirubrobacteraceae, Ktedonobacteraceae, and Bacillaceae showed higher relative abundance in OG. Differently, Beijerinkiaceae and Sphingomonadaceae (belonged to Rhizobiales order) presented higher relative abundance in NC (Table S3; p < 0.05). At site 3, two bacterial families showed significant differences. Thermomicrobiaceae showed higher relative abundance in OG. Differently, Xanthobacteraceae presented higher relative abundance in NC and GE (Table S4; p < 0.05). Globally, Solirubrobacteraceae (belonged to Actinobacteria phylum) showed higher relative abundance in OG; and Thermomicrobiaceae showed higher relative abundance in OG, whereas Xanthobacteraceae and Sphingomonadaceae showed the highest abundance in NC (Table S5; p < 0.05).
3.2 Bacterial diversity 


At site 1, the bacterial richness (OTU number) was significantly higher in NC (5386) and GE (5532), than OG (3820). Specifically, NC and GE showed ~30 % more OTUs than OG. The phylogenetic diversity (PD) showed a higher index in NC (291) and GE (296) than OG (214). Shannon diversity showed a higher index in NC (9.52) and GE (9.23), compared to OG (8.55) (Figure S1; p < 0.05). At site 2, bacterial richness was significantly higher in NC (5252) than OG (4494). Specifically, NC treatment showed ~15 % more OTU than OG. The PD and Shannon diversity indexes were also higher in NC than OG. In this case, the NC (9.29) showed a higher Shannon index, with ~10% more than OG (8.30). The GE presented intermediate values between NC and OG in all analyzed metrics (Figure S2; p < 0.05). At site 3, bacterial richness followed the scale NC (7084) > GE (5503) > OG (3710). Similar to site 2, PD and Shannon diversity indexes were significantly higher in NC and GE. For example, NC (9.63) showed an increase of ~15% in the Shannon index compared to OG (8.17) treatment (Figure S3; p < 0.05). Globally, NC always showed higher metrics than OG. For example, NC showed higher OTU number (6728) and Shannon diversity index (9.60) than OG (5122 and 8.90, respectively), representing more ~23 % and ~8 % than OG, respectively (Figure 6; p < 0.05).
3.3 Bacterial community structure


The bacterial community groups showed a clear separation among NC, GE, and OG treatments, with RANOSIM higher than 0.75, mainly for the sites 1 and 2 (Figure 7, A and B). At site 3, NC was separated from the other treatments (RANOSIM = 0.73) but GE and OG presented separation with groups overlapping (RANOSIM = 0.31) (Table S6). Comparing all sites, NC showed a bacterial community structure separated from OG (RANOSIM = 0.75) (Figure 6, D). However, GE showed an intermediated coordination, showing overlapping with both NC and OG (RANOSIM ~ 0.55) (Table S6).
3.4 Correlations analyses 
3.4.1 Redundancy analysis

Shannon diversity index was one of the major factors that explained the differences in the bacterial community structure at site 1 (λ: 0.32, p = 0.0014), followed by richness (λ: 0.23, p = 0.0019), both positively correlated with NC. The Na+ (λ: 0.18, p = 0.0010), m% (λ: 0.16, p = 0.0011) and EC (λ: 0.08, p = 0.0049) showed a positive correlation with OG (Figure 8-A, Table S7). At site 2, Shannon diversity (λ: 0.28, p = 0.0029), Total N (λ: 0.26, p = 0.0180) and Organic C (λ:0.13, p = 0.0501) were the most important factors to differentiate NC and GE treatments from OG (Figure 8-B, Table S7). Three factors were most important at site 3, as follows: EPS (λ: 0.33, p = 0.0034), Total N (λ: 0.29, p = 0.0072) and richness (λ: 0.23, p = 0.0028), positively correlated with OG, GE and NC, respectively (Figure 8-C, Table S7). Including all sites, four factors showed a high influence on bacterial groups. Specifically, Shannon diversity (λ: 0.29, p = 0.0174) was positively correlated with NC and GE treatments; ESP (λ: 0.27, p = 0.0047) with OG; Total N (λ: 0.25, p = 0.0012) and Organic C (λ:0.25, p = 0.0509) with GE treatment (Figure 8-D, Table S7).
3.4.2 Linear Pearson correlation test

The electrical conductivity (EC) and Na+ content showed a negative correlation with richness (OTU number) and the Shannon diversity index at sites 1 and 3 (Table 2). The m% and ESP showed a negative correlation with richness, phylogenetic (PD), and Shannon diversities at sites 1 and 3, respectively. Differently, carbon (C), nitrogen (N) and clay content showed a positive correlation with richness, PD, and Shannon diversities in all analyzed sites, except for Shannon diversity at site 2 (Table 2). Globally, the EC (R2 -0.42) and Na+ (R2 -0.54), presented a negative correlation with the Shannon diversity index. The H+Al showed a negative correlation with richness and PD (Table S8). The ESP showed a negative correlation with richness and Shannon diversity. However, C, N, and clay contents positively correlated with richness and Shannon diversity (Table S8).
4. Discussion 

This study provides evidence that grazing exclusion (GE) increase the bacterial richness (observed OTU) and diversity. One possible explanation for that could be the fact that the grazing exclusion improves the soil fertility, so increasing soil resources to microbial life, i.e. organic matter, and nutrient availability. The increasing of microbial diversity is important due to their contribution to enhance litter decomposition, increase soil organic matter content, and nutrient availability (Gessner et al., 2010). In contrast, the exclusion of vegetation, and/or the disturbance of soil negatively affect biodiversity and ecosystem functioning (Zhu et al., 2020). Moreover, our results highlight that overgrazing showed high concentrations of toxic elements to plants and microbial life in the soil (e.g., Na+ and Al3+), which impacted both α- and β-diversities. Our findings represent the first empirical evidence demonstrating that bacterial diversity can be regulated through grazing exclusion strategy in Brazilian semiarid soils. Thus, these results bring valuable information to soil management since multiple scales studies demonstrated that the effects of grazing on microbial communities are context-dependent (Eldridge et al., 2019), therefore needing a careful interpretation case-by-case.

Interestingly, this study showed that the GE strategy presents the potential to recovery bacterial richness and diversity after grazing exclusion. The variation between the three evaluated sites, mainly site 1, indicates that grazing intensity is associated with multiple changes in spatial heterogeneity, but highly associated with soil chemical parameters, mainly those related to salinity, i.e. EC, sodium content and ESP. Salinity is one of the most important issues found in degraded lands and it affects plant development and soil fauna (Litalien & Zeeb, 2020; Yan et al., 2015). In addition, salinity impacts directly plant-microbial life and soil properties (Carmo et al., 2016; Friedman, 2005). The results showed that EC, ESP, and sodium were higher in OG, and these parameters influence the bacterial structure differentiation, presenting negative correlations with richness and diversity. A meta-analysis demonstrated that the bacterial community in saline soil was more affected by salt concentrations than any other extreme chemical factor (e.g., pH or nutrient contents) (Lozupone & Knight, 2007), being determinant for soil microbial communities in dryland ecosystems (Zhang et al., 2019). Thus, although the analyzed soil was not included on the saline soil classes, i.e., EC <2 dS m-1 (Castro & Santos, 2020), the bacterial community in NC and GE treatment may drive nutrient cycles more efficiently at lower salt concentrations because of their increased soil organic matter and C-N availability. Elevated salt concentration in the soil can change the nutrient availability for plants and microbial communities, and it affects the quantity and quality of soil organic matter (Wichern et al., 2020). Besides, previous studies have shown that high salt contents influenced the size and the activity of soil microbial biomass, which in turn plays an important role in soil biogeochemical cycles (Mavi et al., 2012; Rietz & Haynes, 2003; Tripathi et al., 2006).

Although the parameters of soil acidity, i.e. pH and H+Al, did not vary between sites, Al3+ and m% were higher in OG and these parameters influence soil microbial communities. Indeed, Jones et al. (2019) demonstrated that exchangeable Al3+ is one of the major drivers of microbial energy flow and C use efficiency by soil microbial communities. Recently, Kunito et al. (2016) found a significant reduction in the activity of β-D-glucosidase, L-asparaginase, and acid phosphatase in soil with a high content of aluminum. To attenuate Al3+ toxicity, plants can use different strategies, including salt exclusion or tolerance mechanisms (Kochian et al., 2015). The exclusion strategy employs root exudates to form chelates with Al3+, minimizing its absorption through the root system (Kochian et al., 2015). Thus, roots exudation and plant-microbes interaction in the rhizosphere can play a major role to maintain biodiversity in highly degraded semiarid soils (Philippot et al., 2013). The OG area presents two dominant plant species (Aristida adscensionis and Urochloa plantaginea) that cover 20% of the area, while EG presents five dominant plant species (with higher biomass density), covering around 70% of the area (Oliveira Filho et al., 2019). Thus, the higher plant diversity and density in NC and GE may promote a more diversified composition of root exudates and, consequently, better conditions to the soil microbiome against Al3+ toxicity (Andreote and Silva, 2017). Recent findings in grasslands demonstrated that the increase in plant biomass with grazing exclusion may have buffered any effect of overgrazing like toxic elements in the soil (Eldridge et al., 2019).

Soil organic C and N are important to semiarid environments, providing energy to the metabolism of the microorganisms (Garcia et al., 2017). The overgrazing reduced the content of organic C and N as compared to native Caatinga and grazing exclusion. Recently, Mureva et al. (2018) reported that soil organic matter is dependent on plant species in semiarid regions. Therefore,  as overgrazing reduces the plant density and diversity (Oliveira Filho et al., 2019), it impacts the litterfall, and consequently, the C storage in the soil (Xun et al., 2018). The organic matter represents the principal sources of energy and nutrients for plants and microbial life. Thus, the reduction of organic C and N under overgrazing can reduce the availability of resources to soil microorganisms. In contrast, the highest organic C and N found in NC and GE provide energetic resources, ensuring microbial communities stability/functions and, consequently, the ecosystem services (Pereira et al., 2018). In addition, microbial diversity is positively affected by C and N cycling in the soil (Baumann et al., 2013; Juarez et al., 2013; Louis et al., 2016). Therefore, our results found a strong correlation between bacterial richness and diversity with C and N in the soil, especially for discriminating the community structure in NC and GE. It confirms that GE supports a higher plant diversity and density, increasing soil C-N availability, which provides energy and supports the recovery of bacterial diversity and soil functioning (Maron et al., 2018). 

Grazing intensity impacts on the microbial communities’ composition and affects distinctly the bacterial groups (Eldridge et al., 2019). The results showed that Actinobacteria was the most abundant bacterial phylum, mainly at site 2. Members of Actinobacteria are adapted to oligotrophic conditions, such as semiarid soils, showing the biochemical capability to breakdown recalcitrant organic matter, which can be assimilated under low carbon environments (e.g., lignin and cellulose) (Delgado-Baquerizo et al., 2017; Maestre et al., 2015; Trivedi et al., 2013). Interestingly, Proteobacteria, which includes important diazotrophic bacteria mainly belonged to Rhizobium genera (Chen et al., 2003), was abundant in NC and GE. It suggests that soils under native vegetation and grazing exclusion seem to present better conditions to promote the biological N2 fixation and increase soil N availability. This would explain the significant and positive relationship between the bacterial structure and diversity with soil C and N. Also, the presence of legumes species in NC and GE (Oliveira Filho et al., 2019) could contribute to increasing the abundance of Proteobacteria. In contrast, Chloroflexi, specifically, presented higher abundance in OG (Table S5). Thermomicrobiaceae (Chloroflexi genera) is a bacterial family adapted to drylands and low-productive soils (Crits-Christoph et al., 2013; Delgado-Baquerizo et al., 2018; Saul-Tcherkas and Steinberger, 2011), which was more abundant in NC and GE areas (Table S5). 
In this study, α- and β- diversities correlated positively with soil chemical parameters, mainly in NC and OG, which showed higher microbial diversity, plant cover, and N and C content (Oliveira Filho et al., 2019). In contrast, a previous study has shown that overgrazing disrupts the positive associations between soil diversity and N availability, mainly to fungal rather than bacterial communities (Wang et al., 2020). Therefore, the correlations between bacterial community and C and N parameters may be local-specific, and bacterial community could not be the main driver of organic C and N cycle under native Caatinga vegetation and grazing exclusion. However, members of the fungal community are more tolerant to dry conditions than bacteria (Kieft, 2003), and it highlights the importance of further studies regarding fungal communities in Caatinga biome and their relationships with soil functions, especially mycorrhizal fungi (Guo et al., 2016; Macdonald et al., 2015). In addition, studying both bacteria and fungi, Xun et al. (2018) demonstrated that the relationships between the activity of C-decomposing enzymes and microbial abundance are more important for the fungi community, especially in C-recalcitrant turnover, while bacteria are more important in labile-C turnover. These findings are consistent with our results since a recent study in the same area detected higher contents of labile-C fractions in GE (Oliveira Filho et al., 2019), which emphasizes studies regarding bacteria community in this scenario.
The reduction in alpha diversity found in OG can be an important sensitive indicator of disturbance. In drylands, several microbial groups present adaptation to disturbance by their dying or inactivation, so reducing the alpha diversity (Zhang et al., 2019). Besides, the lesser litter deposition decreases the organic matter and lead to higher soil density and lower pores connectivity, which alters water infiltration and, consequently, potential microsites for microbiome establishment (Eldridge et al., 2019). Moreover, the lower plant cover in OG promotes negative conditions for microbial growth, and it agrees with previous studies worldwide (Cline et al., 2017; Xun et al. 2018). For instance, Cline et al. (2017) reported that under a long-term overgrazing experiment, the high intensity of foraging promoted a decrease in α- and β-diversities.  It confirms that grazing exclusion contributes to bacterial community robustness and the stability of soil functions (Keiblinger et al., 2010; Xun et al., 2018).

On the other hand, grazing exclusion has been shown to present potential in recovering the diversity and composition of soil bacterial community in semiarid conditions, such as Caatinga biome, by altering soil chemistry and the relationships among dominant bacterial taxa. However, this approach is a long-term, natural, and complex process. Moreover, our finding indicates that the success of grazing exclusion is focused on five essential variables: human activities, climatic conditions, native vegetation structure, soil parameters, and particularly the microbial communities. A better understanding of how the manipulation of soil microbiome can lead us to develop sustainable strategies to improve soil functions, such as synthetic microbial communities’ development, will help us to increase resource efficiency, plant-soil health, and ecosystem services. Finally, this study can assist government policies to promote technical assistance to smallholders about the better livestock grazing occupation and, consequently, can help to maintain the status of the soil. 
5. Conclusions


This study demonstrated that the combination of semiarid conditions and incorrect soil management, i.e. overgrazing (OG), reduce the soil fertility and, consequently, bacterial diversity. In contrast,  the long-term grazing exclusion (GE) can mitigate these negative effects and regulate the bacterial richness and diversity by altering the environmental drivers of microorganisms,  such as resource availability (e.g. organic C and N). However, a one-size-fits-all approach to grazing exclusion and bacterial diversity is therefore not supported by our analyses since the effects in site 1 was stronger than site 2 and 3 even after 18 years of experiment implantation. Finally, the GE management showed potential to increase the ecosystem services and functional redundancy by reducing soil runoff (erosion), mitigate greenhouse gas emissions, and increase soil fertility, microbial and plant diversities. Currently, most ecosystems are facing degradation in Brazil and worldwide. Thus, our efforts can represent an initial step to increase our ability to promote effective conservation programs and governmental policies for grazing management strategies in extremely poor regions worldwide. This initiative may lead to better management of soil microbial-mediated processes, and sustainable practices for boosting agriculture, animal husbandry and human being health. 
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