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Soil fertility can be improved by effectively utilizing agricultural waste. Straw can supply energy and wood ash adds nutrients to improve soil quality. However, few kinds of research have investigated the effect of wood ash and straw on soil carbon sequestration and the soil bacterial population, particularly in calcareous soils. The main goal of this current study was to quantify the impact of a combination of wood ash and straw on the indicators described above using stable δ13C isotope analyses by applying wheat straw to calcareous soil under a long-term C4 crop rotation. The incubation experiment included four treatments as follows: (i) no amendment (Control); (ii) amendment with wood ash (W); (iii) amendment with straw (S); and (iv) a combined amendment of straw and wood ash (SW). Our results showed that sequestration of soil inorganic carbon (SIC) in the SW and W treatments was higher (an average of 7.78%) than that in the S and Control treatments. The sequestered soil organic carbon (SOC) in the SW treatment was 1.25-fold greater than that in the S treatment, while there was no evident effect on the SOC content compared with straw alone. The microbial biomass carbon increased under SW by 143.33%, S by 102.23%, and W by 13.89% relative to control. The dissolved organic carbon increased under SW by 112.0%, S by 66.61%, and W by 37.33% relative to the control. The pH and electrical conductivity were higher in the SW and W treatments than in the S treatment and the control. The SW was conducive to maintaining soil enzymatic activities and bacterial diversity. Bacteroidetes and Actinobacteriota were dominant in SW, while the Acidobacteria phyla were dominant in the S treatment. The diversity of bacteria in the soil and community composition of the bacteria were predominantly assessed by the levels of water-soluble K, pH, and electrical conductivity. The incorporation of straw and wood ash is probably more effective at improving SIC and SOC sequestration and ameliorates the soil microhabitat.
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INTRODUCTION

It is very common to use agricultural wastes to boost soil fertility (Talukdar et al., 2018; Li et al., 2021). The principal soil organic carbon (SOC) source in farming systems is organic manure and crop residues (Liang et al., 2021; Yang et al., 2022). In some geographical regions, organic manure is commonly for cash crops, and straw return effectively improves SOC sequestration in farmland systems. Large amounts of wood ash produced from wood industries are one of the challenging processes that the companies face (Juárez et al., 2013). Recycling biomass ash in the agricultural industry can provide use for biomass ash by recycling it, which could settle the issues of disposal and reduce the need for commercial fertilizer to use on crops.

In one previous study, Zhao et al. (2017, 2018) reported that combining wood ash and straw could minimize CO2 emissions, which are largely due to inorganic carbon formation. Nonetheless, the impact of combining crop straw and wood ash on SOC turnover in calcareous soil has not been fully understood yet. Previous studies have found that using mineral amendments, such as wood ash, to apply to the soil resulted in carbon with a high specific surface area and high contents of metal oxides that can help organic residues to raise the amount of C in the soil (Reed et al., 2017; Muhammad et al., 2021a). Lei et al. (2019) have reported that both fly ash composite and organic fertilizer can be used to improve reclaimed soil. It is not clear whether wood ash promotes or inhibits C mineralization in native SOC, particularly when combined with straw, and also, little is known regarding the combination of straw-derived C sequestered in calcareous soil.

In addition, it is highly important to investigate the modifications induced by the addition of straw and wood ash to the soil microbial community. Bacterial diversity and abundance are the foundations for soil productivity in agricultural systems (Fierer and Jackson, 2006; Fierer et al., 2007; Bhat, 2013; Muhammad et al., 2021b). So far, most of the studies have focused on the addition of wood ash to acidic agricultural and forest soils. In addition, some of the studies that analyzed soil biological characteristics produced conflicting reports on the usage of wood ash in the components of soil biology. Peltoniemi et al. (2016) showed that mycorrhizae and wood-decomposing fungi appeared owing to the higher pH and additional nutrients caused by wood ash fertilization in acidic soil. Noyce et al. (2016) observed that wood ash addition has only minimal effects on the composition of the soil microbial community in sites across two distinct global forest biomes. Straw provides energy for the soil, and wood ash provides nutrients for the soil. However, few studies have explored the combination of microbial communities, especially in calcareous soils.

An incubation experiment was conducted on the chemical properties, soil carbon sequestration, and bacterial community in calcareous agricultural soil after amendments with straw and wood ash. Our goals were to (i) investigate the soil carbon sequestration variations after adding a combination of wood ash and straw, (ii) measure the enzyme activities and soil bacterial communities after the adjunction of a combination of straw and wood ash, and (iii) illustrate the interactions that take place between soil bacterial communities and carbon sequestration. We hypothesized that the adjunction of straw and wood ash would enhance the nutrient supply and alter the soil pH, consequently increasing the activities of soil enzymes and the relative diversity and abundance of the soil bacteria, resulting in greater amounts of soil carbon sequestration.



MATERIALS AND METHODS


Characterization of Wood Ash, Wheat Straw, and the Soil

We randomly collected soil samples from several sampling points of the top 20-cm layer (One composite soil sample) in the Changwu Agricultural and Ecological Experimental Station (35.14° N, 107.40° E; 1,152 m a.s.l.) on the Loess Plateau in northwestern China. This field has been cultivated under a monocropped planting of maize, a C4 crop, for at least 12 years. When the soil was air-dried and well mixed, dislodged crop residues were passed through a sieve of 2 mm. The soil with a δ13C value of −19.5% was classified as a Cumuli-UsticIsohumosol by the USDA classification system and had a silty loam texture. The soil samples contained 8.9 g kg–1 SOC, 1.2 g kg–1 total nitrogen (TN), 163.0 mg kg–1 microbial biomass carbon (MBC), 32.4 mg kg–1 dissolved organic carbon (DOC) as determined in the methods below, 18.4 mg kg–1 of available phosphorus, and 152.3 mg kg–1 of available potassium, pH (H2O) 7.9 (Gong et al., 2007).

Wheat straw (a C3 plant) harvested from the Doukou Experimental Station of Northwest A&F University (Shaanxi, China) was dried in a 60°C oven and cut into small pieces that were approximately 2 cm long before they were mixed with the soil. The straw had total C and N contents of 456.1 and 6.8 g kg–1 (66 C:N). The wheat straw had a δ13C value of −27.5%.

The wood ash was the ash of kiwifruit branches after burning. The ash was then dried for 24 h in a 60°C oven and mixed before use and analysis. The δ13C value of the wood ash was −26.4‰ (SE). The total carbon from the wood ash (as described in the method below) and the organic C were 39.3 g kg–1 and 3.2 g kg–1, respectively, and the soil inorganic carbon (SIC) added from the wood ash was 432 mg C kg–1 soil. This study comparatively assessed the composition of the chemicals in the wood ash used in these experiments concerning the wood ash used in other studies to evaluate to what extent the results of this study could be extrapolated to other wood ash and soils (Table 1).


TABLE 1. Elemental composition of the wood ash used in this study and those from other studies.
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Experimental Design

The incubation experiment was conducted at 25°C in a dark laboratory, which included four treatments with three replicates: (1) no amendment (Control), (2) amendment with wood ash (W, 12 g kg–1 soil), (3) amendment with wheat straw (S, 10 g kg–1 soil), and (4) amendment with combined wheat straw and wood ash (SW, 10 g straw kg–1 and 12 g wood ash kg–1 soil). The soils (250 g dry weight equivalent) were mixed with straw and/or wood and then incubated in 12 plastic jars 15 cm high and 9 cm in diameter. Diammonium phosphate and urea were suspended in deionized water before addition as a solution (159 mg N kg–1 dry soil, which corresponded to 357 kg–1 ha–1 in field conditions, and 185 mg P2O5 kg–1 dry soil, which corresponded to 416 kg–1 ha–1 in field conditions). The soil moisture (or soil-straw and/or wood ash mixture) in the jars was adjusted to 70% of field water holding capacity by weighing and adding distilled water and maintained throughout the experiment.



Measurement of Soil CO2 Effluxes and Soil Characteristics

The entire process for the incubation and determination of CO2 and its calculations was conducted as described by Zhao et al. (2017) and Zhao et al. (2018). Soil CO2 emissions were determined and calculated on days 2, 3, 4, 5, 7, 10, 15, 20, 25, 35, 45, 65, 95, and 118 after incubation, and the small plastic bottle containing NaOH was exchanged for a new one. The trapped CO2 was precipitated with 1.0 mol L–1 BaCl2, and then titrated with standard 0.1 mol L–1 HCl to quantify the released CO2. All the samples pass through a 2 mm sieve, mixed evenly, and separated into three subsamples at the end of incubation. One portion was stored at 4°C for analysis; one was dried in the open air for soil analysis. The other was stored at −80°C for DNA extraction and subsequent molecular analyses. The SOC was determined using the wet-oxidation-redox titration method (Lu, 2000). We measured the δ13C natural abundance of the wood ash, SOC, and wheat straw as described by Zhao et al. (2017) and Zhao et al. (2018). After the incubation with straw, any partially decomposed plant residue was removed from the soils using a dry-sieving/winnowing procedure. One gram of soil was preconditioned for 12 hours with 10 mlL of 1 M HCl to extricate the carbonate. We quantified the amount of straw-derived C (newly formed SOC) using a two two-end-member mixing model (Balesdent et al., 1987).
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where fnew (%) is the ratio of SOC from wheat straw to total SOC; δ13Csoc–a is the δ13C of SOC in the amended soil samples following incubation; δ13Csoc–b is the δ13C of SOC in non-amended soil samples before incubation, and the δ13Cmaterial is δ13C of straw an d straw plus the wood ash mixture.
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The amount of sequestered SOC was calculated as follows (Kirkby et al., 2014):
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SOCa and SOCb are the amounts of SOC with straw amendments added after the incubation and those without straw before the incubation, respectively.
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The soil MBC was measured using a chloroform-fumigation as an extractant (Vance et al., 1987). The DOC was extracted from 10 g of moist soil at 25.8°C using a ratio of 1:2.5 soils to water (Jiang et al., 2006). The soil TN was determined as Huang et al. (2007) described. The soil pH and electrical conductivity (EC) were determined in a 1:5 slurry of soil:water (w/w). Mineral nitrogen (Min-N) included ammonium nitrogen (AN) and nitrate nitrogen (NN). The soil KCl-extractable AN and NN were extracted with 2 M of KCl, steam distillation, and titration for analysis. The SIC was determined as described by Bao (2008). The total carbon of wood ash and soil organic C were measured using an elemental analyzer (Vario MAX; Elementar, Germany). The activity of catalase was determined by titrating with KMnO4 using H2O2 as the substrate (Guan, 1986). Invertase activity was assayed by titration with sodium thiosulfate as described by Guan (1986). Dehydrogenase (EC 1.1) activity was estimated by reducing 2,3,5-triphenylterazolium chloride (Casida et al., 1964). The activities of three hydrolytic enzymes, β-glucosidase, β-1,4-xylosidase, and cellobiohydrolase, were measured with some buffer modifications using a fluorescent microplate enzyme assay (DeForest, 2009).



Soil Total Community DNA Extraction and 16S rRNA Sequencing

Samples of the total genomic DNA were extracted using an OMEGA Soil DNA Kit (D5625-01) (Omega Bio-Tek, Norcross, GA, United States) following the manufacturer’s instructions and then stored at −20°C for additional analysis. The quantity and quality of the extracted DNAs were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively. High-throughput sequencing of the bacterial 16S rRNA genes from the soil samples was performed by the Xuan Chen Biological Technology Co., Ltd. (Shaanxi, China). The V3–V4 regions of the bacterial 16S rRNA genes were amplified using the forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′).



Statistical Analysis

ASV-level alpha diversity indices, such as the Chao1 richness estimator, Shannon diversity index, Observed reads, and Good’s coverage, were calculated using the ASV table in QIIME2 and visualized as box plots. Graphs were prepared using SigmaPlot 12.5 (SYSTAT, San Jose, CA, United States). A correlation analysis was conducted using HemI. Distance-based redundancy analysis with CANOCO 5.0 was used to analyze the correlations between the physicochemical and biological properties of the soil and bacterial community structure. Variance partition analysis (VPA) was used to quantify the contribution rates of the major bacterial communities to SOC using the “Vegan” program in R 3.5.1 statistical software. A one-way ANOVA was used to assess the effects of wood ash and straw on soil chemical characteristics, soil carbon sequestration, and soil bacterial diversity and community. All ANOVAs were conducted using a general linear model (GLM), and significant differences between means were identified using Fisher’s protected least significant difference (LSD) test at p ≤ 0.05.

All of the sequence data were deposited in the NCBI Sequence Read Archive (SRA) database under accession number PRJNA827340.




RESULTS


Soil C Mineralization, Soil Chemical Characteristics and Enzyme Activities

The cumulative CO2-C emissions (namely all of the CO2 measurements) decreased by 11.1% in the treatment with wood ash compared with that of soil alone. Moreover, the cumulative CO2-C emissions decreased by 6.0% in straw plus wood ash treatment relative to the addition of straw alone (Table 2). The SOC between straw alone and straw plus wood ash treatments did not differ significantly. However, the wheat straw addition decreased soil δ13C value (Figure 1A; the contents of newly and sequestered SOC increased by 8.8 and 54.7% in the straw plus wood ash relative to straw treatment, respectively (Figures 1B,C). Straw addition promoted native SOC mineralized (Figure 1D). On average, SIC content (removed the SIC in wood ash) showed an increase of 218 mg C kg–1 soil under the wood ash treatments with or without straw relative to those under the control and straw treatment (Table 2). This study showed that wood ash amendment significantly increased SICS content. The DOC and MBC levels for the straw plus wood ash, straw, and wood ash treatments increased by 112, 66, and 37%; and 143, 102, and 14%, respectively, with significant differences compared with the control treatment (Table 2). The high soil pH following wood ash amendment increased the solubility of organic matter compared to that of organic matter in soil samples with no amendment, which resulted in higher DOC content in the wood ash-amended soil.


TABLE 2. Effects of wood ash, maize straw residue, and their interaction on soil chemical characteristics and enzyme activity after 118 days of incubation.
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FIGURE 1. Effects of wood ash and straw treatments (addition or no addition) on the value of soil δ13C (A), on the net change in soil organic carbon (SOC) sequestration (B), on newly SOC formed (C) and native SOC mineralization (D) at the end of incubation. Data (means ± SE, n = 3) followed by different letters indicate significant differences among the treatments at p < 0.05. See formulas 2, 3, and 4 for the calculation of native SOC minimization. **Indicated that there was significant difference between straw and other treatments.


The highest soluble K was found in the soil amended with straw, followed by treatment with wood ash, indicating that the availability of potassium from the wood ash was relatively high and was even equivalent to the soil in which mineral K sulfate fertilizer was used applied (Table 2). The data showed that the soil pH differed significantly among the treatments. The application of wood ash brought about an average augment of pH from 7.9 in the control and straw treatments to 8.2 in wood ash and straw plus wood ash treatments (Table 2). The EC in wood ash, and straw plus wood ash treatments was 33.7 and 30.4% higher than that of the control, respectively (Table 2).

The effects of the addition of straw and the interaction of application of straw × wood ash on catalase and dehydrogenase activity were significant (Table 2). Only adding wood ash decreased the activities of cellobiohydrolase, catalase, and dehydrogenase. However, integrating straw with wood ash maintained them at the original level. Surprisingly, adding wood ash alone increased invertase activity, and integrating straw with wood ash further enhanced their activities.

The correlation analysis revealed that the DOC, Smoisture, K, Mg, and TN were significantly and positively correlated with each other and soil enzyme activities, while significantly negatively correlated to Min-N (Table 3). Similarly, the invertase, catalase, dehydrogenase, β-1,4-xylosidase, cellobiohydrolase, and β-glucosidase activities were also highly positive and significantly correlated with each other and negatively correlated to Min-N (Table 3).


TABLE 3. Pearson’s correlation analysis for soil enzymes and physio-chemical properties.
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Species Richness and Diversity of Bacteria

The Chao1 indices did not identify any significant differences among the treatments. The Shannon index of the wood ash, straw, and straw plus wood ash treatments was higher than the Control (Figures 2A,B). In contrast, the Shannon index significantly positively correlated with the DOC (r = 0.67, P < 0.05), MBC (r = 0.59, P < 0.05), TN (r = 0.60, P < 0.05), pH (r = 0.80, P < .01), and EC (r = 0.82, P < 0.01) (Figure 2C), suggesting that the diversity of soil bacteria was affected by soil labile carbon and pH among the addition of exogenous substances.


[image: image]

FIGURE 2. (A,B) The richness of soil bacterial community and the diversity of soil for each treatment after incubation for 118 days. (C) Pearson’s correlation coefficients between alpha diversity and soil properties. *P < 0.05; **P < 0.01. Data (means ± SE, n = 3) followed by different letters indicate significant differences among the treatments at p < 0.05.




Bacterial Community Structure

The Illumina platform analysis was adopted to clarify the soil’s bacterial community structure and composition. Proteobacteria, Chloroflexi, and Gemmatimonadetes were the three dominant phyla, and the abundances of phyla of Acidobacteriota, Actinobacteriota, and Bacteroidetes differed significantly between the wood ash, straw plus wood ash, and straw alone treatments, thus indicating that the change of soil pH changed the relative abundance of bacteria (Figure 3).
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FIGURE 3. The relative abundance of levels of different phyla in this study. Control, soil alone; W, addition of wood ash; S, addition of wheat straw; SW, addition of wheat straw plus wood ash. Data (means ± SE, n = 3) followed by different letters indicate significant differences among the treatments at p < 0.05.


Twelve samples were investigated at the 90% similarity level (three in each of the four treatments) and divided into two main groups (Supplementary Figure 1). The straw, straw plus wood ash treatments grouped with the control, and only the wood ash amendment formed a group. Moreover, the three replicate samples of each treatment were most closely related to each other (Supplementary Figure 1). Therefore, these data suggest an important role for straw in alleviating bacterial community changes caused by amendment with wood ash. A Venn diagram demonstrated that the OTUs differed among four treatments (Supplementary Figure 2). OTUs ranged from 156 (straw plus wood ash) to 336 (straw). Only 1,468 out of a total of 3,841 OTUs were shared by all four treatments (Supplementary Figure 2).

Distance-based redundancy analysis (db-RDA; Figure 4A) and Pearson’s correlation coefficient (Figure 5) were performed to examine the relationship between chemical characteristics, enzyme activities, and bacterial community composition. The bacterial communities shifted with the addition of straw and wood ash along RDA1 and RDA2, respectively. The study also showed that the six soil samples treated with wood ash and straw plus wood ash were closely related and differed significantly from the samples treated with straw alone and those from the Control (Figure 4A). Environmental factors significantly correlated with the composition of the bacterial community. These factors explained 85.5% of the bacterial community variation (Figure 4A). Among all the environmental variables examined, the water-soluble K (F = 9.3, P = 0.002), soil EC (F = 5.4, P = 0.008), pH (F = 4.6, P = 0.01), DOC (F = 3.2, P = 0.05) and TN (F = 3.1, P = 0.04) explained 48.1, 35.3, 31.4 24.0, 24.0 and 23.5% of the variation of communities, respectively, indicating that these variables have an important role in altering the bacterial communities (Figure 4A). A VPA analysis indicated that the relative abundances of Acidobacteria, Actinobacteria, and Bacteroidetes contributed 14, 10, and 5% to the variation in the content of SOC, respectively (Figure 4B). The total rate of contribution of each variable and its interaction with the variation in the content of SOC was 54%.
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FIGURE 4. Distance-based redundancy analysis to show the correlations between the bacterial phyla and chemical characteristics (A) and variance partition analysis (B) between the sequestered SOC of bacterial phyla from different treatments.



[image: image]

FIGURE 5. Pearson’s correlation between soil characteristics and the relative abundance of bacterial groups (phylum level). **Correlation is significant at the 0.01 level. *Correlation is significant at the 0.05 level.


Furthermore, the relationship between the relative abundance (> 1%) of the soil characteristics and phyla is shown in Figure 5. The sub-phylum Alphaproteobacteria negatively correlated with the contents of DOC, MBC content, pH, and EC. The Gemmatimonadetes had a significantly negative relationship with the cumulative CO2-C (P < 0.05), β-1, 4-xylosidase (r = 0.81, P < 0.01), β-glucosidase (r = 0.84, P < 0.01), and cellobiohydrolase (r = 0.68, P < 0.05). In addition, the Acidobacteriota had a clear opposite trend of a positive correlation. Furthermore, Actinobacteriota, Bacteroidetes, and Myxococcota positively correlated with the soil pH and EC to a remarkable extent (Figure 5). The data on community composition for each bacterial phyla were clustered based on abundance distribution or degree of similarity. The bacterial phyla, straw, and wood ash were graded independently and presented using heat maps based on the clustering results. Color gradients were adopted to differentiate between phyla with high and low abundance (Figure 6).
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FIGURE 6. Microbial community composition of top 50 abundant operational taxonomic units (OTUs) and their abundance level with cluster analysis. The dendrogram linkages and OTUs distances are not phylogenetic but based upon the reads number. The legend and scale represent the abundance of OTUs (Y-axis) within each sample (X-axis). The red indicates more abundant phyla and the blue represents less abundant phyla in the corresponding samples.





DISCUSSION


Effects of the Application of Wood Ash and Straw on the Mineralization of Soil C, Soil Chemical Properties, and Enzyme Activities

In some studies, the effects of wood ash on the CO2 emissions of forest peat land increased owing to an increase in the pH and nutrient contents of the soil (Moilanen et al., 2012). In contrast, Klemedtsson et al. (2010) found that amendment with wood ash could be an appropriate mitigation measure for CO2 emissions from a spruce forest. This study found that the application of wood ash significantly decreased soil CO2 emission in the order of straw > straw plus wood ash > control > wood ash (Table 2). The decrease in CO2 emissions in straw plus wood ash treatment was much higher than the SIC content, which could be partly owing to the formation of SIC and partly owing to the conversion of more straw to newly formed SOC (e.g., the MBC and DOC). Those results indicated that the addition of wood ash did reduce CO2 emissions in acidic and alkaline soils. In addition, the data showed that the addition of wood ash promoted the formation of new organic carbon and the retention of net organic carbon but did not affect the mineralization of native SOC. This result suggests that when wood ash was present, the increase in the content of SOC might be owing to the progressive breakdown and transformation of straw by the enhanced dehydrogenase and invertase activities. However, this result was consistent with that of Reed et al. (2017), who noted that wood ash brought about a lasting beneficial impact on SOM turnover owing to the CEC and the ability of the specific surface area of wood ash to chemically stabilize the SOM.

The addition of straw and wood ash enhanced the contents of MBC and DOC relative to treatment with the addition of straw (Table 2), which may be directly affected by the enhanced enzyme activity and a change in the pH of the soil. The applications of wood ash increased the pH, which was influenced largely by the dissolution of several oxides, hydroxides, carbonates, and bicarbonates contained in wood ash (Vassilev et al., 2013). Consistent with the change in pH, the increase in soil EC after wood ash was added was owing to the dissolution of wood ash during cultivation that contained high amounts of alkaline ions (Table 2). The addition of straw and wood ash affected mineral nitrogen with the order: straw plus wood ash < straw < wood ash ≈ Control (Table 2). This indicated the combination increased the immobilization of mineral nitrogen, which may further promote soil organic nitrogen formation, improve the inorganic nitrogen sequestration, and reduce the leaching loss of nitrogen (Muhammad et al., 2022b).

The fact that catalase and dehydrogenase were only reduced by wood ash could be attributed to at least two reasons. First, the wood ash adsorbed the substrate used by catalase and dehydrogenase and inhibited the progress of enzyme reaction. Second, the high pH of the wood ash itself could also change the microbial community, resulting in a decrease in the secretion of catalase and dehydrogenase. The promotion of enzyme activity by straw plus wood ash was owing to the high pH caused by added wood ash to promote the hydrolysis of straw to produce more catalase and dehydrogenase reaction matrix (Gömöryová et al., 2016; Bang-Andreasen et al., 2017). The invertase activity was enhanced underwood ash compared with the control. This was probably caused by the increase in pH due to wood ash, which aided in releasing more sucrose from the straw or soil (Table 2).



Effects of the Application of Wood Ash and Straw on Soil Bacterial Diversity

There were no differences in bacterial species richness among the treatments. Toke et al. (2017) recently found that the EC and pH had an adverse impact on bacterial diversity, while our results are contrary to theirs; we found that the MBC, DOC, pH, and EC have an important role in the increase in bacterial diversity based on Pearson’s correlation coefficients (Figure 2). Indeed, the decomposition of C provides energy for most soil microorganisms, and recent studies found that soil bacterial diversity is driven by soil C storage (Delgado-Baquerizo et al., 2013; Maestre et al., 2013; Muhammad et al., 2022a). However, the long-term experiment combining straw with wood ash used in the field merits further study.



Effects of the Application of Wood Ash and Straw on the Soil Bacterial Community Structure

Soil pH is a primary factor regulating microbial community structure. High pH values were favorable to Bacteroidetes and Actinobacteriota (Lauber et al., 2009; Rousk et al., 2010). Bacteroidota and Actinobacteriota increased relative abundance following the straw plus wood ash and wood ash alone relative to the straw alone (Figure 3). Noyce et al. (2016) indicated that applying wood ash could increase the abundance of Bacteroidota. The possible increase in DOC and the more neutral pH at applications of 22 t ha–1 of ash improves the conditions for the growth of the copiotrophic Bacteroidota. Acidobacteriota was enhanced by the straw alone and is a heterotroph that can utilize extensive carbon sources (Ward et al., 2009; Langille et al., 2013), thus, displaying a crucial role in the carbon cycle. The control treatment, in concert with the lack of effects of the application of degradable C, can help explain the lower bacterial numbers and the increased abundance of Firmicutes in this treatment that lacked amendments. The dominant phylum Proteobacteria maintains a high relative abundance (32.4–36.5%) throughout all the treatments (Figure 3), which the general resistance of Proteobacteria might explain to environmental changes (Barnard et al., 2013). This study found that the highest percentage of Alphaproteobacteria was identified in the treatment that lacked amendments (lower pH), which is inconsistent with those of Ding et al. (2016), who found that the populations of Alphaproteobacteria negatively correlated with the soil pH. In addition, soil moisture is a critical factor in governing soil community composition.




CONCLUSION

This study showed that the addition of wood ash to agricultural soil could obviously vary in its chemical and microbial characteristics. Treatments with wood ash (straw plus wood ash and wood ash) increased the content of SIC relative to other treatments. The amounts of newly SOC formed and sequestered SOC in the straw plus wood ash treatment were greater than those in the straw treatment. Our results confirmed that adding exogenous substances enhanced the bacterial diversity compared with that of the control. Furthermore, a redundancy analysis showed that the EC and water-soluble K are the most influential factors that determine the structure of soil bacterial communities. In conclusion, integrating straw with wood ash had the same effect on bacterial diversity relative to the addition of straw alone. However, the former might be conducive to SOC and SIC sequestration.



DATA AVAILABILITY STATEMENT

The data presented in this study are deposited in the https://www.ncbi.nlm.nih.gov/search/all/?term=PRJNA827340 repository, accession number BioProject: PRJNA827340.



AUTHOR CONTRIBUTIONS

HZ, SA, NW, XT, BS, and YZ designed all the experiments and wrote the manuscript. HZ, XT, JY, and LW were responsible for performing the field and lab experiments. HZ, LS, and SA wrote, reviewed, and edited the manuscript. All authors analyzed all data and discussed the results.



FUNDING

This work was supported by the Natural Science Foundation of Shandong Province, Grant/Award (ZR2020QD115, ZR2019JQ12), the National Key Research and Development Program of China (2016YFD0200308), the Taishan Scholars Program, China, Grant/Award (tsqn201812097), the Major Scientific and Technological Innovation Projects of Shandong Key R & D Plan, Grant/Award (2019JZZY010710).



ACKNOWLEDGMENTS

We would like to thank XT and YZ for the strong support in revising the final version of the manuscript. We would also like to thank all the funding sources and especially to Ludong University for the financial assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.926506/full#supplementary-material



REFERENCES

Balesdent, J., Mariotti, A., and Guillet, B. (1987). Natural 13C abundance as a tracer for studies of soil organic matter dynamics. Soil Biol. Biochem. 19, 25–30. doi: 10.1016/0038-0717(87)90120-9

Bang-Andreasen, T., Nielsen, J. T., Voriskova, J., Heise, J., Ronn, R., Kjoller, R., et al. (2017). Wood ash induced ph changes strongly affect soil bacterial numbers and community composition. Front. Microbiol. 8:1400. doi: 10.3389/fmicb.2017.01400

Bao, S. D. (2008). Soil Agrochemistry Analysis. Beijing: Chinese Agriculture Press.

Barnard, R. L., Osborne, C. A., and Firestone, M. K. (2013). Responses of soil bacterial and fungal communities to extreme desiccation and rewetting. ISME. J. 7, 2229–2241. doi: 10.1038/ismej.2013.104

Bhat, A. K. (2013). Preserving microbial diversity of soil ecosystem: a key to sustainable productivity. Int. J. Curr. Microbiol. Appl. Sci.. 2, 85–101. doi: 10.1038/s41598-021-97373-6

Casida, L. E., Kklein, D. A., and Santoro, T. (1964). Soil dehydrogenase activity. Soil Sci. 98, 371–376. doi: 10.1097/00010694-196412000-00004

DeForest, J. L. (2009). The influence of time, storage temperature, and substrate age on potential soil enzyme activity in acidic forest soils using MUB-linked substrates and L-DOPA. Soil Biol. Biochem. 41, 1180–1186. doi: 10.1016/j.soilbio.2009.02.029

Delgado-Baquerizo, M., Maestre, F. T., Gallardo, A., Bowker, M. A., Wallenstein, M. D., Quero, J. L., et al. (2013). Decoupling of soil nutrient cycles as a function of aridity in global drylands. Nature 502, 672–676. doi: 10.1038/nature12670

Ding, J. L., Jiang, X., Ma, M. C., Zhou, B. K., Guan, D. W., Zhao, B. S., et al. (2016). Effect of 35 years inorganic fertilizer and manure amendment on structure of bacterial and archaeal communities in black soil of northeast china. Appl. Soil. Ecol. 105, 187–195.

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological classification of soil bacteria. Ecology 88, 1354–1364.

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil bacterial communities. proceedings of the national academy of sciences of the united states of America. PNAS 103, 626–631. doi: 10.1073/pnas.0507535103

Gömöryová, E., Pichler, V., Tóthová, S., and Gömöry, D. (2016). Changes of chemical and biological properties of distinct forest floor layers after wood ash application in a norway spruce stand. Forests 7:108. doi: 10.3390/f7050108

Gong, Z. T., Zhang, G. L., and Chen, Z. C. (2007). Pedogenesis and Soil Taxonomy. Beijing: Science Press Publishing.

Guan, S. (1986). Soil Enzymes and Its Methodology. Beijing: Agricultural Press.

Huang, B., Sun, W., Zhao, Y., Zhu, J., Yang, R., Zou, Z., et al. (2007). Temporal and spatial variability of soil organic matter and total nitrogen in an agricultural ecosystem as affected by farming practices. Geoderma 139, 336–345.

Jiang, P. K., Xu, Q. F., Xu, Z. H., and Cao, Z. H. (2006). Seasonal changes in soil labile organic carbon pools within a Phyllostachys praecox stand under high rate fertilization and winter mulch in subtropical China. Forest Ecol. Manag. 236, 30–36. doi: 10.1016/j.foreco.2006.06.010

Juárez, M. F. D., Waldhuber, S., Knapp, A., Partl, C., Gómez-Brandón, M., and Insam, H. (2013). Wood Ash Effects on Chemical and Microbiological Properties of Digestate- and Manure-Amended Soils. Biol. Fert. Soils 49, 575–585. doi: 10.1007/s00374-012-0747-5

Kirkby, C. A., Richardson, A. E., Wade, L. J., Passioura, J. B., Batten, G. D., Blanchard, C., et al. (2014). Nutrient Availability Limits Carbon Sequestration in Arable Soils. Soil Biol. Biochem. 68, 402–409. doi: 10.1016/j.soilbio.2013.09.032

Klemedtsson, L., Ernfors, M., Björk, R. G., Weslien, P., Rütting, T., Crill, P., et al. (2010). Reduction of Greenhouse Gas Emissions by Wood Ash Application to a Picea Abies (L.) Karst. Eur. J. of Soil Sci. 61, 734–744. doi: 10.1111/j.1365-2389.2010.01279.x

Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821. doi: 10.1038/nbt.2676

Lauber, C. L., Hamady, M., Knight, R., and Fierer, N. (2009). Pyrosequencing-based assessment of soil pH as a predictor of soil bacterial community structure at the continental scale. Appl. Environ. Microb. 75, 5111–5120. doi: 10.1128/AEM.00335-09

Lei, N., Han, J. C., Mu, X. M., Sun, Z. H., and Wang, H. Y. (2019). Effects of improved materials on reclamation of soil properties and crop yield in hollow villages in china. J. Soil Sediment 19, 2374–2380.

Li, Y. Y., Feng, G., Tewolde, H., Zhang, F. B., Yan, C., and Yang, M. Y. (2021). Soil aggregation and water holding capacity of soil amended with agro-industrial byproducts and poultry litter. J. Soil Sediment 21, 1127–1135. doi: 10.1007/s11368-020-02837-3

Liang, X. M., Chen, Q., Rana, M. S., Dong, Z. H., Liu, X. D., Hu, C. X., et al. (2021). Effects of soil amendments on soil fertility and fruit yield through alterations in soil carbon fractions. J. Soil Sediment 21, 2628–2638. doi: 10.1007/s11368-021-02932-z

Lu, R. K. (2000). Methods for Soil Agrochemistry Analysis. Beijing: China Agricultural Science and Technology Press.

Maestre, F. T., Escolar, De, Guevara, M. L., Quero, J. L., Lázaro, R., Delgado-Baquerizo, M., et al. (2013). Changes in biocrust cover drive carbon cycle responses to climate change in drylands. Global Change Biol. 19, 3835–3847. doi: 10.1111/gcb.12306

Moilanen, M., Hytönen, J., and Leppälä, M. (2012). Application of wood ash accelerates soil respiration and tree growth on drained peatland. Eur. J. Soil Sci. 63, 467–475. doi: 10.1111/j.1365-2389.2012.01467.x

Muhammad, I., Yang, L., Ahmad, S., Zeeshan, M., Farooq, S., Ali, I., et al. (2022b). Irrigation and nitrogen fertilization alter soil bacterial communities, soil enzyme activities, and nutrient availability in maize crop. Front. Microbiol. 13:833758. doi: 10.3389/fmicb.2022.833758

Muhammad, I., Lv, J. Z., Wang, J., Ahmad, S., Farooq, S., Ali, S., et al. (2022a). Regulation of Soil Microbial Community Structure and Biomass to Mitigate Soil Greenhouse Gas Emission. Front. Microbiol. 13:868862. doi: 10.3389/fmicb.2022.868862

Muhammad, I., Wang, J., Khan, A., Ahmad, S., Yang, L., Ali, I., et al. (2021a). Impact of the mixture verses solo residue management and climatic conditions on soil microbial biomass carbon to nitrogen ratio: a systematic review. Environ. Sci. Pollut. Res. 28, 64241–64252. doi: 10.1007/s11356-021-15579-7

Muhammad, I., Wang, J., Sainju, U. M., Zhang, S., Zhao, F., and Khan, A. (2021b). Cover cropping enhances soil microbial biomass and affects microbial community structure: a meta-analysis. Geoderma 381:114696.

Noyce, G. L., Fulthorpe, R., Gorgolewski, A., Hazlett, P., Tran, H., and Basiliko, N. (2016). Soil microbial responses to wood ash addition and forest fire in managed Ontario forests. Appl. Soil Ecol. 107, 368–380. doi: 10.1016/j.apsoil.2016.07.006

Peltoniemi, K., Pyrhönen, M., Laiho, R., Moilanen, M., and Fritze, H. (2016). Microbial communities after wood ash fertilization in a boreal drained peatland forest. Eur. J. Soil Biol. 76, 95–102. doi: 10.1016/j.ejsobi.2016.08.004

Reed, E. Y., Chadwick, D. R., Hill, P. W., and Jone, D. L. (2017). Critical Comparison of the Impact of Biochar and Wood Ash on Soil Organic Matter Cycling and Grassland Productivity. Soil Biol. Biochem. 110, 134–142. doi: 10.1016/j.soilbio.2017.03.012

Rousk, J., Bååth, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J. G., et al. (2010). Soil bacterial and fungal communities across a pH gradient in an arable soil. ISME J. 4, 1340–1351. doi: 10.1038/ismej.2010.58

Talukdar, P., Baruah, M., and Saikia, P. (2018). Waste management for sustainable agricultural production - A brief review. Asian J. Home Sci. 13, 657–659.

Toke, B. A., Nielsen, J. T., Voriskova, J., Janine, H., Regin, R., Rasmus, K., et al. (2017). Wood ash induced ph changes strongly affect soil bacterial numbers and community composition. Front. Microbiol. 8:1400. doi: 10.3389/fmicb.2017.01400

Vance, E. D., Brookes, P. C., and Jenkinson, D. S. (1987). An extraction method for measuring soil microbial biomass-C. Soil Biol. Biochem. 19, 703–707. doi: 10.1016/0038-0717(87)90052-6

Vassilev, S. V., Baxter, D., Andersen, L. K., and Vassileva, C. G. (2013). An overview of the composition and application of biomass ash. Part 1. Phase-mineral and chemical composition and classification. Fuel 105, 40–76. doi: 10.1016/j.fuel.2012.09.041

Ward, N. L., Challacombe, J. F., Janssen, P. H., Henrissat, B., Coutinho, P. M., Wu, M., et al. (2009). Three genomes from the phylum acidobacteria provide insight into the lifestyles of these microorganisms in soils. Appl. Environ. Microb. 75, 2046–2056. doi: 10.1128/AEM.02294-08

Yang, L., Muhammad, I., Chi, Y. X., Wang, D., and Zhou, X. B. (2022). Straw return and nitrogen fertilization to maize regulate soil properties, microbial community, and enzyme activities under dual cropping system. Front. Microbiol. 13:823963216. doi: 10.3389/fmicb.2022.823963

Zhao, H. L., Tian, X. H., Chen, Y. L., Dong, J. J., and Shi, J. L. (2017). Effect of exogenous substances on soil organic and inorganic carbon sequestration under maize stover addition. Soil Sci. Plant Nutr. 63, 591–598. doi: 10.1080/00380768.2017.1409603

Zhao, H. L., Zhang, H. J., Shar, A. G., Liu, J. F., Chen, Y. L., Chu, S. J., et al. (2018). Enhancing Organic and Inorganic Carbon Sequestration in Calcareous Soil by the Combination of Wheat Straw and Wood Ash and/or Lime. Plos One 13:e0205361. doi: 10.1371/journal.pone.0205361


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhao, Ahmad, Wu, Suo, Tian, Zhao, Yu, Wang and Si. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effect of Straw and Wood Ash on Soil Carbon Sequestration and Bacterial Community in a Calcareous Soil



		INTRODUCTION



		MATERIALS AND METHODS



		Characterization of Wood Ash, Wheat Straw, and the Soil



		Experimental Design



		Measurement of Soil CO2 Effluxes and Soil Characteristics



		Soil Total Community DNA Extraction and 16S rRNA Sequencing



		Statistical Analysis







		RESULTS



		Soil C Mineralization, Soil Chemical Characteristics and Enzyme Activities



		Species Richness and Diversity of Bacteria



		Bacterial Community Structure







		DISCUSSION



		Effects of the Application of Wood Ash and Straw on the Mineralization of Soil C, Soil Chemical Properties, and Enzyme Activities



		Effects of the Application of Wood Ash and Straw on Soil Bacterial Diversity



		Effects of the Application of Wood Ash and Straw on the Soil Bacterial Community Structure







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Effect of Straw and Wood Ash

on Soil Carbon Sequestration

and Bacterial Community in a
Calcareous Soil









OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology





OPS/images/fmicb-13-926506-t001.jpg
Parameters Wood Delgado- Klemedtsson Reed et al.

ash® Baquerizo etal., 2010 (2017)
et al., 2013

pH 12 13 - 11
EC* 25 4 . 17
Ca* 310 250 209 194
K# 125 26 35 79
Sit 58 57 43 -
Mg 59 27 24 .
p# 49 7 13 17
Al 24 - 19 -
st 16 87 6 6
Fe* 17 10 10 .
Na* 8 - 5 -
cl* 7 - - 3
Ti# 2 - 1 -
sr# 1 - - -
cr& 400 38 - -
Zn& 400 410 - 1,369
cu 200 120 - 197
Rb% 200 ) = -

8The wood ash that was used in this study.
*The unit was dS m~".

#The unit was g kg~ .

&The unit was mg kg~ .





OPS/images/fmicb-13-926506-t002.jpg
Cumulative CO-C (g kg™")
SOC (gkg™")

SIC(gkg™)

MBC (mg kg™")

DOC (mg kg™")

Soil moisture

Water soluble Ca(mg kg™")
Water soluble K(mg kg~")
Water soluble Mg (mg kg™")
pH

EC (us/om)

TN(gkg™)

Min-N (mg kg™")

Enzyme activity
B-1,4-xylosidase(nmol h= 1)
p-glucosidase(nmol h=' g=")
Cellobiohydrolase(nmol h~" g=)
Invertase(mg g~' d~")
Catalase(mg g~' d~)
Dehydrogenase(mg kg~ h~")

Control

09+001¢c
8.42 £0.10
8.36 +0.30
180+ 1.5
509+28d
0.246 £0.0b
286 £5.1ab
03+0.1b
21.6+82b
7.94 £0.07
180+ 15¢
12+£00b
798+05a

70+01b
183+05b
6.7+04b
521+£52b
12+00a
72+08¢c

Wood ash

0.7£001d
8.35+0.20
9.00 +£0.20
205+ 1.4
69.9+30¢
0.247 £ 0.0b
318+ 319a
203+06a
289+6.7ab
8.07 £ 0.02
619+349a
12+00b
80.1£0.1a

58+06b
161+ 1.0b
46+04c
535+ 106b
09+0.1b
56+06d

Straw

50£001a
9.66 +0.10
8.36+0.10
364+4.2
848+50b
0259+ 00a
282 £ 40.2 ab
236+24a
275+ 17.0ab
8.04 £0.10
379+ 128b
13+00a
61.9+1.3b

108+20a
236+21a
88+02a
59.7£3.4ab
11+00a
168+ 1.3b

Straw plus wood ash

4.7+£001b
9.84 £0.20
9.00 £+ 0.20
438 1.9
107.9+37a
0.258+0.0a
249£165b
225+41a
445+130a
8.16 £ 0.02
608 + 33.5a
13+00a
586+33¢c

97+16a
224+03a
74£05b
69.1+12a
12+01a
20.7+06a

S

<0.001
<0.001
0.952
<0.001
<0.001
<0.001
0.047
<0.001
0.159
0.054
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
0.012
0.008
<0.001

w

<0.001
0.442
<0.001
<0.001
<0.001
0.922
0.963
<0.001
0.116
0.042
<0.001
0.130
0.037

0.144
0.040
<0.001
0.172
0.017
0.042

SxW

<0.001
0.108
0.931
<0.001
0.362
0.514
0.070
<0.001
0.495
0.634
<0.001
0.614
0.030

0.953
0.466
0.120
0.298
<0.001
<0.001

Data are the means + SE, n = 3. MBC, microbial biomass carbon; DOC, dissolved organic carbon; SIC, soil inorganic carbon; TN, total nitrogen; EC, electrical conductivity;
Min-N, mineral nitrogen. S, straw; W, wood ash. Different lowercase letters indicate significant differences among the treatments at p < 0.05.





OPS/images/fmicb-13-926506-t003.jpg
Min-C

DOC 0.86**
Shoisture 0.95**
Ca —0.40
K 0.63*
Mg 0.57*
EC 0.19
TN 0.86**
Min-N —0.95**
Invertase 0.66*
Catalase 0.49
Dehydrogenase 0.95*
BXYL 0.86**
CBH 0.93**
BG 0.83**

DOC

0.82**

—0.37

0.75™
0.90™
0.58*

0.86™

—0.95"

0.79"
0.34
0.93*
0.67*
0.71*
0.49

smoisture

—0.29
0.67*
0.57*
0.27
0.89"

—0.88"
0.68*
0.42
0.91*
0.84*
0.89*
0.73*

Ca

0
—0.38

0.03
—0.35

0.46
—0.08
—0.4
—0.41
—0.22
—0.35
—0.37

0.61*

0.76™ 0.74™

0.73* 0.70™ 0.44
—0.63" —0.75™ -0.32

047  0.73™ 0.43
—-0.20 0.21 -0.45

0.57* 0.74™ 0.27

049 0.34 -0.05

045 041 -0.03

0.17  0.15 -0.33

TN Min-N
—0.84**

0.63* —-0.76"
025 -0.51
0.88™ —0.97**
0.65* —-0.80*"
0.73* —0.85""
050 —0.72*

Invertase

0.43
0.77**
0.53
0.52
0.37

Catalase

0.68*
0.63*
0.63*
0.67*

Dehydrogenase  BXYL
0.82*
0.88™ 0.91*
0.73* 0.81**

BG

0.90*

DOC, dissolved organic carbon; Smoisture, SOIl

moisture; Min-N, mineral nitrogen; TN,

Cellobiohydrolase; BG, p-glucosidase; Min-C, C mineralization.
*Indicates P < 0.05, ** indicates P < 0.01.

total nitrogen,; EC, electrical conductivity; BXYL, B-1,4-xylosidase; CBH,





OPS/images/cross.jpg
3,

i





OPS/images/fmicb-13-926506-g001.jpg
b
o\

(11os | 3% 9)

pauioj DOS A[MoN
S 0 S

(11os 3 Sw)

uonezieidui HOS SANBN

= - O S <t \O
S 2 2 % <2398 725
=
@ +=
2 =
o
%7, E
ﬁﬁm R
o, 8
3 P
5 % -
5 25
OOS
S —
; 3 ,o,,u,uW
N
@)
Q
@)
=
dn\m ~Nd
R
S w
22 =
N K
“ @
QG-
o N
o)
7! ) OW
2
o)
| | | | | | | | C
= v - o =2 o0 O <t @\ - @\ = O
T 5 % TS ® 8 &8 8 8 § § §
anfea . Q [Ios o (T10S vwx 3) DOS paIdIsanbag





OPS/images/fmicb-13-926506-g002.jpg
A 700 B

d b |3
600
500 16
p—
S 400 ¢
K
O 14
300
200 ¢
1 2
100 +
0 0
Comto ood asP Sﬁa\ﬂ o0d 25® Coﬂﬁo \Wood ash S'ﬁa\: o ash
E % '§ § 2 0.73
- 8 § 0 ‘B o e 0.64
Eo3 g £ g 2 : 3§ ¢ 35 § £ B
O UO) = 8 a %) = =) Y = 3 S A = o 037

Chao

-  Ff KNIl N
| —1— | | L] l, | ‘ \ ‘

_I -
o
Q0

—






OPS/images/fmicb-13-926506-e000.jpg
foew (%) = 3" Csoc—a = 8 Csoc1)/(3"* Conaterial = 3" Csocb)
)





OPS/images/fmicb-13-926506-g005.jpg
C mineralization
SOC
Dehydrogenase
MBC

TN

SIC

DOC

Invertase

Min-N

Catalase
B-1/4-xylosidase
B-glucosidase
Cellobiohydrolase

Gammaproteobacteria

Alphaproteobacteria

Firmicutes

Chloroflexi

Gemmatimonadota

0.84

0.72

061

049

0.38
Actinobacteriota o 026
0.15
0.03
-0.08
-0.20
-0.31
-043
-0.54
-0.66
-0.77

Acidobacteriota

Bacteroidota

Myxococcota






OPS/images/fmicb-13-926506-e002.jpg
Sequestered SOC (mg kg™")

SOC, —S0C,  (3)





OPS/images/fmicb-13-926506-g006.jpg
Group I2

‘ TArmatimonadota
: Chloroflexi I -2
Elusimicrobia

lMethonmirabiIota

A Bdellovibrionota

Candidatus_Jorgensenbacteria

g

_‘Candidatus_Doudnabacteria

} | . - Candidatus_Yanofskybacteria
[ NB1-j
‘ | Nitrospirota

Acidobacteriota

Latescibacterota

Planctomycetota

Elusimicrobiota

} Candidatus_Terrybacteria

j | Candidatus_Kaiserbacteria

] | ) .‘ | ‘WPS-2

Gracilibacteria

Gemmatimonadetes

Gemmatimonadota

| unidentified_Bacteria

Firmicutes

| Proteobacteria

Parcubacteria

Candidatus_Adlerbacteria

Crenarchaeota

Nanoarchaeota

| | Fibrobacterota

| Myxococcota

{ | Verrucomicrobiota

[ | Cyanobacteria

7\ Bacteroidota

I l ‘ | iActinobacteriota

Z Mells
L mens
€ mells

€ 103U0)
L 1043u0)
Z 1011U0)
€ yse poom
Z yse poom
L yse poom

€ yse poom snjd mens
Z yse poom snid mens
L yse poom snid meins





OPS/images/fmicb-13-926506-e001.jpg
Newly SOC formed = frew(%) x Total SOC  (2)





OPS/images/fmicb-13-926506-g003.jpg
Straw == Straw plus wood ash

mmmm Wood ash

a a
u

Control
Gammaproteobacteria

(av;
<
\O = N &
(94) QouEpUNgE JANR[Y
b[
o)
<

(94) QduEBpUNgE dANR[Y

(94) QouEpUNgR JANB[Y

Chloroflexi

0

O e = on (Q\ e

Alphaproteobacteria

| | | | |

14

|
@\ - o0 \O <t (Q\ -
v—{

AﬁvMoamcq:@a ANIR[Y

(94) QduUBpUNgE JANR[Y

Actinobacteriota

Acidobacteriota

Gemmatimonadota

(94) QouEBpUNgE JANB[Y

(94) QouEpUNgE AR

<t o @\ — -

(94) QouEBpUNgE dANR[Y

Bacteroidota Myxococcota

Firmicutes





OPS/images/fmicb-13-926506-g004.jpg
RDA2 (24.13%) 0.8»

-0.8

L 4

Acidobacteriota

1 4

Cellobiohydrolase

Catalase @
<]

.Control
. Wood ash

@ Straw
&Straw plus wood ash

B-glucosidtase & g .
St yriatiine. Fnloro ele{llp aproteobacteria
irmicutes
Newly formed SOC 0C
TN=<
K2 +
| Bacteroidota
_MyxococcotaH 5 B
P Gammaproleobacteria
C . . Gemmatimonadota
| Actinobacteriota | |
1.0 RDAI1 (61.43%) 1.0

Unexplained
46%






OPS/images/fmicb-13-926506-e003.jpg
Native SOC min eralization = Newly SOC formed — Sequestered SOC
()





