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Abstract

:

Although the underlying mechanisms remain unknown, soils from different forest types exhibit distinct acidification-buffering capacities. We investigated soil properties and bacterial communities across five plantation types and different soil horizons in a severely acid-polluted site in Southwest China and evaluated the potential mechanisms driving differences in community structure. Soils collected from pure stands of Pinus massoniana Lamb.or Schima superba Gardn. et Champ. or mixed stands of these species showed the lowest soil pH and greater abundances of acid-producing and acidophilic taxa (Halanaerobiales and Rhodospirillales). Soils from pure stands of Cinnamomum camphora (Linn) Presl, or a mixture of C. camphora and P. massoniana, yielded the greatest concentrations of exchangeable calcium (Ca) and magnesium (Mg) and greater soil pH. Increased relative abundances of beneficial taxa may have contributed to soil aggregate formation (e.g., Bradyrhizobium canariense and Terracidiphilus sp.) and heightened environmental stress resistance (e.g., Gaiellales). Fewer acid-producing and acidophilic taxa found in soils associated with C. camphora suggest that planting C. camphora may help soils recover from acidification, while planting S. superba may not be as beneficial. Our findings illustrate how differences in soil microbial communities may impact soil-acidification-buffering capacity across different forest types, which have important implications for understanding environmental functions within the context of microbial diversity.
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1. Introduction


Acid deposition is a global environmental issue that has attracted widespread attention for its adverse effects on ecosystems and natural resources [1,2]. Although some environmental occurrences exist, acid deposition is largely attributed to industrial pollution from the burning of fossil fuels, which release sulfur dioxide (SO42−) and nitrogen oxides (NOx) into the atmosphere, where they react with water, oxygen, and other chemicals to form acidic residues before falling to Earth. Despite governmental efforts to curb emissions linked to acid deposition [3,4] beginning in the 1980s, current rates in Southern China remain severe [2]. Industrial inputs of sulfur (S) and nitrogen (N) to ecosystems increase acid deposition and result in landscape degradation and biodiversity loss [5,6]. While the average rate of SO42− deposition showed a decline between the 1990s and the 2010s in China, the average rate of NO3− deposition increased, leading to greater acid deposition and subsequent acidification of soils during this period [2].



Soil acidification—as a result of acid deposition—is a formidable environmental issue [7,8,9], with negative impacts on both ecosystems and agriculture. Despite measurable reductions in new inputs [1,10,11], some studies have shown that the recovery of acidified soils—toward more neutral conditions—could be substantially delayed by historic stores of SO42− adsorbed to soils [1]. Soil nitrogen deposits have also been shown to exacerbate soil acidification and have therefore garnered widespread concern [1,12,13]. A global meta-analysis of 106 studies showed that soil pH not only decreases linearly with increasing rates of N deposition, but also that N deposition reduces soil pH by approximately 0.26 [14]. A review of inorganic N deposition in 69 forest ecosystems at 50 different sites throughout China demonstrated N deposition, via precipitation, ranging from 2.6 to 48.2 kg ha−1 y−1 [13]. Additionally, these studies showed that an average of 16.6 kg ha−1 y−1 ammonium (NH4+) accounted for approximately 63% of total inorganic N deposition [13]. NH4+ ions deposited in soils can displace base cations and reduce their ability to buffer against acidification. Furthermore, H+ ions released into soil when NH4+ is absorbed by plant roots can further exacerbate this acidification effect [14,15]. Further research is needed to elucidate the belowground mechanisms that force acidified soils toward more neutral conditions amidst continued wet N deposition and the release of historic soil N stores.



Because different tree species affect the cation exchange capacity and cation binding properties of organic matter differently [16], manipulative treatments within a range of different forest types are important for assessing corresponding changes to soil pH levels [17]. For example, previous studies have shown that litter removal may have opposing effects on differing tree stands. Specifically, in Pinus sp. stands, litter removal resulted in increased soil pH levels [18,19], whereas litter removal within mixed pinea and deciduous forests showed the opposite effect and instead decreased within soils initially characterized within a range of pH 5 to pH 5.5 [20]. Therefore, both tree-planting strategies and forest management approaches could differentially affect soil properties in ecosystems suffering from the long-term effects of acidic deposition.



In general, coniferous forests have weaker soil-buffering capacities than mixed or broadleaf forests. This is likely due to the greater release of H+ ions into soils within coniferous forests, which may balance the high uptake of exchangeable cations relative to anions [21]. The influence of tree species on soil acidity has also been shown to be related to litter quality [22,23,24]. For example, tree species with Ca-enriched litter corresponded to lower soil acidity [22,24]. Some broadleaf species, including C. camphora, have been shown to have higher levels of Ca in their litter compared to Pinus massoniana Lamb. [25]. Tree species that produce leachate with relatively high levels of dissolved organic carbon (DOC) were related to soil pH, which indicated that greater quantities of DOC accompanied soils characterized by lower pH [26]. In other words, increasing C deposition to the forest floor may result in lower pH levels. Coniferous species are generally associated with higher DOC fluxes in forest floor leachate than broadleaf species [27,28,29], which suggests an affinity for more acidic conditions. Previous research has shown that litter of the native broadleaf species, S. superba, has greater buffering capacity against acidification than that of P. massoniana, likely due to greater amounts of base cations present in S. superba litter [30]. In contrast to this finding, Li et al. [31] demonstrated that plantations of S. superba actually exacerbated soil acidification, which may have resulted from increased absorption of base cations and leaching of H+ ions from rapid and excessive growth within these severely acidified soils (pH approximately 3.61). Given the conflicting evidence as to the effect of S. superba litter inputs on soil acidity, a more detailed characterization of S. superba litter quality, coupled with an investigation of the belowground mechanisms driving indirect and direct effects on soil acidification, could help clarify this scientific phenomenon.



While some studies have reported the effects of soil acidification on soil microbial communities, few have included comparisons among sites along a pollution gradient. Through simulated acid rain treatments in field, greenhouse, or laboratory environments, previous authors have analyzed a variety of different ecosystem functions within a single site [9,32,33,34] and determined that increased soil acidification reduced bacterial diversity in soils within a pH range of four to seven. This observation may result from both ecological and evolutionary mechanisms regulating soil bacterial communities [33]. Simulated acid rain experiments provided evidence that soil microbial biomass, community diversity, and microbial metabolic functions are all decreased from exposure to acidic inputs [32,35] and that both soil bacterial and fungal community composition and structure can shift with exposure to more acidic conditions [9,36]. However, little is known about how different soil bacterial communities associated with different forest types may affect soil-buffering capacity given similar degrees of acidic deposition and exposure.



In China, some of the most severe levels of acid deposition have been recorded in the Southwest region near Tieshanping, making it an important study site for determining the long-term effects of acid deposition in soils. Pure stands of P. massoniana (Pi) were planted in 1962 following the clear-cutting of a natural pine forests. Long-term exposure to acid rain has resulted in declining growth for these plantings and general forest dieback. Other native tree species, including C. camphora (Ci) and S. superba (Sc), were planted between the 1980s and 1990s, in an effort to improve forest health and increase biodiversity. Pure stands of Ci and Sc were established along with mixed plantings of Pi and Ci (Ci_Pi) and Pi and Sc (Sc_Pi) to test the effects of implementing different planting treatments to reduce soil acidification.



Beginning in 2000, Tieshanping was one of five monitored sites used in the Chinese-Norwegian cooperative Integrated Monitoring Program on Acidification of Chinese Terrestrial Systems [37]. This project included multiple studies on plantations of P. massoniana, including forest health assessments, N deposition status, effects of liming on forest health, forest hydrology, soil quality, and litter decomposition dynamics [1,12,38,39]. However, even after thirty years since the initial treatment plantings, it remains unclear as to whether these treatments were helpful in reducing soil acidity toward more favorable neutral conditions.



Likewise, soil bacterial communities present within acidic soils remain relatively uncharacterized. Moreover, little is known about how soil bacterial communities influence soil acidity between different forest types. Bacteria are the most abundant and diverse group of soil organisms [40]. Highly diverse bacterial communities may improve soil quality and help plants adapt to acidic soil environments. Although soil bacterial communities may respond to soil acidification, the relationship between soil bacterial community structure and soil quality within different forest types remains poorly understood. In this study, we compared the physicochemical properties and bacterial community structure of soils from pure stands of Ci, Pi and Sc and mixed stands of Ci_Pi and Sc_Pi in Tieshanping, China, to examine the following: (1) How does soil quality differ among forest types after decades of acid deposition? (2) What differences are detectable for soil bacterial communities among these various forest types? (3) Do the patterns illustrated for bacterial communities relate to soil acidity indicators?




2. Materials and Methods


2.1. Site Description and Plot Design


In June of 2018, four 20 m × 20 m square study plots were established in each of the five different forest stand combinations found within the heavily polluted “acid rain control zone” in Tieshanping Forest Park (106°41.24′ E, 29°37.42′ N), located approximately 25 km northwest of Chongqing in subtropical Southeast China [41]. Soils are classified as Haplic Acrisol in FAO [42]. Dominant ground cover vegetation within these stands includes Camellia oleifera, Randia cochinchinensis, and Loropetalum chinense. Other less common understory species include Dicranopteris pedata, Woodwardia japonica, Dryopteris fuscipes, Miscanthus sinensis, and Oplismenus undulatifolius.




2.2. Soil Samplings and Analysis


Soil samples were collected from the O horizon and A horizon at 10 random points by digging soil profiles within each plot. Ten subsamples from each horizon were collected integrally over the whole horizon and mixed to create a single composite sample for each horizon. Composite samples were subdivided into two separate aliquots and stored at −80 °C until subsequent analyses were performed. One aliquot was used for the determination of soil physicochemical properties, and the second was reserved for molecular analysis of soil bacterial community composition and structure.



Soil pH was measured (pH probe Delta 320, Mettler-Toledo, Shanghai, China) within a soil slurry mixture at a 1:5 ratio of air-dried soil to distilled water (wt:vol). Soil organic matter was determined via potassium dichromate oxidation titration. NO3-N and NH4-N were extracted from fresh soils with 0.01 mol·L−1 CaCl2, and the extracts were subsequently read through a Seal AA3 flow analyzer (Germany). Soil total phosphorus (P) and potassium (K) were extracted with NaOH and then analyzed by the Mo-Sb colorimetric method and flame photometric method, respectively. Exchangeable Ca and Mg was determined by ICP (iCAPTM 7200 ICP-OES, Thermo Scientific Inc., Waltham, MA USA). Soil microbial biomass carbon (SMBC) and nitrogen (SMBN) were determined using standard fumigation-extraction methods [43].



Soil bacterial community composition was characterized via high-throughput sequencing. DNA was extracted from soil aliquots by targeting hypervariable portions of the V3-V4 region of the 16S rRNA gene for amplification by polymerase chain reaction (PCR). PCR products were purified and quantified prior to pooling in equimolar concentrations for Illumina Miseq sequencing (Illumina Incorporated, California; SI Molecular Methods; details of DNA extraction and bioinformatic analyses described within the Supplemental Information).




2.3. Statistical Analysis


Treatment means were statistically compared using the statistical package SPSS (SPSS Inc., Chicago, IL, USA). Pairwise post hoc tests of one-way ANOVA and Tukey’s HSD were performed to determine significant differences across all soil properties, bacterial diversities, and relative taxa abundances among different forest types within each soil horizon. For each forest type, independent sample t-tests were performed to detect significant differences across soil properties, between O horizons and A horizons.



Differences in bacterial community composition and structure were determined by comparing the average relative abundance of each operational taxonomic units (OTU) detected within each sample. Bray–Curtis distance matrices were constructed to compare dissimilarities and compositions among soil bacterial communities across different forest types and horizon layers; these distance matrices were also used to examine the relationship between the relative abundance of highly abundant genera and environmental variables. Principal coordinates analysis (PCoA) plots were used to visualize shifts in community composition and evaluated with both redundancy analysis (RDA) and PERMANOVA analysis, using Bray–Curtis dissimilarities with the Adonis function in the vegan package of R [44,45]. Before RDA analysis, environmental factors were screened with variance inflation factor (VIF) analysis, such that p > 0.05 or VIF > 10 were removed from further analyses; hence, TN, NH4-N, Ca, and Mg were removed from downstream analyses. We used the R software vegan package to generate heat map visualizations that depicted the relative abundances for the fifty most abundant genera. To further elucidate specific bacteria that may be important for determining soil bacterial community structure among forest types, we used a one-way ANOVA and Tukey’s HSD to detect differences in bacterial genera. Bacterial community diversity was estimated using both the Shannon and Chao indices. To investigate the main effects driving soil bacterial community structure, we used Spearman’s rank correlations to calculate differences between soil properties, as well as to depict the relative abundances of highly significant genera among different forest types.





3. Results


3.1. Soil Physicochemical Properties and Soil Microbial Biomass


In the O horizon, pure stands of Ci showed the highest soil pH value (pH = 4.6), followed by mixed stands of Ci_Pi (pH = 4.54). Mixed stands of Sc_Pi showed the lowest soil pH (pH = 3.80). For the A horizon, we found that mixed stands of Ci_Pi and Ci had the highest soil pH (pH = 4.40 and pH = 4.39, respectively). Overall, soil pH values were significantly greater in the A horizon than the O_horizon in Pi, Sc, and Sc_Pi (p < 0.001), while in both Ci and Ci_Pi forests, the A horizon showed lower soil pH values than were measured within the O horizon (p < 0.001). The highest values of exchangeable Ca and Mg were measured in the O horizon of Ci_Pi stands; the A horizon from beneath Ci_Pi stands was characterized by the highest values of exchangeable Ca and Mg (Figure 1).



The O horizon of Sc_Pi mixed stands showed significantly larger amounts of SOC, TN, and NH4-N than were detected in O horizon samples from other forest types, while, within the A horizon, the highest values of SOC were observed in both Ci and Sc_Pi, with the highest TN in Ci (Figure 2). Soils from pure Ci stands showed the greatest NO3-N content for both the A and O horizons across all forest types. The lowest concentration of NO3-N was measured within A horizon soils from Sc_Pi mixed stands. Within pure stands of Sc for both horizons, we detected the lowest levels of total soil P and K (Figure 2; Table S1).



Within O horizon soils, SMBC was greatest within mixed Ci_Pi stands. SMBC values for pure stands of Pi were less than half of the values for SMBC detected within mixed Ci_Pi stands (p = 0.006). SMBC values for Sc stands were less than one third of what were found in Ci_Pi stands (p < 0.001). Within A horizon soils, no detectable differences in SMBC were observed among forest types.



For SMBN, soils from the O horizon of both pure stands of Pi and mixed stands of Ci_Pi showed the greatest concentrations of all forest types considered in this study. Although SMBN values from A horizon soils were generally less than the concentrations measured from O horizon soils (Table S2), the greatest concentration of SMBN was detected within the A horizon of pure Ci stands (Figure 2).




3.2. Soil Bacterial Diversity


We compared bacterial diversity, measured via the Shannon–Wiener and Chao 1 indices, across the soil horizon and forest type and found that pure stands of Ci were characterized by significantly greater bacterial diversity than was found in all other forest types across both O and A horizons (Table 1; hereafter, bacterial diversity). Mixed Ci_Pi stands contained the second highest levels of bacterial diversity. Pure stands of Sc showed lower bacterial diversity than was found in soils from pure stands of Ci for both O and A horizon soils. Pi and Sc_Pi stands contained the lowest levels of bacterial diversity across all samples. Soils from pure stands of Pi were found to have the least diverse bacterial communities, as measured by the Shannon-Wiener Index. The Chao 1 index suggested that soils from pure stands of Pi were less diverse than pure stands of Ci by 47% and 34%, within soils from the O horizon and A horizon, respectively. Although soils from pure stands of Sc were found to be more diverse than pure stands of Pi, the lowest levels of soil bacterial diversity were found in mixed stands of Sc and Pi (bacterial diversity Ci > Ci_Pi > Sc > Pi > Sc_Pi; Table 1). Increasing bacterial diversity was positively correlated with soil pH (p < 0.001) and exchangeable Ca and Mg (p = 0.001; Table S3).




3.3. Soil Bacterial Community Structure and Composition


We used PCoA to visualize the variation in soil bacterial communities across soil horizon and forest type (Figure 3). Results from our PERMANOVA analyses suggested the main environmental variables that significantly affected soil bacterial community structure were soil layer (i.e., horizon; p < 0.001) and forest type (p < 0.001). Bacterial communities varied significantly by forest type along PCoA1, which represented approximately 43% of the variation. The soil horizon layer was a strong predictor of bacterial community composition, as bacterial communities in our samples varied significantly along PCoA2, which represented approximately 23% of the variation. In either pure or mixed stands, all samples containing Ci were distinct from the other forest types. Our PCoA highlighted this striking pattern (Figure 3), illustrating that soil bacterial communities from Sc, Pi, and Sc_Pi clustered together, primarily by soil type and secondarily by soil horizon. Bacterial communities found within Ci and Ci_Pi soils were more similar to each other than they were to other soil types in similar horizon layers.



The relative abundances of some taxa, such as genera Variibacter, Acidothermus, Acidibacter, and Acidobacterium and family Acidobacteriaceae, were lower in Ci and Ci_Pi than were found in Sc, Pi, and Sc_Pi (Table 2 and Figure S1). Genera Bradyrhizobium and Burkholderia, families Nitrosomonadaceae and Xanthobacteraceae, and taxa from the Acidobacteria were detected more commonly in Ci and Ci_Pi than in the other three types of forests. Many abundant bacteria were more dominant in Sc, Pi, and Sc_Pi forest types than in Ci and Ci_Pi forests, including taxa from Alphaproteobacteria: Rhodospirillales, Variibacter, Rhizomicrobium, Roseiarcus, and Acidicaldus, as well as Acidothermus, Actinobacteria, Acidimicrobiales, and Solirubrobacterales (Table 2). Notably, Bradyrhizobium canariense, Terracidiphilus, Burkholderia, Gaiellales, Chitinophagaceae, and Nitrosomonadaceae were twice as abundant in forests of Ci and Ci_Pi than in any of the other three forest types (Table 3).



In addition to the primary effect of soil layer (i.e., horizon; p = 0.001) and forest type (p = 0.001) on determining bacterial community composition, our PERMANOVA analyses revealed a significant interaction between soil layer and forest type (p = 0.001). We also showed that pH, SOC, NO3-N, TK, and TP (p = 0.001) significantly affected the composition and structure of soil bacterial communities (Figure 4). The variation in soil properties likely corresponded to the dispersion of microbial communities along the first two axes of the RDA, which explained 57.05% and 16.19% of the variation, respectively.



Across all forest types, the (most) abundant genera within O horizon soils were distinctly different from those detected within A horizon soils, a trend likely explained by significant differences in soil physicochemical properties. A horizon soils contained significantly greater SOC, TN, TP, NH4-N, NO3-N, Ca, Mg, SMBC, and SMBN than were found in A horizon soils (Table S2).



Soils from pure Ci and mixed Ci_Pi stands were associated with higher pH and greater amounts of exchangeable Ca and Mg ions than were found in soils from pure stands of Sc and Pi and mixed stands of Sc_Pi (Table S1). We examined the effects of soil edaphic properties on specific bacterial genera by comparing Spearman’s rank correlations. We detected that the abundances of particular bacterial genera found in soils from Sc, Pi, and Sc_Pi were negatively correlated with both soil pH and TK (Table S4). For instance, the relative abundances of Rhodospirillales, Halanaerobiales, Acidibacter, Acidothermus, and Acidobacterium were negatively correlated with both TP and TK, with the exception of Rhodospirillales, which was not correlated with TK concentrations. Besides Rhodospirillales and Halanaerobiales, relative abundances of particular bacterial taxa were positively correlated with NH4-N, including Acidibacter, Acidothermus, Acidobacterium, Acidicaldus, Roseiarcus, Variibacter, and Rhizomicrobium (Table S4). Although the relative abundances of the most abundant taxa (Bradyrhizobium, Gaiellales, Chitinophagaceae, and Nitrosomonadaceae) in Ci and Ci_Pi were positively correlated with soil pH, Ca, Mg, TP, TK, NO3-N, and TN (except for Nitrosomonadaceae), the relative abundance of Burkholderia was only positively correlated with pH, Ca, and Mg. Additionally, the abundance of Terracidiphilus was positively correlated with only pH, Ca, Mg, TP, TK, and NH4-N (Table S5).





4. Discussion


The term soil acidification—and recovery from acidification—refers to a complex set of processes and, thus, cannot be quantitatively described by a single index [8]. Soil pH is, perhaps, the most important driver of soil properties, as soil pH is probably the single most informative measurement that can be made to determine soil characteristics [46] and is directly affected by acid deposition. Within the Tieshanping study site, pure stands of Ci were characterized by significantly greater soil pH followed by mixed stands of Ci_Pi, as compared to pure stands of Pi and Sc and mixed stands of Sc_Pi. Likewise, the bacterial communities associated with both Ci and Ci_Pi were distinct from the soil bacterial communities found in the other forest types in our study. Previous work has shown that pH is an important predictor of soil bacterial communities [47], which suggests that pH may have strongly driven bacterial community structure in forests containing Ci, which also corresponded to less acidic conditions.



Comparing concentrations of exchangeable base cations within different forest type soils elucidates their varied capacities for ameliorating acidification. Plantations in Tieshanping that contained either pure Ci stands or mixed stands of Ci_Pi had greater amounts of base cations, and therefore increased ability to adapt to acidic soil and improved soil quality as compared with other plantation types. This may result from greater inputs of exchangeable Ca and Mg released to soils from decomposing Ci litter than those released from decomposing Pi litter. Increasing inputs of Ca and Mg are likely to improve soil-buffering capacity and reduce acidity (e.g., from P. massoniana; Mason pine; [25]). This observation is supported by previous studies that have shown that tree species producing more Ca-enriched litter are often associated with lower soil acidity and higher forest floor turnover rates [22,24]. Furthermore, higher rates of litter turnover, as observed in stands planted with Ci, would likewise promote a faster return of base cations (i.e., exchangeable Ca and Mg) to forest soils, and therefore reduce the likelihood of further soil acidification [23].



Depending on the tree species planted, acidic stress may either be ameliorated or exacerbated. Our results showed that soils from O horizons in pure stands planted with Ci had the highest soil pH and greatest concentrations of NO3- and TP, and soils from O horizons in mixed stands of Ci_Pi had the greatest concentrations of Ca, Mg, TK, and SMBC. Yet, in A horizon, soils from mixed stands of Ci_Pi were found to have the highest soil pH and concentrations of Ca, Mg, SOC, TN, TP, and NO3-. In contrast, plantations containing Sc did not appear to improve acidic conditions or soil quality. Soils containing Sc had lower soil pH and less exchangeable Ca and Mg than plantations planted with different tree species, which suggests that Sc plantations may yield important effects on soil properties and even exacerbate soil acidification. These findings addressed our first question, as soil quality appeared to be higher in stands planted with Ci; this was likely due to improvements in base cation exchange, while soil quality was lower in plantations containing Sc.



Microbial communities found within acidic soils and therefore exposed to particularly severe environmental stress may be characterized by unique bacterial assemblages. In our study, we demonstrated how bacterial diversity and community composition varied across five acid rain-exposed forest types in the Tieshanping region of China to evaluate the relationship between plantation type and the accompanying bacterial community, which may relate to soil acidity over time. We found that forests planted with pure Ci and mixed Ci_Pi corresponded to less acidic soils, greater concentrations of exchangeable Ca and Mg, and greater bacterial diversity (species richness) within both the O horizon and A horizon, as compared to plots planted with pure Pi, Sc, or combined Sc_Pi. A strong positive correlation between bacterial alpha diversity and both increasing soil pH and concentrations of Ca and Mg suggested that a greater proportion of the identified bacterial taxa may be functionally redundant [48]. Moreover, with a greater diversity of taxa, there may be a greater chance of containing suites of microorganisms with metabolic strategies that modify ecosystem processes and illustrate traits that are conducive to improving soil health by reducing soil acidity and environmental stress.



Our findings suggested that soil bacterial communities associated with Ci and Ci_Pi plantings were structurally different from those present in Sc-, Pi-, and Sc_Pi-planted soils. Because of this divergence, a portion of the taxa present or absent from these soils may have contributed to driving compositional patterns in bacterial communities. This finding illustrates the inextricable link between above- and below-ground communities [49], especially the influence of tree species on belowground microbial community assemblages [50]. In this study, the more abundant taxa associated with Sc, Pi, and Sc_Pi stands were negatively correlated with pH; yet, only two of these taxonomic orders, as either acidophilic and acid-producing taxa, were found to be negatively correlated with exchangeable Ca and Mg.



The relative abundance of acidophilic and acid-producing taxa varied across forest types. One important taxon, Rhodospirillales, which contains several acidophilic genera, was very abundant in all soil samples. One commonly occurring feature of this order is aerobic oxidation of ethanol to acetic acid and the accumulation of acetic acid within the medium [51]. The abundance of Rhodospirillales was negatively correlated with soil pH and was shown to be more abundant in more acidic soils. Moreover, acetic acid produced by Rhodospirillales may accumulate within host soils, further decreasing soil pH. Halanaerobiales are anaerobes with a fermentative or homoacetogenic metabolism, which also produce acetate as a primary end-product of their metabolic process [52]. An excess of acidic amino acids can be formed in whole-cell hydrolysates of selected members of this order [53], leading to further acidification of soils. Therefore, it can be inferred that an abundance of Halanaerobiales and Rhodospirillales would likely aggravate soil acidity to a greater extent, as was observed in Sc, Pi, and Sc_Pi soils as compared to those from Ci and Ci_Pi stands. In soils from Sc, Pi, and Sc_Pi plantings, greater abundances of Acidibacter [54], Acidobacterium [55], Roseiarcus [56], Variibacter [57], Acidicaldus [58], and Rhizomicrobium [59] were observed. Therefore, more acidic soils harbored more abundant acidophilic bacteria.



We found lower abundances of acidophilic and acid-producing taxa and greater abundances of more beneficial taxa in Ci and Ci_Pi, including some that may have contributed to soil aggregate formation and heightened environmental stress resistance. Groups of bacteria that were more abundant in Ci and Ci_Pi were also shown to be positively correlated with greater soil pH and exchangeable Ca and Mg. We found the relative abundance of Bradyrhizobium canariense, a species of endosymbiont nitrogen-fixing bacterium with acid tolerance [60], was highly abundant in all soils, and notably three to four times as abundant within Ci and Ci_Pi soils, respectively, than was detected in soils from the other forest types. The genus Terracidiphilus produces extracellular enzymes implicated in the degradation of plant-derived oligosaccharides and chitin [61]. Both Bradyrhizobium canariense and Terracidiphilus produce large amounts of external exopolysaccharides, which play an important role in soil aggregate formation and also serve as carbon sources for microbes [60,61]. Improved soil aggregation, in combination with an abundance of carbon sources, helps to improve soil quality and plant growth [62]. Previous studies have shown that Gaiellales is a cryptic microbe (one family, Gaiellaceae, containing only one genus: Gaiella, as well as just a single species) that persists at an optimum pH between 6.5 and 7.5 and will not grow at pH 5.0 [63]. The existence of Gaiellales in our study within soils with a pH less than five may indicate either an ecotypic variation or a new species with distinct physiological niche structure. Certain genes of Gaiellales are involved in the tricarboxylic acid cycle, gluconeogenesis, and pentose phosphate pathway, which not only affects soil carbon, but is also involved in reactive oxygen species detoxification [64] and may contribute to increased environmental stress resistance. Nitrosomonadaceae comprises a group of ammonia oxidizers, which play a major role in controlling the nitrogen cycle [65]. As the relative abundance of Nitrosomonadaceae was found to be positively correlated with the soil NO3− concentrations (p < 0.001), this greater abundance of Nitrosomonadaceae in Ci and Ci_Pi soils may lead to improvements in nitrification processes.



Low soil pH was likely receptive to both acid-tolerant and acidophilic bacteria. Conversely, some abundant acidophilic taxa, such as Halanaerobiales and Rhodospirillales, may yield more acid and thereby further decrease soil pH. We detected more abundant acidophilic taxa in soils from Sc, Pi, and Sc_Pi, which were distinctly different from Ci and Ci_Pi soil bacterial communities. Thus, as the effects of planted tree species extends beyond the vegetation community to affect soil edaphic factors and belowground communities, the findings from our study showcased a series of complex linkages revealed between soil acidity and soil bacterial community composition.




5. Conclusions


Our findings confirmed that pure plantations of Ci or mixed plantations of Ci and Pi in acidic soils could be beneficial for improving soil quality. In contrast, Sc plantings did not improve severely degraded Pi forests with acidic soils. Instead, these soils may continue to acidify despite declining acid deposition. Differences in soil bacterial community structures may partly explain this phenomenon as driven by bacterial metabolic processes, which result in further additions of acetic acid and amino acids to host soils. Acidophilic acid-producing taxa that were more abundant in stands planted with Sc may cause additional accumulations of organic acids, which further decrease soil pH. Furthermore, slight reductions in soil acidity in stands planted with Ci may result from increased soil-buffering capacity, augmented by additional Ca- and Mg-enriched Ci litter. Further studies are needed to better understand plant and soil microbial community interactions that may affect, or possibly ameliorate, soil acidity across a variety of different forest types.
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Figure 1. Soil pH and exchangeable Ca and Mg in five different forest types. Different lower case and uppercase letters indicate significant differences among forest types, respectively, for the O horizon and A horizon. *** indicates significant differences between the O and A horizon at p < 0.001. 
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Figure 2. Soil nutrients and microbial biomass in five different forest types. Different lowercase and uppercase letters indicate significant differences among forest types, respectively, for the O horizon and A horizon. ***, ** or * indicate significant differences between the O and A horizon, respectively, at p < 0.001, 0.01, or 0.05. 
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Figure 3. Principal coordinates analysis of soil bacterial communities. Samples of pure stands are shown with circular shapes, while mixed stands are shown with triangles. The shape color corresponds to tree species: pure stands of Ci and mixed stands of Ci are both shown as orange shapes; pure stands of Sc and mixed stands of Sc are both shown as blue shapes; pure stands of Pi are indicated by black shapes only. Closed shapes, filled in with the corresponding color, are shown to indicate soil from O horizons; samples shown with open shapes, with colored outlines and white space within, indicate samples from A horizons. 
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Figure 4. Redundancy analyses revealed soil bacterial communities in different forest types, their response to soil acidification, and the extent to which they correlated with edaphic properties. SOC, soil organic matter; TK = total potassium; TP = total phosphorus; NO3_N= nitrate. As in Figure 3, samples of pure stands (circles) and mixed stands (triangles) are colored by tree species: pure and mixed stands of Ci (orange); pure and mixed stands of Sc (blue); pure stands of Pi (black). Closed shapes indicate samples from O horizons; open shapes represent soils collected in A horizons. 
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Table 1. Soil bacterial diversity in five types of forests.
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Shannon-Wiener Index

	
Chao






	

	
O horizon

	
A horizon

	
O horizon

	
A horizon




	
Pi

	
5.52 ± 0.013d

	
5.63 ± 0.030d

	
1238 ± 30d

	
1462 ± 64c




	
Ci

	
6.26 ± 0.018a

	
6.15 ± 0.012a

	
2339 ± 21a

	
2200 ± 33a




	
Sc

	
5.79 ± 0.006c

	
5.76 ± 0.019c

	
1553 ± 26c

	
1415 ± 7c




	
Ci_Pi

	
6.17 ± 0.023b

	
5.98 ± 0.044b

	
2164 ± 39b

	
1993 ± 35b




	
Sc_Pi

	
5.47 ± 0.011d

	
5.62 ± 0.023d

	
1172 ± 15d

	
1392 ± 32c








The values are the means ± SE (n = 4). Results followed by different letters are statistically significant at the 0.05 level among different forest types in the same horizon.
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Table 2. The soil bacteria that were significantly more abundant in Sc, Pi, and Sc_Pi than those in the other two forests. Different letters indicate a significant difference among forest types, respectively in the O horizon and A horizon.
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Rhodospirillales

	
Halanaerobiales

	
Acidimicrobiales

	
Solirubrobacterales

	
Acidibacter

	
Variibacter

	
Acidothermus

	
Rhizomicrobium

	
Acidobacterium

	
Roseiarcus

	
Acidicaldus






	
O horizon




	
Ci

	
3.12c

	
0.98c

	
1.65c

	
0.61d

	
3.43b

	
4.14b

	
2.42c

	
2.43b

	
0.43e

	
1.24c

	
0.43c




	
Pi

	
5.88a

	
2.92a

	
3.29a

	
1.45ab

	
7.46a

	
7.10a

	
8.15a

	
3.22a

	
3.17b

	
1.70bc

	
1.10a




	
Sc

	
4.82b

	
3.06a

	
2.56b

	
1.81a

	
6.77a

	
5.08b

	
7.99a

	
3.78a

	
2.82c

	
2.17ab

	
0.78b




	
Ci_Pi

	
2.97c

	
1.73b

	
2.04bc

	
0.96cd

	
3.50b

	
5.09b

	
3.23c

	
3.09ab

	
1.05d

	
1.39c

	
0.67b




	
Sc_Pi

	
5.05a

	
3.11a

	
2.45b

	
1.19bc

	
8.53a

	
6.30a

	
6.50b

	
3.77a

	
3.51a

	
2.40a

	
0.74b




	
A horizon




	
Ci

	
3.22c

	
0.49d

	
0.84c

	
0.17b

	
1.85c

	
2.51b

	
0.87c

	
1.67b

	
0.11c

	
0.40b

	
0.11c




	
Pi

	
8.48a

	
3.25a

	
1.47ab

	
0.30b

	
5.91a

	
3.96ab

	
3.33b

	
2.40a

	
2.45a

	
0.75ab

	
0.48a




	
Sc

	
5.46b

	
2.16b

	
1.65a

	
0.28b

	
3.78b

	
4.94a

	
4.47a

	
1.60b

	
1.05b

	
0.82ab

	
0.40ab




	
Ci_Pi

	
5.29b

	
1.19c

	
0.96bc

	
0.26b

	
2.90bc

	
2.87b

	
1.95c

	
2.00ab

	
0.41c

	
0.52b

	
0.35b




	
Sc_Pi

	
10.05a

	
3.19a

	
1.88a

	
0.52a

	
6.90a

	
4.22ab

	
4.03ab

	
2.09ab

	
2.55a

	
1.08a

	
0.48a








The values are the means ± SE (n = 4). Results followed by different letters are statistically significant at the 0.05 level among different forest types in the same horizon.
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Table 3. The soil bacteria that were significantly more abundant in Ci and Ci_Pi. Different letters indicate a significant difference among forest types, respectively in the O horizon and A horizon.
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Bradyrhizobium canariense

	
Gaiellales

	
Chitinophagaceae

	
Nitrosomonadaceae

	
Terracidiphilus

	
Burkholderia






	
O horizon




	
Ci

	
4.07 ± 0.280a

	
2.93 ± 0.198a

	
1.26 ± 0.108a

	
1.42 ± 0.036a

	
1.01 ± 0.029b

	
1.93 ± 0.334a




	
Pi

	
1.45 ± 0.065c

	
0.61 ± 0.082c

	
0.58 ± 0.067b

	
0.018 ± 0.007c

	
0.71 ± 0.014c

	
0.50 ± 0.060b




	
Sc

	
2.87 ± 0.246b

	
0.51 ± 0.038c

	
0.53 ± 0.035b

	
0.032 ± 0.011c

	
0.73 ± 0.062c

	
2.05 ± 0.235a




	
Ci_Pi

	
4.75 ± 0.249a

	
2.24 ± 0.146b

	
1.49 ± 0.092a

	
0.84 ± 0.067b

	
1.39 ± 0.060a

	
2.87 ± 0.262a




	
Sc_Pi

	
0.94 ± 0.081c

	
0.27 ± 0.024c

	
0.56 ± 0.029b

	
0.00 ± 0.00c

	
0.75 ± 0.086c

	
0.45 ± 0.056b




	
A horizon




	
Ci

	
2.07 ± 0.063a

	
0.92 ± 0.121a

	
0.65 ± 0.10a

	
1.81 ± 0.501a

	
0.69 ± 0.048b

	
0.61 ± 0.069




	
Pi

	
1.04 ± 0.107b

	
0.48 ± 0.090b

	
0.50 ± 0.065ab

	
0.00 ± 0.00b

	
1.38 ± 0.164a

	
0.81 ± 0.381




	
Sc

	
1.11 ± 0.111b

	
0.22 ± 0.028b

	
0.25 ± 0.032b

	
0.00 ± 0.00b

	
1.36 ± 0.135a

	
0.16 ± 0.023




	
Ci_Pi

	
2.26 ± 0.146a

	
0.99 ± 0.072a

	
0.63 ± 0.067a

	
0.37 ± 0.099b

	
1.48 ± 0.131a

	
0.87 ± 0.038




	
Sc_Pi

	
0.94 ± 0.073b

	
0.35 ± 0.032b

	
0.28 ± 0.030b

	
0.00 ± 0.00b

	
1.20 ± 0.011a

	
0.40 ± 0.070








The values are the means ± SE (n = 4). Results followed by different letters are statistically significant at the 0.05 level among different forest types in the same horizon.
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