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Abstract

:

Interest in improving plant nitrogen use efficiency (NUE) in conjunction with reduced usage of nitrogen (N) fertilizers in forestry management is growing. Although biochar amendment is widely applied to increase soil nutrient availability and NUE, the mechanism underlying their positive effects remains little understood. We treated the economically important eucalypt species with biochar (BC), N-enriched fertilizer with 15N isotope labeling (NF), and biochar plus 15N-labeled fertilizer (NFB). Moreover, we determined plant N absorption and soil N availability, soil bacterial community composition and its putative keystone taxa, and plant NUE and competition index under different treatments. Our results indicated that NF and NFB significantly increased plant atom % 15N in both eucalypt stem, root, and foliar, as well as the competition index of eucalypt to forbs for acquiring N. NF and BC increased the network complexity of keystone taxa by shifting putative keystone taxa, including phylum Proteobacteria, Chloroflexi, Actinobacteria, Acidobacteria, and Firmicutes. Piecewise structural equation modeling indicated that variations in plant performance were best directly and positively predicted by soil Proteobacteria. This study highlights the importance of interactive effects between biochar and N fertilizer on plant performance mediated by soil microbial community. The change in soil putative keystone taxa has the potential to be a suitable predictor for plant performance in terms of biochar. Our findings may provide important implications for improving fertilization and afforestation management.
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1. Introduction


Nitrogen (N) is a vital element in plant growth and ecosystem functioning [1]. Nitrogen fertilizer is substantially applied to the agricultural or agroforestry system to yield higher production. The artificial N input can account for 55% to 60% of N content in fast-growing and non-legume plant species [2,3,4]. The N use efficiency (NUE) of inorganic N fertilizer ranges from approximately 25% in C3 plants to 40% in C4 plants as a result of N use preference for different plant species [5]. A growing body of evidence suggests that NH4+ is the preferred N form by most trees than NO3− [6]. Moreover, the increases in N availability have the potential to influence other soil nutrients, such as soil organic carbon (SOC), which may, in turn, influence plant NUE. Thus, how to improve plant NUE is a key issue in afforestation management.



Recent studies have indicated that the application of biochar could directly increase soil carbon (C) sequestration, soil water content, and nutrient retention while influencing plant NUE and competition for N acquisition between target crops and undesirable plants when used as a soil amendment [7,8,9]. The study conducted in highly weathered soils suggested that the application of biochar could increase plant inorganic N uptakes and soil microbial N utilization [10]. Several studies have reported a significant increase in plant NUE from inorganic fertilizers following biochar amendments [11]. For example, biochar and chemical fertilizer application increased radish (Raphanus sativus var. Long Scarlet) yield from 42% to 96% in the six weeks of the study relative to the use of chemical fertilizer only [12]. Further, increased plant NUE by biochar has the potential to enhance the competitive advantage of target plants over other neighbors in mixed plantations [13]. Biochar also has the potential to change the composition of the microbial community in soils and further influence plant growth through soil nutrient supply regulation. These indirect influences on plant and soil N cycling, in turn, may influence the soil micro-environment and plant performance [14,15,16]. Biochar tends to increase soil microbial activity [17] and community and functional diversity [18,19]. In addition, biochar provides a novel niche for soil microbes with increased soil aeration, soil organic C, and soil water content [20]. The application of biochar can improve soil ecological stability by reducing soil N leaching [21] and could further improve plant nutrient uptakes [7,11,22]. The magnitude of the positive effects of biochar on soil microbial diversity also depends on the plant and soil interaction [7,23,24]. However, the mechanism of how biochar influences plant growth and soil nutrient availability mediated by soil microbes remains little studied.



Eucalypts are economically important trees around the world; eucalypt plantations cover approximately 4.6 million ha and contribute more than USD 14.2 billion annually to the economy of China [25]. However, the establishment of eucalypt plantations has become a controversial issue due to their adverse ecological effects on soil fertility and understory biodiversity. The extensive planting of eucalypt plantations results in the great demand for exogenous inorganic N [26,27], as well as the decreased diversity of herbaceous [28] and soil microbes [29]. Also, studies on the competitiveness of N acquiring between eucalypt and understory would improve the understanding of interspecific competition in terms of nutrient acquisition [30]. Although plant and soil N cycling are partly influenced by eucalypt’s strong competition for nutrients and water with other undesirable species, it has been recognized that the growth and nutrient accumulation of a eucalypt plantation is also influenced by the physicochemical properties of soil [27], soil microbial diversity [26], and N competition between target crops and undesirable plants [31]. Therefore, in this study, we sought to determine (1) the N status of eucalypt foliar, stem, root, and soils, (2) soil microbial composition and diversity, and (3) the relationship between the plant N acquisition and the soil microbial community. We hypothesized that the application of biochar and N fertilizer would increase bacterial keystone taxa and plant NUE, thereby increasing plant performance, and that the effects would differ in direct and indirect pathways.




2. Materials and Methods


2.1. Study Site


The eucalypt plantation (Eucalyptus urophylla × E. grandis; clone DH32–29) was established in January 2019 at the Guangxi University Tree Nursery in Nanning, China (22°51′49″ N, 108°29′45″ E). The mean annual temperature of the research site ranged from 28.2 °C in July to 12.8 °C in January. The average annual precipitation was approximately 1304.2 mm, with a mean humidity of 79% from 2010 to 2020. The Eutric Fluvisol soil type (pH = 8.34 ± 0.15) had a soil organic matter content determined by loss on ignition of 1.6 ± 0.4% (n = 4). The herbaceous layer is dominated by native Chinese medical herbs, including Bidens pilosa L. (beggar ticks) and Oxalis corniculata L. (creeping oxalis).




2.2. Experimental Design


A two-factor experimental design was used in this study. The eucalyptus plantation was treated with biochar (BC) and 15N-labeled fertilizer (NF). Thus, treatments and the control were evaluated as follows: (1) no biochar and no fertilizer (referred to as the control), (2) biochar (20.0 t hm−2, BC), (3) 15N-labeled fertilizer (8.0 g plant−1, NF), and (4) 20.0 t hm−2 biochar plus 8.0 g plant−15N-labeled fertilizer (NFB). The amounts of biochar and fertilizer application in the present study were 20 t hm−2 and 8 g plant−1, respectively, which were carried out based on the methods described in our previous study [32] and other studies [31]. The pyrolysis biochar was produced by wheat (Triticum aestivum L.) straw in a continuous carbonizer at 550 °C for 3 h, and its basic properties are shown in Table S1. The 15N-labeled fertilizer was obtained from the Shanghai Stable Isotope Engineering Research Center, Shanghai, China. The fertilizer was 15N-enriched urea (CO(15NH2)2) dilution, with the atom % 15N of approximately 10%.



The experimental plots were plowed with a cultivator in January 2019 and then divided into two experimental units, with a 2 m buffer strip between units.



In January 2019, we randomly established two experimental blocks (11 m × 16 m) in the eucalypt plantation. Each block was divided into four (2 m × 16 m) plots with 1 m buffer strips. Then, each plot was divided into six replicate subplots (2 m × 2 m). One eucalypt seedling was planted into each subplot. The average height and basal diameter of the seedlings were 33.21 ± 4.12 cm and 3.77 ± 0.83 mm (n = 16), respectively.




2.3. Field Sampling and Measurements


2.3.1. Plant and Soil Sampling


To determine plant N nutrient concentrations and plant biomass, eucalypt foliar, stem, and root samples, as well as understory forb samples (forb stem root, foliar as a whole), were collected in January 2020. As the forb is small in size (height up to 20 cm), it is difficult to separate and measure its root, stem, and leaves individually. Each sample was collected from an alternate plot within each block, and the same plots were used for the eight sample collections (n = 8). Eucalypt foliage exposed to full sun, stem, and root samples were collected after the eight eucalypt individuals (n = 8) were logged, as well as the understory forb samples from adjacent areas. To determine plant 15N isotope abundance, plant samples were oven-dried at 105 °C for 6 h to a constant mass before sieving with a 0.15 mm.



To measure soil physicochemical properties and soil 15N isotope abundance, we collected the upper 0–20 cm of topsoil samples from the rhizosphere of the selected eucalypt plants and stored them at 4 °C in January 2020. The soil samples were then air-dried and stored at 25 °C before sieving with 2 mm and 0.15 mm sieves, respectively.




2.3.2. Plant and Soil Sample Measurements


Plant (including eucalypt foliar, root, and stem, as well as forbs) and soil total nitrogen (TN) were determined via a flow injection auto-analyzer (Technicon, AA3, Hamburg, Germany). Soil NO3− and NH4+ were determined on a continuous flow analyzer (AA3, SEAL, Hamburg, Germany). Stable isotope analysis was performed on each type of eucalypt tissue (foliage, stem, and root), forbs, and soil at the Stable Isotope Laboratory of the College of Forestry at Guangxi University in January 2020. Samples of 0.002 g plant and 0.02 g soil were loaded in tin containers and crimped for combustion for δ15N analyses in an isotope ratio mass spectrometer (SN09072D, Homotopic, Thermo Fisher Scientific, Dreieich, Germany).



For the soil bacterial community investigation, we performed high-throughput amplicon sequencing on the bacterial 16S rDNA region. We extracted and quantified DNA from 0.5 g of fresh soil with the EZNA® Soil DNA kit (OmegaBio-Tek, Norcross, GA, USA) and a micro-spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and then detected the integrity of DNA using 1% agarose gel electrophoresis. The V3-V4 hypervariable regions of the soil bacterial 16S rRNA were amplified with universal primers 338F and 806 R based on the purified DNA in a thermocycler PCR system. We then precisely quantified (±0.1 ng µL−1) the purified PCR products with a PicoGreen® dsDNA Quantification Kit (Molecular Probes, Eugene, OR, USA) in a QuantiFluor™-ST blue fluorescence quantitative system (Promega, Madison, WI, USA) for the further Illumina high-throughput sequencing. The purified amplicons were pooled in equimolar and paired-end sequenced (2 × 300) on a MiSeq platform (Illumina, San Diego, CA, USA), including the fixation of one-end DNA fragments on the chips, PCR synthesis of target DNA fragments, PCR amplification, DNA amplicons linearization, DNA polymerase, dNTP cycling, laser scanning on reaction plate, polymerization of the second nucleotide, statistical analysis of the fluorescence signal results, and acquisition of the template DNA sequences. Then, the measured pair-end reads were spliced and filtered based on the overlapping relationship and sequence quality; the operational taxonomic unit (OTU) cluster analysis and species taxonomy analysis were performed after samples had been distinguished. In addition, statistical analysis of the community structure at different taxonomy levels was processed based on taxonomic information.





2.4. Statistical Analysis


The effects of biochar and fertilizer on pH, SWC, NH4+, NO3−, TN in soils, and atom % 15N, plant TN, plant NUE, and competition index in plants measured in January 2020 were evaluated using one-way analysis of variance (ANOVA). We determined stable ratios as parts per thousands (‰) based on Formula (S1). The plant NUE was calculated based on Formula (S2), and the competition for acquiring the N ratio between eucalypts and forbs was calculated following Formula (S3). Additionally, the effects on the root, stem, and foliage of eucalypts, as well as the dry biomass, 15N isotope abundance, and 15N acquiring ratio between eucalypts and forbs, were evaluated. These measurements were taken in January 2020 and were analyzed using a one-way analysis of variance. The assumptions of normality of residuals and homogeneity of variances were assessed between all treatments, and data transformations were applied when appropriate to meet basic assumptions. We conducted log transformation on the data of dry plant biomass, TN, and 15N from fertilizer before using a one-way analysis of variance. We used Piecewise structural equation modeling (Piecewise SEM) with the R packages lavaanand vegan to investigate the effects of plant and soil N, as well as soil microbial diversity, on the response of plant foliar N accumulation to biochar and 15N-labeled fertilizer [33]. Results were considered statistically significant at p < 0.05 unless otherwise stated.





3. Results


3.1. Soil Nutrients


The effects of biochar and 15N-labeled fertilizer on soil water content (SWC), soil pH, TN, NO3−, and NH4+ were all significant at α = 0.05 (Table 1). The effects of all treatments on SWC were significant (p < 0.05). The NFB treatment resulted in a significant (p < 0.05) increase in soil pH relative to the control, while no differences were observed among other treatment comparisons. Compared with the control, the biochar treatment exerted significant (p < 0.05) positive effects on soil NH4+, either applied alone (BC) or together with fertilizer (NFB), while the fertilizer-alone (NF) treatment exerted no significant effect. The results indicated that BC and NF significantly (p < 0.05) decreased soil pH and NH4+ concentration relative to NFB. NF, BC, and NFB significantly (p < 0.05) decreased soil TN by 25.49%, 11.76%, and 34.31%, respectively. Moreover, either sole application of biochar or fertilizer significantly (p < 0.05) increased soil TN relative to NFB. The effects of BC, NF, and NFB on soil NO3− were significant, yielding decreases of 74.62%, 60.77%, and 78.46%, respectively, compared to the control.




3.2. Soil Microbial Community


The effects of biochar and fertilizer on soil microbial richness and diversity based on OTUs are shown in Table 2. The Shannon index documented a significant (p < 0.05) increase in the number of OTUs in all treatments relative to the control, while there were no differences among any treatment comparisons. The Simpson index showed a significant (p < 0.05) decrease in the number of OTUs in all treatments when compared with the control. All treatments significantly (p < 0.05) and positively influenced the ACE and Chao indices relative to the control. However, the NF treatment produced significantly higher ACE and Chao indices than either the BC or NFB treatments.



The relative abundances and community composition of the bacterial phyla in biochar and fertilizer-treated soils documented via cluster analysis are shown in Figure 1 and Figure S1. All treatments significantly influenced the relative abundance of the dominant bacterial phyla in Cluster 1 relative to the control. BC, NF, and NFB treatments significantly (p < 0.05) increased the relative abundance of Proteobacteria by 27.27%, 40.91%, and 100%, respectively, relative to the control. In addition, the effect of NFB on the relative abundance of Proteobacteria was significantly higher than either the BC or NF treatment. A significant (p < 0.05) decrease was evident for the relative abundance of Chloroflexi in the NF and NFB treatments by 25.93% and 37.04%, whereas no significant difference was observed in BC when compared with the control. Also, the sole application of either biochar or fertilizer alone increased the relative abundance of Chloroflexi significantly (p < 0.05) higher than the co-application of these two (NFB). BC, NF, and NFB treatments significantly decreased the relative abundance of Acidobacteria by 27.27%, 22.73%, and 63.64%, respectively, relative to the control. The effect of NFB on the relative abundance of Acidobacteria was also significantly lower than in the BC and NF treatments. NF and NFB both significantly (p < 0.05) decreased the relative abundance of Actinobacteria by 18.18%, whereas no significant difference was observed in BC when compared with the control. The BC treatment increased the relative abundance of Actinobacteria more significantly than the NFB treatment. All treatments resulted in significant increases in the relative abundance of Bacteroidetes relative to the control, as revealed by a pairwise test. The relative abundance of Gemmatimonadetes increased significantly by 65.52%, 82.76%, and 113.79% in the BC, NF, and NFB treatments relative to the control. In addition, the effect of NFB on the relative abundance of Gemmatimonadetes was significantly higher than in the BC treatment.




3.3. Plant Performance


The effects of the NF and NFB treatments were significant (p < 0.001) on atom % 15N of plant foliage, stem, and root of eucalypt, and on forbs when compared with the control, whereas no significant differences were evident between BC and the control (Figure 2a). For plant foliage, the effects of NFB on atom % 15N were significantly higher than that of either the BC or NF treatment. A similar pattern occurred for atom % 15N of plant root and forbs, which increased only in the NFB treatment relative to BC and NF. For plant stem, the effect of NF on atom % 15N was significantly (p < 0.001) higher than that of the BC and NFB treatments.



The effects of biochar and fertilizer applications were significant (p < 0.001) for all plant TN measurements (Figure 2b). The effects of all treatments were significant at p < 0.001 on plant foliar TN when compared with the control. A similar pattern occurred for plant root and stem TN, which increased in all treatments relative to the control. The NF and NFB resulted in significantly higher TN (p < 0.001) than the BC treatment by 37.21% and 30.23%. In addition, NFB increased root TN more significantly (p < 0.001) than either the BC (by 14.79%) or NF (by 14.54%) treatment. However, a contrasting pattern occurred for forb TN, which decreased in all treatments compared with the control. Also, the effects of NFB and NF on forb TN were significantly (p < 0.001) lower than that in the BC treatment.



No clear effects of BC amendment on plant NUE of eucalypt foliage, root, and stem, as well as forbs, were observed relative to the control (Figure 2c). The NF and NFB treatments significantly (p < 0.001) increased plant NUE compared to the control in eucalypt foliage and stem, as well as on forbs. A significant (p < 0.001) increase in the NFB treatment (2.17 mg plant−1) in plant root was evident when compared with BC, NF, and the control (0.0026 mg plant−1, 0.0037 mg plant−1, and 0.075 mg plant−1, respectively).



NF and NFB significantly (p < 0.001) increased the competition ratios of eucalypt to forbs for acquiring N relative to the control, whereas no significance was observed in BC (Figure 2d). In addition, the effects of NFB on the competition ratios were significantly (p < 0.001) 4.11 times higher than that of NF.




3.4. Bacterial Co-Occurrence Network and Putative Keystone Taxa


Co-occurrence networks were constructed to identify the co-occurrence patterns and putative keystone taxa of the soil bacterial community in the treatments and the control (Figure 3). The number of nodes, total edges, negative edges, and centralization betweenness in all treatments was apparently higher than those in the untreated network (Table S1). Also, the number of degrees, closeness, and betweenness of centrality in the biochar/fertilizer amended network were higher than those in the untreated network (Figure S1). Nine OTUs were assigned to phylum Proteobacteria, seven OTUs were assigned to Chloroflexi, four OTUs were assigned to Actinobacteria, three OTUs were assigned to Acidobacteria, and one OTU was assigned to Firmicutes, indicating that these bacterial phyla can be defined as putative keystone taxa in treatments and the control networks.



The correlations between the relative abundance of putative keystone taxa and soil properties were conducted (Figure 4a), and 16 positive and 17 negative correlations were observed. Interestingly, four keystone taxa assigned to Proteobacteria (1 and 3, respectively) under all treatments and the control were significantly and positively correlated with soil pH and NH4+, whereas eight keystone taxa assigned to Proteobacteria (1 and 7, respectively) negatively correlated with SWC and soil TN. Moreover, one keystone taxa assigned to Chloroflexi were significantly and positively correlated with soil 15N atom %, whereas two keystone taxa assigned to Chloroflexi negatively correlated with soil NH4+. One keystone taxa assigned to Gemmatimonadetes and Bacteroidetes, respectively, were significantly and positively correlated with soil NH4+, whereas two keystone taxa assigned to Acidobacteria and one keystone taxa assigned to Actinobacteria showed a negative correlation with soil NH4+. The Centrality Coefficient indices indicated that the correlations between soil atom 15N, soil NH4+, and putative keystone taxa in the network were higher than those in soil TN, pH, and SWC (Figure 4b).




3.5. Multivariate Relationships between Inner Plant and Soil


Structural equation modeling was performed to uncover the direct pathways by how soil factors impacted the variations in the effects of biochar and fertilizer on plant N and biomass (Figure 5). Soil bacterial keystone taxa, soil N accumulation, and plant N use collectively explained a large proportion of the variation in the effects of biochar and fertilizer on plant N and biomass (64% and 81%, respectively). Soil bacterial keystone taxa, including phylum Acidobacteria (std. coefficient = 0.96, p < 0.001), Actinobacteria (std. coefficient = 0.49, p < 0.05), Chloroflexi (std. coefficient = 0.64, p < 0.001), Firmicutes (std. coefficient = 0.66, p < 0.001), and Proteobacteria (std. coefficient = −0.96, p < 0.001), consistently exerted great significance and negative (std. coefficient = −0.84, p < 0.001) in regulating the responses of soil N to biochar and fertilizer treatments directly by shifting soil 15N atom % (std. coefficient = 0.89, p < 0.001), and soil TN (std. coefficient = −0.89, p < 0.001). Further, soil N accumulation exerted great significant effects (std. coefficient = 0.98, p < 0.001) on the response of plant NUE (std. coefficient = 0.8, p < 0.001) and the competition index (std. coefficient = 0.8, p < 0.001), with soil NH4+ and soil NO3− being insignificant. Plant NUE and competition index drove significant (std. coefficient = 0.78, p < 0.001) effects on the N content of eucalypt foliar (std. coefficient = 0.9, p < 0.001), stem (std. coefficient = 0.94, p < 0.001), and root (std. coefficient = 0.84, p < 0.001). This pattern (std. coefficient = 0.99, p < 0.001) also occurred in dry biomass of eucalypt foliar (std. coefficient = 0.82, p < 0.001), stem (std. coefficient = 0.7, p < 0.001), and root (std. coefficient = 0.73, p < 0.001).



In general, Proteobacteria in soil bacterial keystone taxa significantly and positively derived direct and significant impacts by altering soil N accumulation and plant N use and competition on the plant N accumulation and growth.





4. Discussion


4.1. Plant and Soil Properties


This study investigated the effects of biochar and N fertilizer on plant and soil N availability, as well as soil bacterial keystone taxa important for plant performance of eucalypt. The decrease in SWC across all treatments in the present study contradicts other studies [34,35], resulting from the access to many small particles of biochar to soil colloids may block the connection path of soil interstices and reduce the soil porosity of coarse sands [36]. Moreover, N fertilizer application is known to increase foliar stomatal conductance and plant water use for photosynthesis, which, in turn, may influence soil water content [37]. The lack of a statistically significant effect of biochar alone on soil pH conflicts with the widespread assumption that biochar increases soil alkalinity [38]. Our results may be influenced both by the original soil alkalinity (pH = 8.34) and the characteristics of biochar [16,39]. Soil TN decreased with all treatments relative to the control; this may have occurred because biochar and fertilizer application may promote the absorption and use of soil N by plants (i.e., greater eucalypt plant foliage, stem, and root N in all treatments versus the control). Extractable soil NH4+ increased with biochar amendments shows the positive effects of biochar application on soil inorganic N retention [40] as a result of reduced loss of inorganic N in soils. Moreover, the significant negative effects of biochar and fertilizer on soil NO3− suggest that nitrate nitrogen has become the limiting factor for eucalypt nutrient supply one year after planting, although NH4+ is the preferred N form for eucalypt growth. This pattern is also supported by the contrary variation tendency between soil NH4+ and NO3− in our study.



The significant 15N enrichment increases in either the NF or NFB treatment agree with other studies, showing the effects of N fertilizer on increased plant N uptake [41]. Increased atom % 15N in plant foliage and roots may also reflect the influence of increased plant NUE (Figure 2c). The significant differences in the accumulation of N content in plant tissues were not only influenced by the application of biochar and N fertilizer but also by the growth stage of eucalypt. For example, it is important for plant foliage and roots to accumulate a significant amount of nutrients (especially N) for morphological development rather than the stem during the early stages of eucalypt growth [42]. Also, increased plant foliage, root, and stem TN may benefit from the sufficient soil N supply and the improved soil environment [43]. This finding aligns with the report that biochar and inorganic fertilizers increase plant N uptake, vigor, and production [44,45]. The decrease in forb TN suggested that N uptake for forbs may be suppressed by the significantly increased N competition between eucalypts and forbs. Remarkably, the lack of statistically significant effects of biochar on eucalypt NUE may be a result of the increases in soil nutrient retention following biochar amendment [46,47,48]. In contrast, the notable rise in foliar and stem NUE rather than root NUE observed in the fertilizer treatments agrees with other studies [31,49]; those studies indicated that aboveground N is more easily influenced by fertilizer than underground N. Moreover, the significant increases in the competition index in fertilizer treatments suggest that N fertilizer could contribute to nutrient absorption in eucalypts. However, the increased competition index may be due to the increased N-acquiring capacity of eucalypt, but the suppression of eucalypt to the growth of understory forbs through allelopathy may also occur [30]. Additional studies in future years will help elucidate the specific influence of fertilizer on the plant competition index.




4.2. Soil Microbial Diversity Indices and Composition


Soil compositional and structural diversity showed significantly contrasting responses between treatments and the control. The Shannon, ACE, and Chao indices of soil microbes responded positively to biochar and fertilizer treatments, while the Simpson index had a negative response. Increased soil microbial evenness and richness may result from potential soil NH4+ accumulation, which was archived in the BC and NFB treatments. This finding agrees with the report that biochar applications increase soil bacterial richness via inorganic nutrient input [24,50].



The greater positive associations between Proteobacteria and samples in biochar only and fertilizer only within the network suggest that biochar and fertilizer may increase the growth of phylum Proteobacteria through soil environmental regulation. As the most diverse and rapidly metabolized bacterial phyla and plant growth-promoting bacteria, Proteobacteria are closely related to the soil N supply and pyrogenic C metabolism [23,51]. The lack of greater positive associations between Chloroflexi and NFB may be a result of the sufficient nutrient supply by both biochar and fertilizer, which may lead to the suppression in the growth and reproduction of Chloroflexi bacteria [52]. Desiccation tolerance may have contributed to high dispersal rates in phylum Gemmatimonadetes [53], which is in line with the decreased SWC in all treatments in our study. In general, how biochar and fertilizer affect microbial diversity indices and composition likely depends strongly on the soil nutrient status, as the influence of soil nutrients on microbial growth is well known [54].




4.3. Influence of Biochar and Fertilizer on Relationships between Soil Putative Keystone Taxa and Soil Property


Our results showed that changes in the soil physicochemical properties (especially for soil atom % 15N and NH4+) were important for influencing putative keystone taxa in soil. The significant influence of soil atom % 15N on dominant soil bacteria in our study suggests that the application of fertilizer has the potential to regulate soil bacterial composition on the phylum level by changing the N content in soils. The positive correlations between Proteobacteria taxa and soil NH4+ suggest that soil NH4+ is the preferred inorganic N form for these selected bacterial phyla [55,56,57]. The negative correlations between Proteobacteria taxa and soil TN agree with other reports [2,58]. For example, the negative correlation between the relative abundance of Proteobacteria and soil TN indicates that biochar has the potential to improve soil nutrient availability through regulating phyla γ-Proteobacteria [58]. However, the negatively significant correlations between Actinobacteria, Acidobacteria, and soil NH4+ found in the present study disagree with other studies [59,60,61]. It is known that the metabolites of Actinobacteria have a significant effect on soil quality improvement, and Actinobacteria could be used as an indicator of soil quality potential [2]. Also, soil phylum Acidobacteria could contribute to improving soil fertility, especially for soil N [62,63,64]. This discrepancy may be explained by the longer-term influence of biochar on soil N availability. Repeated and long-term measurements will help elucidate these patterns.



Although biochar is known for its strong ability to increase soil inorganic N, it is essential to note that soil microbes have a selective preference for soil N form [44]. Our results show that NH4+ significantly influences soil putative keystone taxa, indicating that soil NH4+ drives the overall effects on soil bacterial community.




4.4. Pathways of How Microbes Influence Plant Performance


Variations in soil 15N atom % were negatively and directly influenced by the majority of soil putative keystone taxa in our study. It suggests that the growth and reproduction of soil bacterial taxa utilize soil available N and leads to a competition between soil microbes and plant N use and competition [52]. This pattern was certified by the indirect and negative correlation between soil putative keystone taxa and plant N use and competition (Figure 5). Moreover, the positive and direct correlations between soil 15N atom % and plant NUE competition index indicate that N fertilizer application could contribute greatly to the eucalypt N accumulation. The positive and direct correlations between plant NUE, competition index, plant N concentration, and dry biomass indicate that the growth and nutrient accumulation of eucalypt is more influenced by plant NUE and N competition between target crops and undesirable plants [31] than physicochemical properties of soil [27] and soil microbial diversity [26].





5. Conclusions


The present study sought to pursue a comprehensive assessment of the effects of biochar and N fertilizer on soil microbial diversity, plant N use and competition, and plant and soil N, thereby illustrating the variable outcomes that could result in plant performance. It was found that the effects of biochar on plant response variables were minimal, whereas plant and soil response variables were maximized by the application of biochar plus fertilizer. The decrease in the Simpson index between the control and treatments suggests that biochar and N fertilizer may decrease soil microbial dominance via sufficient inorganic N supply, even when there are no significant increases in soil NO3−. This type of effect would ultimately have a positive effect on the broader environment by maintaining a low Simpson index and sustaining ecological balance via moderate N fertilizer input. Results indicate that plant performance was best directly predicted by the soil Proteobacteria in soil keystone taxa, providing useful information on plant N and growth regulation.
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Figure 1. Relative abundance and community composition of dominant bacterial phyla in soils for each treatment and the control. Treatment types include the control (CK, no biochar and no 15N-labeled fertilizer), BC (20 t hm−2 biochar), NF (8 g plant−1 15N-labeled fertilizer), and NFB (20.0 t hm−2 biochar plus 8.0 g plant−15N-labeled fertilizer). Saccharibac.: Saccharibacteria; Planctomyc.: Planctomycetes; Verrucomic.: Verrucomicrobia. 
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Figure 2. Mean (± standard error) atom % 15N (a), plant total nitrogen (TN) concentration (b), plant nitrogen use efficiency (NUE) (c) in different eucalypt plant organs and forbs, competition index for acquiring N (d) under the control and treatments (n = 8). The measurements of root, stem, and foliar are only specific to eucalypts, whereas the measurement for forbs is performed considering the whole plant. Lowercase letters within a panel indicate statistically significant differences among treatments and the control at α = 0.05. * and *** indicate statistically significant differences between treatments and the control at p < 0.05 and p < 0.001 respectively, and “ns” indicates “not significant”. 
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Figure 3. Co-occurrence networks of microbe (CK: (a); BC: (b); NF: (c); NFC: (d)). The size of the connection points is proportional to the number of links. The line represents significant correlations with the absolute value of Spearman (r > 0.5, p < 0.05). 
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Figure 4. Correlations between putative keystone species and soil properties (a) and the degree, closeness, and betweenness of centrality of each soil property shown in the table (b). The red and blue lines stand for significant positive and negative correlations, respectively. The thickness of each line is proportional to the Spearman’s correlation coefficients. 
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Figure 5. Pathways of soil and plant factors affecting the influence of the microbial keystone species in soils on plant N accumulation and dry biomass. Piecewise structural equation modeling accounted for the effects of bacterial composition, soil N supply, and plant N use on the responses of plant performance to biochar and fertilizer. Numbers adjacent to arrows are path coefficients that are the directly standardized effect size of the relationship. The thickness of each arrow represents the strength of the relationship. Yellow and green lines stand for significant negative and positive correlations. Relationships between residual variables of measured predictors are not shown. Significance levels of each predictor are indicated as * (p < 0.05), *** (p < 0.001). TN: total nitrogen; NUE: nitrogen use efficiency. 
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Table 1. Means (±standard errors, n = 8) for soil pH, gravimetric soil water content (SWC), ammonium nitrogen (NH4+), nitrate nitrogen (NO3−), and total nitrogen (TN) of soils. Treatment types include the control (CK, no biochar and no 15N-labeled fertilizer), BC (20 t hm−2 biochar), NF (8 g plant−1 15N-labeled fertilizer), and NFB (20.0 t hm−2 biochar plus 8.0 g plant−15N-labeled fertilizer). Different letters within rows indicate statistically significant differences (p < 0.05) across all treatments and the control.
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	Variables
	CK
	BC
	NF
	NFB





	pH
	8.30 ± 0.07 b
	8.27 ± 0.07 b
	8.39 ± 0.12 b
	8.55 ±0.24 a



	SWC
	0.19 ± 0.02 a
	0.18 ± 0.01 b
	0.15 ± 0.011 c
	0.15 ± 0.02 c



	NH4+ (mg g−1)
	0.024 ± 0.00 c
	0.025 ±0.00 b
	0.024 ± 0.00 bc
	0.026 ± 0.00 a



	NO3− (mg g−1)
	0.013 ± 0.01 a
	0.0033 ± 0.00 b
	0.0051 ± 0.00 b
	0.0028 ± 0.00 b



	TN (mg g−1)
	1.02 ±0.13 a
	0.90 ± 0.05 b
	0.76 ± 0.03 c
	0.67 ± 0.02 d










 





Table 2. Means (±standard errors, n = 8) for soil bacterial Shannon, Simpson, Ace, Chao indices. Treatment types include the control (CK, no biochar and no 15N-labeled fertilizer), BC (20 t hm−2 biochar), NF (8 g plant−1 15N-labeled fertilizer), and NFB (20.0 t hm−2 biochar plus 8.0 g plant−15N-labeled fertilizer). Differences in lowercase letters within rows indicate statistically significant differences among all treatments and the control at α = 0.05 level.






Table 2. Means (±standard errors, n = 8) for soil bacterial Shannon, Simpson, Ace, Chao indices. Treatment types include the control (CK, no biochar and no 15N-labeled fertilizer), BC (20 t hm−2 biochar), NF (8 g plant−1 15N-labeled fertilizer), and NFB (20.0 t hm−2 biochar plus 8.0 g plant−15N-labeled fertilizer). Differences in lowercase letters within rows indicate statistically significant differences among all treatments and the control at α = 0.05 level.





	Variables
	CK
	BC
	NF
	NFB





	Shannon
	6.19 ± 0.02 b
	6.82 ± 0.06 a
	6.81 ±0.14 a
	6.69 ± 0.03 a



	Simpson
	0.0077 ± 0.00 a
	0.0026 ± 0.00 c
	0.0031 ± 0.00 bc
	0.0037 ± 0.00 b



	Ace
	2859.84 ± 17.24 c
	3894.84 ± 21.66 b
	4130.52 ± 154.49 a
	3831.25 ± 107.69 b



	Chao
	2873.06 ± 10.62 c
	3875.11 ± 0.85 b
	4150.72 ± 156.78 a
	3812.07 ± 63.49 b
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