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Abstract

:

In a locale-scale mountainous forest, changes in slope aspect can cause microclimate heterogeneity, which can impact both soil environment and plant community, and influence the soil microbial communities as well. However, the relationship between the aboveground plant community and belowground soil microbial communities and the change in slope aspect is not well understood. A case study was carried out in a subalpine coniferous forest in western China to investigate the above- and belowground relationship of three slope aspects, the north-facing slope, the flat site and the south-facing slope. The plant community attributes were evaluated by the community survey, considering species diversity and the plant total basal area of trees and shrubs to represent the plant productivity. Soil bacteria were determined based on 16S rRNA gene and soil fungi on a nuclear ribosomal internal transcribed spacer (ITS) using high-throughput Illumina sequencing. The results showed that slope aspects significantly affect the aboveground plant productivity and diversity, and the community composition and structure of both aboveground plants and soil bacteria and soil fungi. Soil bacteria and soil fungi correlated differently with aboveground plant community changes in the slope aspects in terms of diversity and community composition and structure. A structural equation model (SEM) revealed that slope aspects caused by aboveground plant productivity changes correlated significantly with the soil fungal community composition and structure, while the soil bacterial community was rather weakly correlated with the plant community, and its changes in community composition and structure were mainly affected by the soil properties and soil fungal community. Further studies considering plant functional traits, soil microbial functional groups, and seasonal changes may reveal a deeper correlation between the aboveground plants and belowground soil microbials at the local scale in subalpine coniferous forests.
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1. Introduction


Whether predictable correlations exist between aboveground plant communities and belowground soil microbial communities in terms of composition, and structure is one of the key ecological issues underlying global environmental changes [1,2,3]. It is generally accepted that plants can have both direct and indirect impacts on soil microbes [4,5,6,7,8,9,10]. Through the input of litters and root exudates to the soil, plants can directly regulate the community composition of soil bacteria and fungi [11,12]. The plant-initiated changes in soil properties can indirectly affect the local distribution patterns of soil microbial communities [13]. However, owing to the limited studies fully elucidating the composition and structural dynamics of both above- and the belowground biological communities, the relationships between the plant community and the soil microbial communities and their linkages remain controversial and their correlations are uncertain [6,14]. Details pertaining to the mechanism by which the plant community correlates with microbial communities and the differences between belowground bacteria and fungi correlating with plants in terms of species richness, diversity, composition and structure are especially uncertain.



Both species diversity and the productivity of aboveground plants have been proposed as the driving mechanism of the dynamics of soil microbial communities [15,16]. An increase in plant species richness was shown to lead to the diversification of belowground resources and, hence, a general positive correlation between plant species richness and soil microbial richness was concluded in some previous studies [17,18,19,20,21]. It was also found that an increase in aboveground plant diversity affects soil microbial community structure [13]. Other studies found increased plant productivity; this increase was driven by the increasing plant diversity, which contributed to the correlated changes in soil community in terms of composition and structure [22]. It was thus also proposed that the aboveground plant biomass has an equally important effect on the soil microbial community [23]. A case study focusing on a semiarid grassland showed that the aboveground plant biomass was a decisive factor in the soil microbial functional communities [24].



Soil bacteria and fungi are the two most diversified kingdoms in an ecosystem, and proven to have different relationships with the aboveground plant community owing to their structural and metabolic differences [25]. Additionally, their relationships with aboveground plants are considered to have reciprocal effects on the plant community. It is proposed that, compared to the soil bacterial community, the soil fungal community has a closer relationship with the plant community due to the ability of certain fungi, such as mycorrhizal fungi, to closely bond with plants [3]. Previous studies revealed that the pathogenic fungi can maintain high aboveground plant species richness through a mechanism of negative density-dependence that checks the abundance of dominant plant species [26], while beneficial symbiotic ectomycorrhizal fungi were shown to decrease plant species richness by promoting the growth of certain dominant species [27]. As a result, the soil fungal community may modify the aboveground plant community’s species richness and productivity. On the other hand, the soil bacterial community showed more indirect effects on aboveground plants [13,14,28]. Its responses to the changes in plant community were mostly through the plant-driven changes in soil properties. A meta-analysis of previous reports revealed that soil pH impacts the correlation between the diversity of plant species and soil bacterial diversity, and this impact is generally detectable across most environments [21]. The contribution of other soil properties varied and may be more significant in soils with low nutrient levels or in unstable ecosystems [21]. It is also noted that both soil fungi and bacteria may similarly respond, together with the aboveground plant community, to certain soil properties [29]. Therefore, a further comprehensive evaluation of the relationships of the community composition and structure, focusing on aboveground plants and belowground soil bacteria and fungi separately, is still necessary to clarify the dynamic linkages of above- and belowground communities in different ecosystems [28,30].



Slope aspect is one of the important topographic factors in montane ecosystems [31,32,33]. Differences in slope aspect will lead to diversified local microenvironments through the spatial redistribution of solar radiation and water contents [31,33]. In the Northern Hemisphere, the south-facing slope receives more solar radiation, leading to relatively warmer and drier conditions compared to the north-facing slope. It is reported that more diverse species of the plants and taxa of microbes were observed on the south-facing slope [34,35]. In contrast, it is generally noted that the diversities of plants and soil microbes are relatively lower on the north-facing slope [36]. It was assumed that the lower temperature and insufficient soil aeration contributed to the less diversified plants and soil microbes found on the north-facing slope [36]. However, in the arid regions, the aboveground plant community appears to thrive, with higher coverage and individual density being found on the north-facing slope [37], which may result in higher plant productivity on the north-facing slope. Since the slope aspect can change both diversity and productivity at a locale scale, the relationship between above- and belowground communities may change with slope accordingly [38]. A previous study revealed that different combinations of soil bacteria and fungi are associated with the changed community composition in the aboveground plant community on the south- and north-facing slopes in a temperate mountainous forest [39]. However, owing to the fact that most other studies involving slope aspect as an environmental factor focused either on plant communities [40,41,42] or soil microbial communities [34,36,43]. More case studies incorporating both plant community and soil microbial communities will reveal clearer correlations between the changes in above- and belowground communities with slope aspect in locale-scale mountainous ecosystems.



Herein, we performed a case study of the correlations between the aboveground plant community and the communities of belowground soil bacteria and fungi by incorporating the slope aspect as a topographic factor in a subalpine coniferous forest in Wanglang Nature Reserve, located in North Sichuan, Southwest China. This area is considered to be part of a biodiversity conservation hotspot in China [44]. Subalpine coniferous forests are important forest communities distributed along the south and southeast borderline of the Qinghai–Tibet plateau. These forests are vulnerable ecosystems owing to their shallow soil layers in locally heterogenous topography with variable microclimate conditions [45]. High mountains and deep gorges are the obvious topographic characteristics in the subalpine coniferous areas in West China [45], where slope aspect, as a topographic factor, significantly impacts the community composition and structure of the aboveground vegetation in series, providing ideal samples for studies of ecosystem processes [30,46]. In this study, we investigated the plant community characters, soil physical and chemical properties, and underground soil bacterial and fungal communities separated into three sites by slope aspect (south-facing slope, flat site, and north-facing slope), and analyzed the correlations between communities of plants and soil bacteria and fungi in terms of community composition and structure. We hypothesized that: (1) slope aspect changes over a short distance can lead to a differentiation in the species richness, diversity and biomass of aboveground plants and species richness, community composition and structure of belowground soil bacteria and soil fungi; and (2) biodiversity indices and the structure of soil bacteria and soil fungi will correlate differently with the diversity, structure and biomass of plants across the slope aspects. In addition, we also intend to further explore whether the biomass of aboveground plants contributes to the change in soil microbes separated by communities of bacteria and fungi.




2. Materials and Methods


2.1. Study Area and Site Description


The study area is located in the Wanglang National Nature Reserve in North Sichuan Province (104.02° E, 33.00° N), Southwest China (Figure 1A), where typical subalpine coniferous forests at an elevational range of 2700–3200 m are well conserved. The climate is affected by monsoons, with an obvious rainy season from April to October [47]. The annual average temperature is 2.9 °C, with a minimum of −6.1 °C in January and maximum of 12.7 °C in July, and the recently recorded annual precipitation is 859.9 mm. The soil types are mainly mountain dark brown loam and subalpine meadow soil. The coniferous tree species are dominated by Faxon fir (Abies fargesii var. faxoniana) and purple spruce (Picea purpurea), and the accompanying broad-leaved tree species are mostly Betula albosinensis. Another conifer, Juniperus saltuaria, is occasionally mixed in the tree layer, and it rarely dominates at rocky habitats on both north- and south-facing slopes. The most common shrubs are Cotoneaster acutifolius, Euonymus frigida, Lonicera nervosa, L. tangutica, Philadelphus kansuensis, Ribes tenue, Sorbus koehneana, and species of Rosa and Rubus. The herb layer is mostly composed of sporadic species, except some constantly occurring ones such as Cardamine tangutorum, Cystopteris pellucida, and Eutrema yunnanense. Understory bamboo (Fargesia denudate) is relatively rare in our investigated sites.



The sampling sites are distributed in the Wanglang Plot of 25.2 ha, a Forest Global Earth Observatory plot for long-term forest dynamic monitoring [48]. This plot was equally divided into 18 rows of longitudinal and 35 rows of transversal subplots that comprise 630 quadrats (Figure 1B), and the projection area of each quadrat is 20 m × 20 m [49]. The elevational range of this plot is 2850–2930 m. There is an eastward stream located at the center of the plot, which divides it into three topological types (flat site and south- and north-facing slopes). For the soil microbial community survey, we randomly selected 170 quadrats and separated them into three site types: south-facing slope, flat site, and north-facing site. In detail, 81 quadrats on the valley bottom were defined as flat site (slope < 5°), and the rest of the quadrats on side slopes (slope ≥ 5°) were separately distributed on the north-facing slope of 42 quadrats (0° ≤ slope exposure < 90° or 270° < slope exposure ≤ 360°) and south-facing slope (90° ≤ slope exposure ≤ 270°) of 47 quadrats (Figure 1B).




2.2. Vegetation and Soil Sampling


The vegetation was surveyed from May to September 2019, when the basic information of trees, shrubs and herbs within the 630 quadrats was investigated. The diameter of the breast height (DBH, ca. 1.3 m elevation) of each tree with a DBH ≥ 3 cm was measured, and the tree height was assessed as well. Two 5 m × 5 m grids along any of the diagonals and nine 1 m × 1 m grids along the two diagonals of each quadrat were set to create an inventory of shrubs and herb layer, respectively, where the abundance and coverage of each species were recorded. The latest versions of Flora of China were followed for the nomenclature of plants.



The soil was sampled from July to August 2020, the vigorous growing season in the study area. The soil samples were collected by a soil auger (inner diameter: 3.8 cm; depth: 0–10 cm). After clearing litter and gravel, a five-point sampling method was used, with one auger at each of the four corners and the center of the sampling quadrat to take samples, and the five samples were combined and mixed as a composite sample. After the removal of plant residues, rocks, and other impurities, the soil sample was passed through a 2 mm sieve and then divided into two parts. One part was stored at 4 °C for the analysis of the soil’s physical and chemical properties; the other part was stored in the freezer at −80 °C to detect the soil microbial community’s composition.




2.3. Determination of Soil Properties


The preparation protocols introduced in a Chinse manual were generally followed to determine the soil properties [50], and the methods presented in previous studies were also consulted [51,52,53]. Soil moisture was measured as the weight lost after oven-drying the samples to a constant weight (105 ± 2 °C). The pH value was measured in a 1:2.5 (w:v) soil:water suspension with a digital pH meter (PHS-3C, Lei-Ci, Shanghai, China). The subsamples were finely ground, oven-dried (80 °C) and subjected to an elemental analyzer (2400IICHNS/O element analyzer, Perkin–Elmer, Boston, MA, USA) for total soil N. Additionally, available N was equal to the sum of ammonium nitrogen (NH4+–N) and nitrate nitrogen (NO3−–N), which were extracted with K2SO4 solution and determined colorimetrically by automated segmented flow analysis using the cadmium column/sulfanilamide reduction method (AAIII; Bran and Luebbe, Norderstedt, Germany). Total phosphorus (TP) was analyzed using the NaOH–molybdate–antimony anti-color-development–UV spectrophotometry method. Available phosphorus (AP) was determined by the Olsen method using 0.05 mol/L NaHCO3 solution as an extraction agent. The content of soil organic matter (SOM) was obtained by the potassium dichromate volumetric method.




2.4. DNA Extraction, Amplification, High-Throughput Sequencing, and Bioinformatics Analysis


The methods of high-throughput sequencing technology were applied for soil sample preparation and DNA extraction. Total genomic DNA samples were extracted using the OMEGA Soil DNA Kit (M5635-02) (OmegaBio-Tek, Norcross, GA, USA), following the manufacturer’s instructions, and stored at −20 °C before further analysis. The quantity and quality of extracted DNAs were measured using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively.



For the soil bacterial community analysis, the 16S rRNA gene was extracted, the V3–V4 region of 16S rRNA gene was PCR-amplified using the primer pair 338F (5′-ACT CCT ACG GGA GGC AGC A-3′) and 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′). Nuclear ribosomal internal transcribed spacer (ITS) was produced for soil fungi community analysis, and the internal transcribed spacer 1 (ITS1) region was PCR-amplificated using the primer pair ITS5 (5′-GGA AGT AAA AGT CGT AAC AAG G-3′) and ITS2 (5′-GCT GCGTTC TTC ATC GAT GC-3′) [54]. PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification step, amplicons were pooled in equal amounts, and paired-end 2 × 250 bp sequencing was performed using the Illumina NovaSeq platform with NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).



Microbiome bioinformatic analysis was performed with QIIME2 2019.4 [55] with slight modifications according to the official tutorials (https://docs.qiime2.org/2019.4/tutorials/, accessed on 22 November 2020). Briefly, raw sequence data were demultiplexed using the demux plugin, followed by primer cutting with the cutadapt plugin [56]. Sequences were then quality-filtered, denoised, and merged, and chimeras were removed using the DADA2 plugin at the level of similar sequences using a 97% threshold [57]. Nonsingleton amplicon sequence variants (ASVs) were aligned with MAFFT [58] and used to construct a phylogeny with fasttree2 [59]. Taxonomy was assigned to ASVs using the classify–sklearn naive Bayes taxonomy classifier in the feature classifier plugin [60] against the SILVA Release 132 for bacteria, and UNITE Release 8.0 for fungi [61]. To minimize the difference in sequencing depth across samples, an averaged, rounded rarefied ASV table was generated by averaging 100 evenly resampled ASV subsets under the 90% of the minimum sequencing depth for further analysis. The high-quality sequences of bacteria and fungi were 256,285 and 39,774 in soils with an average length of 343 bp and 259 bp, respectively.




2.5. Data Analysis


The statistical analyses were conducted in R Version 4.0.3. [62] unless stated otherwise. The plant richness, Shannon index, Simpson index, and principal component analysis (PCA) of plant communities were based on the data from the vegetation survey inventories. The aboveground plant biomass was represented by the total basal area (TBA) of trees and shrubs. ASV-level alpha diversity indices (Chao1 richness estimator, Shannon index, and Simpson index) were calculated using the ASV table in QIIME2.



ANOVAs and LSD tests were used to study the differences in soil properties and plant community characteristics regarding different slope aspects. PCA was conducted to characterize the community structure of aboveground plants using the abundance of species of trees and shrubs in each quadrat, and principal co-ordinates analysis (PCoA) w used to generalize the community structure of soil bacteria and fungi using the abundance of ASVs of the respective quadrat. The similarities in community structure within each sampled site were tested by analysis of similarities (ANOSIM), and the pairwise differences were tested by pairwise PERMANOVA/adonis. General linear regression was used to analyze the relationship between plant community characteristics and the soil bacterial and fungal communities (the PC1 axis score stands for the plant community composition, while the PCoA1 axis score represented soil bacterial and fungal community composition). Redundancy analysis (RDA) was performed to scrutinize the main factors affecting the community composition of aboveground plants, soil bacteria and soil fungi, and the correlation of each factor with community composition was tested by the Mantel test. To examine the relationship between aboveground plant community and belowground soil microbial communities, a linear regression was performed to evaluate the correlations of plant richness, aboveground total basal area, and plant community structure with the species richness, diversity index and community structure of soil bacteria and fungi, respectively. Structural equation modelling (v. 4.0.3 R package LAVAAN/SEM) was conducted to test the direct and indirect effects of slope aspect on the relationship between the aboveground plant community and the belowground bacterial and fungal communities.





3. Results


3.1. Soil Properties across the Sampled Sites


The ANOVA tests showed that there were certain differences in the physical and chemical properties of the soil across the three aspect sites (Table 1; p < 0.05). Specifically, compared with those in the north- and south-facing slopes, most soil nutrient contents were significantly lower on the flat site; these are soil total phosphorus (TP) (0.69 ± 0.18 g kg−1), soil-available phosphorus (AP) (18.17 ± 1.17 mg g−1), soil total nitrogen (TN) (5.62 ± 0.28 g kg−1), soil-available N (AN) (0.79 ± 0.06 g kg−1), and soil organic matter (SOM) (155.16 ± 5.80 g kg−1). The soil pH was lowest (6.67 ± 0.67) on the north-facing slope and highest (7.36 ± 0.5) on the flat site and the differences were significant across the three aspects. The soil water content was the highest on the north-facing slope and significant differences were found among the three sites. For nitrogen and phosphorus, only soil-available nitrogen was significantly different across the three slope sites.




3.2. Community Characteristics of Vegetation and Soil Bacteria and Fungi across the Sample Sites


The aboveground plant community showed significant differences in species richness, productivity, and community composition and structure across the three sampled sites (Figure 2, Table S1). The highest species richness was found on the south-facing slope (71.28 ± 2.31), while the lowest was found on the north-facing slope (47.14 ± 1.20, Figure 2A). The highest value of total basal area on the flat site (174.30 ± 6.42) was significantly different from the lowest value on the north-facing slope; however, the medium value on the south-facing slope was not significantly different on either of the other two sites (p > 0.05; Figure 2B). No significant differences were revealed for both the Shannon index and Simpson index across the north-facing slope, flat site, and south-facing slope (Figure 2C,D). Principal component analysis (PCA) of plant species showed that the community structure on the three sampled sites was significantly different (R = 0.23, p = 0.001, Figure 2E).



The alpha-diversity of both the soil bacterial community and soil fungal community was detected to be different in the Chao1 index and Shannon index across the three sample sites (Figure 3). For the soil bacteria community, the Chao 1 index and Shannon index were both highest on the south-facing slope (Chao1: 5530.74 ± 239.38, Shannon: 10.69 ± 0.03) and the lowest on the flat site (Chao1: 4735.68 ± 114.35, Shannon: 10.48 ± 0.03), and a significant difference was revealed between the south-facing slope and the north-facing slope or the flat site in Chao 1 index, while significant differences were only found between the highest (south-facing slope) and lowest (flat site) values in Shannon index (p < 0.05; Figure 3A,B). The lowest value of the Chao 1 index (452.84 ± 15.13) of soil fungi was found to be significantly lower than those on both the north-facing slope (596.55 ± 34.94) and the south-facing slope (586.76 ± 26.64). This trend was also revealed in the Shannon index of soil fungi, with the values on the flat site (5.32 ± 0.01) being significantly lower than those on both the north-facing slope (6.78 ± 0.03) and the south-facing slope (7.01 ± 0.03) (p < 0.05; Figure 3D,E).



The community structure and composition of both soil bacteria (R = 0.31, p = 0.001) and fungi (R = 0.11, p = 0.001) revealed differences across the three slope sites (Figure 4 and Figure 5). The soil bacterial community structure of the flat site was significantly different from that of either site on the two slopes (Figure 4A). For the soil fungal community structure, the differences were significant among the three sample sites (Figure 4B). Four phyla of bacteria (Proteobacteria, Acidobacteria, Actinobacteria and Chloroflexi) and three phyla of fungi (Basidiomycota, Ascomycota and Mortierellomycota) accounted for more than three quarters of the relative abundance in the community of soil bacteria soil fungi, respectively (Figure 5). For the community composition of the soil bacterial community, three phyla, Actinobacteria, Bacteroidetes and Verrucomicrobia, had significantly lower relative abundance in the flat site, and two phyla, Rokubacteria and Nitrospirae, had significantly higher relative abundance again in the flat site (p < 0.05, Figure 5A and Figure S1A). For the soil fungal community composition, only Ascomycota had a significantly lower relative abundance on the flat site (p < 0.05, Figure 5B and Figure S1B).




3.3. Factors Influencing the Community Composition of Plants and Soil Bacteria and Fungi


Factors influencing the community composition of the aboveground plants and the belowground soil bacteria and fungi were visualized in a redundancy analysis (RDA) supplemented with the Mantel-tested correlation of each factor with the respective community (Figure 6). The first two axes in RDA explained 66.45% of the variance in correlations between plant community at the species level and soil physical and chemical properties and diversity indices of soil bacteria and fungi (Figure 6A). All seven of the determined soil properties significantly affected the plant community composition, and only the Shannon index of soil fungi tested as significant (Figure 6B). The first two axes in RDA explained 74.36% of the variance in correlations between soil bacterial community composition at the phylum level (Figure 6C) and their corresponding environmental factors, where soil fungal diversity indices (Chao 1 index and Shannon index), together with soil nutrients including soil organic matter, soil total and available nitrogen and soil-available phosphorus, were significantly affected by the soil bacterial community composition (Figure 6D). The first two axes in RDA explained 68.79% of the variance in correlations between soil fungal community composition at the phylum level (Figure 6E) and their corresponding environmental factors, while only the plant basal area and soil-available phosphorus were detected to significantly influence the soil fungal community composition (Figure 6F).




3.4. Correlations between Plant Community and Soil Bacteria and Fungi across the Sample Sites


Different correlations between the aboveground plant community and belowground soil bacterial community and soil fungal community in terms of alpha diversity were detected (Figure 7). A general positive correlation was revealed between the plant species richness and soil bacterial richness (represented by Chao 1 index, Figure 7A). The correlations between plant species richness and soil bacterial alpha diversity (represented by Simpson index) were both positive on the north-facing slope and negative on the flat site (Figure 7B). The plant species richness was only weakly correlated with the soil fungal richness and alpha diversity index on the flat site (Figure 7C). The plant productivity (represented by total basal area) was only negatively correlated with the soil bacterial alpha diversity (Simpson index) on the north-facing slope (Figure 6F), while it showed a negative correlation with the soil fungal alpha diversity (Simpson index) across all three sample sites (Figure 7H).



The community structure of soil bacteria and soil fungi also responded differently to the species richness, productivity and community structure of the aboveground plants (Figure 8). The community structure of soil bacteria (represented by the scores of bacterial PCoA1) significantly correlated with plant species richness and community structure (represented by the scores of plants PC1) of the aboveground plants (Figure 8A,E). However, when separated by slope aspects, the correlation of soil bacterial community structure with aboveground plant species richness also tested as significant on either the flat site or on the south-facing slope (Figure 8A). The community structure of soil fungi (represented by the sores of fungal PCoA1) showed significant correlations with the plant species richness and productivity on both the flat site and south-facing slope (Figure 8B,D), while its correlation with the community structure of aboveground plants was significant only on the south-facing slope (Figure 8F).



Structural equation model (SEM) analysis (Figure 9) revealed that changes in aboveground plants and belowground soil bacteria and fungi across the three sampled sites in terms of species richness, diversity indices and community structure were rather weakly correlated. However, a significant causal relationship was detected between plant productivity and the community of soil fungi, which was significantly influenced by the slope aspect of the three sample sites.





4. Discussion


4.1. Differentiation of Aboveground Plants and Belowground Soil Bacteria and Soil Fungi Caused by Slope Aspects


The three sites in our study were restricted to a very short distance within a 700 m × 360 m plot. Our results revealed that the seven determined soil properties were significantly different across the three sample sites. On the north-facing slope, the lower soil pH and higher soil water contents were in agreement with previous studies [36,40,63]. The reason why the five soil nutrients (TN, AN, TP, AP and SOM) were significantly lower in soil on the flat site needs further investigation. We noted from reference [64] that the effect of the leaching of soil nutrients was more severe along river banks than on the side slopes. However, from our field investigations during the rainy season (in June–August), the stream withing our plot rarely overflowed the flat site, and we avoided sampling quadrats at the margin of the stream banks.



Differences in the aboveground plant communities separated by the three sites were mainly embodied by species richness, plant productivity and community structure. Similar results were also documented in previous studies on forests [36] or other types of vegetation [34,35,40,41,42]. Both the species richness and abundance of total plant species were significantly higher on the south-facing slope, and this result corresponds to the mountainous vegetation in the Northern Hemisphere [34,35,36]. The much higher contribution of understory herbaceous plants to the abundance of total plant species on the south-facing slope can be explained by the relatively greater solar radiation, and this phenomenon was also reported in a previous study [65]. From our field observation during vegetation surveys, trees on the flat site were comparably bigger in DBH, which explains the higher aboveground plant productivity represented by the total basal area on the flat site. However, no significant differences were observed among the diversity indicators assessed by both the Shannon index and Simpson index. This means that the species evenness did not change with the plant species richness within our plot.



Similarly, the differentiation of belowground soil bacteria and fungi in terms of the diversity, structure and composition of community across the three slope aspects was also revealed in this study. Bacteria species richness (Chao1 index) and diversity (Shannon index) were higher on the south-facing slope; this also agrees with a previous study on boreal forests in Northeast China [36]. For the structure and composition of soil bacteria, the most remarkable differences were shown in soil on the flat site. A report mentioned that the higher abundance of the Rokubacteria and Nitrospirae in soil may indicate the faster decomposition of organic matter, and the significantly lower plant litters on the flat site evidenced this to be the case. It is supposed that soils on different aspects of side slopes may have more similar soil bacterial groups (compared to the adjacent flat site) owing to the contribution of identical soil-forming rock [66], but it is not certain whether this supposition also applies to this study on an old-growth forest with mature forest soils. Fungi species richness and diversity exhibited different patterns compared to bacterial alpha diversity. The community structure of soil fungi is significantly different across the three site groups. Concerning the community composition, only the abundance of Ascomycota in soil on the flat site showed a significant value. Additionally, it is worth noting that the undefined fungi in this study accounted for more than 20% of the total.



The results support our first hypothesis that slope aspect changes in a localized range can lead to significant differences in species richness, diversity and structure and the composition of communities of both aboveground plants and belowground soil bacteria and fungi. Soil properties were detected to mostly affect the community composition of both plants and soil bacteria. This may also support the assumption that subalpine forests in West China are vulnerable ecosystems, characterized by low-nutrient soil [21,40].




4.2. Effect of Slope Aspect on the Relationships between Aboveground Plants and Belowground Soil Bacteria and Soil Fungi


The differences in both aboveground plant community and belowground soil bacteria and fungi across the three slope aspects enabled us to test our second hypothesis. The results of correlation analyses with indicators representing species richness, diversity and community structure showed different patterns of soil bacteria versus fungi compared to aboveground plants. Soil bacterial richness was co-varied with the plant species’ richness, soil community structure was linked with both plant species’ richness and plant community structure was linked with the change in slope aspect. Soil fungi only showed a linkage between changes in diversity and the biomass of aboveground plants. The north-facing slope was shown to have a remarkable influence on the correlations of bacterial diversity with plant species richness and plant biomass. The south-facing slope significantly affected the correlations between fungal community structure with plant richness, plant biomass, and plant community structure. These results support our second hypothesis that soil bacteria and soil fungi respond differently to the aboveground plant community in terms of diversity and community structure. Since our study did not detect functional groups such as arbuscular mycorrhizal fungi [34,43], we are unable to further explore whether soil fungi, compared to soil bacteria, have closer relationships with aboveground plants [3,26,27] in this subalpine coniferous forest.



The causal relationships of the SEM result revealed that the biomass of aboveground plants significantly contributed to the change in soil fungal community (in terms of diversity, relative abundance and community structure). Therefore, the assumption that plant biomass also has important affects on the soil microbial community [23] may also apply in the subalpine coniferous forest in the relationship between soil fungi and aboveground plants. The idea that soil’s chemical properties have a direct causal relationship with plant community corresponds to the RDA in this study. However, the reason for their direct causal relationships with the soil fungal community needs further investigation. The soil bacterial community has very weak causal relationships with aboveground plants in terms of both community structure and biomass. This may correspond to the assumption that the soil bacterial community responds indirectly to the changes in aboveground plants [13,14,28]. In this case, whether the responses of soil bacterial to aboveground plants are through functioning soil fungi needs further investigation.



However, since the soil microbes also include organisms other than bacteria and fungi, the relationships among different functional groups are even more complicated [67]. In future studies, we intend to incorporate other soil microorganisms, to separate these by functional groups and to take seasonal changes in plant functional traits [46] in the same area into consideration as well. In this way, we may further disentangle the correlations between the aboveground plant community and belowground microbial communities along the slope aspects.





5. Conclusions


In summary, our study revealed that there are significant differences in the aboveground plant community and belowground community of soil bacteria and soil fungi in terms of diversity, community composition and structure across different slope aspects in a subalpine coniferous forest. With the change in slope aspect, the correlation between above-/belowground communities diversified accordingly at the local scale. Soil bacteria and soil fungi respond differently to the change in plant community, influenced by the slope aspect. The community composition and structure of soil fungi is inferred to correspondingly change with the aboveground plant productivity, while the community of soil bacteria is rather weakly correlated with the aboveground plant community. Soil abiotic factors affect some of the connections between these communities, and the fact that some of these indicators showed significant correlations between soil bacteria and plants may be caused by the soil’s physical and chemical properties. Further studies that take the role of plant functional traits and soil microbial functional groups, as well as seasonal changes, into consideration may better reflect the relationship among plant and soil microbes and disclose more in-depth interrelationships, which could help to understand the nature of the mechanisms maintaining ecological function in subalpine coniferous forests.
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Figure 1. Geographical location of study area (A) and the distribution of sampling quadrats (B). The Wanglang Plot is shown by a red dot (A). This is rectangular with total area of 25.2 ha (B), which is equally and longitudinally divided into 18 rows (here shown as lines) and transversely divided into 35 rows (here shown as rows) to form 630 quadrats of 20 m2 × 20 m2. The distribution of sampling quadrats in the three sites is marked in different colors, where south-facing slope, flat site and north-facing slope is blue, orange and red, respectively (B), where n = 42, 81, and 47 represent north-facing slope, flat site, and south-facing slope, respectively. 
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Figure 2. Characteristics of aboveground plant community on different slope aspects. (A) plant species richness, (B) total basal area, (C) Shannon index, (D) Simpson index, and (E) PCA analysis of plant species. The asterisks denote significant differences among three slope aspects. The similarities in community structure among three slope groups were tested by analysis of similarities (ANOSIM), and the pairwise differences were tested by pairwise PERMANOVA/adonis, n (NS) = 42, n (Flat) = 81, n (SS) = 47. 
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Figure 3. Diversity of soil microbial community on different slope aspects. Chao1 index, Shannon index and Simpson index of bacteria (A–C) and fungi (D–F). The asterisks denote significant differences among three slope aspects, n (NS) = 42, n (Flat) = 81, n (SS) = 47. 
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Figure 4. PCoA analysis of bacterial (A) and fungal (B) community structure. The similarities in community structure among three slope groups were tested by analysis of similarities (ANOSIM), and the pairwise differences were tested by pairwise PERMANOVA/adonis, n (NS) = 42, n (Flat) = 81, n (SS) = 47. 
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Figure 5. Relative abundance of soil bacterial ((A), Top10) and fungal ((B), Top5) at the phylum level on different slope aspects. ‘Others’ in bacteria (A) include phyla with <0.05% average relative abundance, while in fungi (B) is assigned to undetermined taxa (also referring to Figure S1). 
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Figure 6. Redundancy analysis of plant (A), soil bacterial (C) and soil fungal (E) community composition at the species and phylum level with aboveground plant community diversity, belowground microbial community diversity and soil properties across slope aspects. The correlation of each factor with community composition of plant (B), soil bacterial (D) and soil fungi (F) were tested by the Mantel test (*, p < 0.05). 
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Figure 7. Correlation of plant richness (A–D), aboveground total basal area (m2 ha−1) (E–H) with microbial community richness and diversity. Colors within each panel represent the slope aspects: north slope (red), flat slope (orange), south slope (blue), and all groups combined (black). Shaded areas represent 95% confidence intervals for predictions from a linear model. Only significant regressions are shown (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 8. Correlation of plant richness (A,B), aboveground total basal area (m2 ha−1) (C,D), and plant community structure (E,F) with microbial community structure. The plant community structure was indicated by the PC1 axes of plant species, and the microbial community structure was indicated by the PCoA1 axes of bacteria and fungi. Colors within each panel represent the slope aspects: north slope (red), flat slope (orange), south slope (blue), and all groups combined (black). Shaded areas represent 95% confidence intervals for predictions from a linear model. Only significant regressions are shown (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 9. Structural equation model (SEM) of the relationship among slope, soil properties, plant community, plant productivity and soil microbial community. The black line indicated a positive correlation between two variables, and a red line indicated a negative correlation between the two variables. The solid line is a significant correlation, and the dashed line is an insignificant relationship. The coefficient of determination (R2) is shown for each variable and path coefficient is showed on arrow(s) between two variables. Significance levels are noted by asterisks (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Table 1. Basic information of soil properties in the three sampled sites. Data were mean ± SE (n = 42, 81, and 47 for north-facing slope, flat site and south-facing slope, respectively), statistical analysis and LSD multiple comparisons were performed by ANOVA, and different letters indicated significant differences (p < 0.05).






Table 1. Basic information of soil properties in the three sampled sites. Data were mean ± SE (n = 42, 81, and 47 for north-facing slope, flat site and south-facing slope, respectively), statistical analysis and LSD multiple comparisons were performed by ANOVA, and different letters indicated significant differences (p < 0.05).





	Variable
	North-Facing Slope
	Flat Site
	South-Facing Slope
	Total





	Soil pH
	6.67 ± 0.67 a
	7.36 ± 0.5 c
	7.00 ± 0.49 b
	6.99 ± 0.05



	Soil water content (%)
	62.51 ± 0.07 c
	54.63 ± 0.11 a
	57.45 ± 0.04 b
	56.81 ± 0.01



	Soil total P (g kg−1)
	1.07 ± 0.24 b
	0.69 ± 0.18 a
	1.00 ± 0.19 b
	0.87 ± 0.02



	Soil-available P (mg g−1)
	28.57 ± 10.12 b
	18.17 ± 10.5 a
	28.24 ± 9.19 b
	23.52 ± 0.86



	Soil total N (g kg−1)
	8.54 ± 2.37 b
	5.62 ± 2.48 a
	8.71 ± 2.04 b
	7.20 ± 0.21



	Soil-available N (g kg−1)
	1.04 ± 0.26 b
	0.79 ± 0.35 a
	1.34 ± 0.39 c
	1.00 ± 0.03



	Soil organic matter (g kg−1)
	222.14 ± 63.73 b
	155.16 ± 52.16 a
	238.09 ± 62.66 b
	194.64 ± 5.31
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