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Abstract

:

Inversion tillage and organic fertilizer application can break the plow pan and improve soil quality. However, the effects of combining these practices on the soil microbial resource limitation and maize yield in Haplic Chernozem are unclear. In this research, a field experiment was established in 2018, and soil samples were collected in 2021 in Longjiang County in Northeast China, which is a Haplic Chernozem region. Four treatments comprising conventional tillage (T15), conventional tillage with organic fertilizer (T15+M), inversion tillage (T35), and inversion tillage with organic fertilizer (T35+M) were randomly arranged with four replications. Compared with T15 and T15+M treatments, soil bulk density significantly decreased by 11.1–16.3% in the 15–35 cm layer under T35 and T35+M treatments, accompanied by the improvement in soil pore structure (e.g., soil porosity, circularity, and Euler number). T15+M treatment significantly increased soil organic carbon and soil nutrient contents by 11.1–16.3% and 3.9–24.5% in the 0–15 cm layer compared with other treatments. However, soil organic carbon, total nitrogen, available phosphorus content, microbial biomass, and enzymatic activities reached the maximum values in the 0–35 cm layer under T35+M treatment. In addition, T35+M treatment had the highest maize yield and sustainable yield index. Extracellular enzymatic stoichiometry suggested that soil microorganisms are generally co-limited by carbon and phosphorus in Haplic Chernozem. However, T35+M treatment significantly reduced soil microbial resource limitation, which was one important factor impacting maize yield and sustainability. Random-forest and partial least-squares path modeling showed that T35+M treatment could reduce soil microbial resource limitation and increase the stability and sustainability of the maize yield by improving soil available nutrients, microbial biomass, and pore structure. Therefore, the incorporation of inversion tillage and organic fertilizer is a suitable soil management practice in view of increasing soil quality and crop yields in a Haplic Chernozem region.
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1. Introduction


In agroecosystems, organic fertilizer is an essential organic carbon source, and inversion tillage has great potential to sequester carbon in arable soil. Effective tillage and fertilization measures can improve soil properties and increase crop yields [1,2]. Inversion tillage can break the plow pan, deepen the cultivated horizon, improve soil pore characteristics, and enhance soil infiltration and moisture retention capacity [3,4,5]. Some studies have shown that inversion tillage can increase the activities of urease and sucrase [6], enhance the growth and metabolic capacity of microorganisms [7] in the soil, and eventually activate soil nutrients and promote crop nutrient absorption by improving crop root growth [5]. Organic fertilizer is an important source of carbon (C), nitrogen (N), phosphorus (P), and microorganisms, providing energy and substrates for the growth of microorganisms. The application of organic fertilizer can increase the microbial biomass C, N, and P contents in the soil [8,9], improve soil fertility and soil structure, and increase the soil water storage and retention capacity, which can improve the photosynthetic capacity and crop yield [9,10,11]. Wang et al. [12] found that the application of organic fertilizer increased grain yield by an average of 18% compared to chemical fertilizer application, which could be explained by the application of organic fertilizer changing the community composition and function of soil microorganisms, thereby affecting the supply of soil nutrients [13,14]. Therefore, understanding the impacts of organic fertilizer application on soil microbial resource limitation will shed some light on how to improve the stability and sustainability of crop yields.



In general, there is a decrease in soil organic carbon content with increasing soil depth [15,16], and the subsoil is characterized by high bulk density and penetration resistance, as well as low soil porosity [17]. Improving the subsoil structure via inversion tillage is not a long-term solution because the soil can be recompacted by rainfall and mechanical travel in crop growth seasons [15]. The application of organic fertilizer can stabilize the soil structure, improve the subsoil status [7], increase soil fertility, and improve soil biological properties [9,13]. Therefore, the incorporation of inversion tillage and organic fertilizer application can enhance soil fertility sustainability and soil structure stability. However, the microbially mediated ecological processes in subsoil exposed to inversion tillage and organic fertilizer application remain poorly understood.



Soil microorganisms play a crucial role in the formation and cycling of soil organic carbon and the release of soil nutrients [18]. Most microbially controlled processes strongly depend on microbial biomass and activity, which are mostly limited by soil nutrient resources, including C, N, and P [19,20]. Therefore, it is important to adopt effective soil management practices to alleviate microbial resource limitations and increase the growth of microorganisms. Microbial resource limitation can be assessed using extracellular enzymatic stoichiometry, including enzymatic ratios, vector variables, and threshold element ratios [21]. The effects of inversion tillage and organic fertilizer application on soil physical properties and available nutrients have been widely studied, but the functional and metabolic responses of microorganisms to these practices remain unknown. Extracellular enzymatic stoichiometry based on enzymatic activities can indicate the rate of which soil microorganisms obtain organic C, N, and P [22], representing the ability of microorganisms to absorb soil nutrients, which can be an important indicator by which to assess the flow of energy in an agroecosystem [20,21]. However, few studies have adopted extracellular enzymatic stoichiometry to identify the effects of inversion tillage and organic fertilizer application on the metabolic characteristics of microorganisms in agroecosystems in a Haplic Chernozem region in Northeastern China.



Haplic Chernozem is an important arable soil in Northeast China. Precipitation, however, directly infiltrates into subsoil due to the high content of sandy gravel in this type of soil [23]. The lack of a water-storing structure in the topsoil leads to insufficient soil moisture and less leaching of carbonates, which leads to a thick caliche that inhibits the growth of microorganisms and the accumulation of soil organic matter [24]. To prevent the degradation of Chernozems, appropriate soil management practices have been recommended, including the application of organic fertilizer and crop straw, as well as inversion tillage [15,25,26]. The conventional tillage method using a 20 cm rototiller blade results in a shallow cultivated horizon of approximately 15 cm. Long-term utilization of rototilling operations can decrease the thickness of the cultivated horizon and increase the thickness of the plow pan, both of which hinder soil permeability and plant root growth [1]. The soil physicochemical properties and microbial community compositions in the topsoil and subsoil in Chernozem are quite different because only the topsoil is disturbed by conventional tillage, which results in significant soil stratification [15]. A 30-year field experiment showed that conventional tillage increased the heterogeneity of soil properties (e.g., soil organic carbon and microbial biomass carbon) in topsoil and subsoil [11]. In a paddy-upland rotation area, conventional tillage increased only soil microbial resource limitation in the 0–15 cm layer in a three-year field experiment [8]. However, in Haplic Chernozem in Northeastern China, the effects of microbial resource limitation on maize yield under the incorporation of tillage and organic fertilizer application is unclear.



In this research, a field experiment was established in a Haplic Chernozem region in Northeast China with the objective of revealing the effects of inversion tillage and organic fertilizer application on the soil properties, soil microbial resource limitation, and maize yield in maize continuous cropping. We hypothesized that the incorporation of inversion tillage and organic fertilizer application could reduce the heterogeneity of the soil properties in the topsoil and subsoil and improve the soil quality in the whole cultivated layer; therefore, the maize crop could be regulated by the soil pore structure and soil enzymatic activities.




2. Materials and Methods


2.1. Study Description and Experimental Layout


A field experiment was conducted on Haplic Chernozem soil (FAO-UNESCO, 1974) from 2018 to 2021 in Longjiang County, Heilongjiang Province, Northeast China (47°22′13″ N, 123°15′04″ E). The experimental region has a semi-arid temperate continental monsoon climate, characterized by hot summers and cold winters, with mean annual temperature and precipitation of 4.6 °C and 400 mm, respectively. The region experiences most precipitation between July and September, and the frost-free period lasts 145 d. The soil pH, organic carbon, total nitrogen, available nitrogen, available phosphorus, and available potassium before the experiment were 7.87, 22.59 g kg−1, 2.32 g kg−1, 135 mg kg−1, 16.1 mg kg−1, and 127 mg kg−1, respectively.



The experiment, which was conducted on a system of continuous maize cropping, involved four different treatments: conventional tillage (T15, tillage depth to 15 cm with no organic fertilizer), conventional tillage with organic fertilizer (T15+M, tillage depth to 15 cm with organic fertilizer), inversion tillage (T35, tillage depth to 35 cm with no organic fertilizer), and inversion tillage with organic fertilizer (T35+M, tillage depth to 35 cm with organic fertilizer), randomly arranged with four replicates. Each treatment plot was 39 m2. A rotary tiller (Lewo M-2004) was used for soil mobilization tillage. Trenches were dug each year after harvest from 2018 to 2020 to a depth of 15 or 35 cm, and organic fertilizer was evenly mixed with soil and used to fill in the soil profile. The maize variety was Dermea No. 3. Chemical fertilizers were applied to all treatments. The rates of urea, diammonium phosphate, and potassium sulfate application were 150 kg N hm−2, 70 kg P2O5 hm−2, and 50 kg K2O hm−2. The application rate of organic fertilizer (pig manure) in T15+M and T35+M was 30,000 kg ha−1. The organic carbon and total nitrogen contents of the organic fertilizer were 244 g kg−1 and 15.7 g kg−1, respectively. An amount of 60% of the nitrogen, total phosphorus, and potassium fertilizers were applied at sowing. An amount of 40% of the nitrogen fertilizers were applied as a topdressing.




2.2. Soil Sampling


After three years of consecutive maize field experimentation, soil samples were collected after harvest in autumn 2021. Four samples were randomly collected from the 0–15 cm and 15–35 cm layers for each treatment. Soil total nitrogen (TN) was determined using the Kjeldahl digestion–distillation method. Hydrochloric acid was used to remove carbonates from the soil, after which the soil’s total organic carbon (SOC) content was analyzed using a VarioEL CHN elemental analyzer (Heraeus Elementar Vario EL, Hanau, Germany). Soil total phosphorus (TP), total potassium (TK), available nitrogen (AVN), available phosphorus (AVP), and available potassium (AVK) were determined using the methods proposed by Chen and Zhang et al. [15,21].



The soil microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), and microbial biomass phosphorus (MBP) were measured using chloroform fumigation extraction [21]. The soil-dissolved organic carbon (DOC) and nitrogen (DON) were determined using a total carbon analyzer (enviro, TOC, Langenselbold, Germany). Soil extracellular enzymatic activities were measured within two weeks after soil sampling. The activities of four extracellular enzymes were determined using fluorometric and oxidative enzymatic assays [21]: one C-acquiring enzyme (β-1,4-glucosidase, BG), two N-acquiring enzymes (β-1,4-N-acetylglucosaminidase, NAG; leucine aminopeptidase, LAP), and one P-acquiring enzyme (alkaline phosphatase, AP). The soil extracellular enzymatic activities are expressed as nmol g−1 dry soil h−1.



Three sampling sites were randomly selected in each plot, and cores of undisturbed soil were collected using modified PVC pipes from the 0–15 cm and 15–35 cm layers. Soil samples were scanned using a nanoVoxel-4000 micro-CT (Sanying Precision Instruments Co., Ltd., Tianjin, China). The fractal dimension (FRD) and anisotropy (ANT) were calculated using the 3D object counter plugin in Image J (National Institutes of Health) (https://imagej.net/nih-image/). The Euler number (ELER) was calculated using a particle analyzer. The circularity (CIL), number (NUMP), and porosity (POIT) of soil pores were calculated using the 3D object counter plugin in Image J as follows:


C = 4ΠA/L2



(1)




where C is pore circularity, ranging between 0 and 1; A is pore area (mm2), and L is pore circumference (mm).


P = (V1/V2) × 100



(2)




where P is porosity (%), V1 is pore volume (mm3), and V2 is the volume of the soil sample (mm3).



Pores with diameters > 1000 μm are categorized as macro-pores [27]. We only used the porosity of macro-pores.




2.3. Extracellular Enzymatic Stoichiometry


Four methods were used to assess microbial resource limitation, as described previously [19,20,21]. In the first method, microbial resource limitation was judged based on the scatter plot between the (LAP + NAG)/AP and BG/(LAP + NAG) activity ratios, with the four parts of the plot representing N limitation, P limitation, C and N limitation, and C and P limitation. In the second method, microbial resource limitation was assessed based on the ratios of enzymatic activity, specifically BG/(LAP + NAG) and BG/AP. In the third method, a vector analysis of extracellular enzymatic stoichiometry was used to assess microbial resource limitation. Vector length and vector angle (°) were calculated and described as per Luo and Zhang et al. [20,21]. The fourth method used differences between the threshold element ratio (TER) for C:N (TERC:N) and the DOC:AVN ratio (RC:N) and between the TER for C:P (TERC:P) and the DOC:AVP ratio (RC:P). TERC:N and TERC:P were calculated as per Zhang et al. [21].




2.4. Maize Yield


Maize was harvested in the fall of 2021, and four subplots (10 m2) were randomly selected from each treatment, from which the maize was manually harvested to estimate the yield. Grain yield sustainability and stability in a continuous maize cropping system were assessed using the sustainable yield index (SYI) and coefficient of variance (CV), respectively. The SYI and CV values were calculated as previously described [28].


SYI = (Ῡ − σ)/Ymax



(3)






CV(%) = (σ/Ῡ) × 100



(4)




where Ῡ is the average crop yield (t ha−1) across seasons, Ymax is the maximum crop yield in all seasons, and σ represents the standard deviation of the average yield (t ha−1).




2.5. Statistical Analysis


The data on soil properties were statistically analyzed via one-way ANOVA. The differences between treatments were evaluated for their significance using the least significant difference test at the 95% confidence level (p < 0.05). The partial least-squares path modeling approach within the R software environment (version 4.2.3) and a random-forest analysis in R v. 4.2.4 were used to determine the importance of factors limiting maize yield. SPSS 2020 and Origin 2021 software were used for other statistical analyses and mapping. The relationship between soil properties and different treatments was visualized using a heat map analysis via Origin 2021 software.





3. Results


3.1. Soil Physical Properties


Soil physical properties were significantly affected by the incorporation of inversion tillage and organic fertilizer application (Table 1). Soil water content in the 0–15 cm layer was significantly higher under T35+M treatment by 2.3% and 2.2% compared to those under T15 and T35 treatments, respectively (p < 0.05). Soil bulk density in the 0–35 cm layer was significantly lower under T35+M treatment by 7.1%, 4.1%, and 6.4% compared to those under T15, T15+M, and T35 treatments. Soil porosities in the 15–35 cm and 0–35 cm layers were significantly higher under T35+M treatment by 23.2% and 10.9% than those under T15 treatment (p < 0.05). Anisotropy in the 0–15 cm layer was significantly lower under T15+M and T35+M treatments by 8.0–15.4% than that under T15 treatment (p < 0.05). The fractal dimensions in the 0–15 cm layer under T15+M treatment and in the 15–35 cm layer under T35 treatment were significantly higher by 5.3% and 4.1% than those under T15 treatment for corresponding soil layers, respectively (p < 0.05). Pore circularity in the 15–35 cm layer was significantly higher by 9.1% under T35+M treatment compared to that under T15 treatment (p < 0.05). The Euler numbers in the 15–35 cm and 0–35 cm layers were significantly lower under T35+M treatment by 12.8% and 8.3% than those under T15 treatment (p < 0.05).




3.2. Soil Chemical Properties


Soil nutrient contents in the 0–15 cm layer were higher than those in the 15–35 cm layer, while soil pH showed an opposite trend (Table 2). Generally, T35+M treatment had the highest SOC and soil nutrient contents. SOC content in the 0–15 cm layer with the highest value was found under T15+M treatment, whereas T35+M treatment in the 15–35 cm layer resulted in the highest value compared to other treatments. Soil TN, TP, TK, AVN, AVP, AVK, DOC, and DON contents followed a similar pattern as SOC content. Soil pH in the 15–35 cm layer had no significant difference between T15 and T15+M treatments. Compared to T15 treatment, SOC content in the 0–15 cm layer was significantly increased by 7.9% under T15+M treatment and significantly increased by 15.1% and 18.3% in the 15–35 cm layer under T35 and T35+M treatments, respectively (Table 2, p < 0.05). Compared to T15 treatment, soil total nutrient contents (TN, TP, and TK) in the 0–15 cm layer were significantly increased by 3.4–5.5% under T15+M treatment, and in the 15–35 cm layer were significantly increased by 5.1–10.8% and 7.9–17.7% under T35 and T35+M treatments, respectively (Table 2, p < 0.05). Compared to T15 treatment, soil available nutrient contents (AVN, AVP, and AVK) were significantly increased by 5.9–14.2% in the 0–15 cm layer under T15+M treatment, and in the 15–35 cm layer were significantly increased by 3.8–18.0% and 9.4–27.3% under T35 and T35+M treatments, respectively (Table 2, p < 0.05). In addition, T15+M treatment significantly increased the DOC and DON contents in the 0–15 cm layer by 24.6% and 34.6% compared to T15 treatment, and T35 and T35+M treatments significantly increased the DOC and DON contents in the 15–35 cm layer by 12.7–20.4% and 27.6–30.3% compared to T15 treatment, respectively (Table 2, p < 0.05).




3.3. Activities of Soil Extracellular Enzymes and Enzymatic Stoichiometry


Soil microbial biomass levels in the 0–15 cm layer were significantly higher under T15 and T15+M treatments than under T35 treatment, and T35+M treatment had the highest soil microbial biomass in the 15–35 cm layer (p < 0.05, Figure 1A–C). Soil MBC, MBN, and MBP levels in the 0–15 cm layer were significantly higher under T15 and T15+M treatments than those under T35 treatment by 9.6–26.5%, 21.7–40.8%, and 12.6–18.1%, respectively (p < 0.05). Soil MBC, MBN, and MBP levels in the 15–35 cm layer were significantly higher under T35+M treatment than those under T15 and T15+M treatments by 19.1–20.3%, 33.4–35.3%, and 22.2–25.5%, respectively (p < 0.05). Soil BG, NAG+LAP, and AP activities (Figure 1D–F) and enzymatic C:N, C:P, and N:P activity ratios (Figure 1G–I) followed a similar pattern.



The scatter plot of soil extracellular enzymatic stoichiometry mainly shows that the growth of soil microorganisms tended to be co-limited by C and P but not N (Figure 2A). The microbial C and P limitations were also quantified by calculating vector lengths and angles. Vector length was significantly higher under T15+M treatment than those under T15, T35, and T35+M treatments (p < 0.05), and all vector lengths were > 1 (Figure 2B). The vector angle in the 0–15 cm layer under T35 treatment was significantly higher than for other treatments, and the 15–35 cm layer under T15 treatment was significantly higher than for other treatments (p < 0.05), and all vector angles were <45° (Figure 2C). The generalized linear model indicated that vector length was correlated negatively with vector angle (p < 0.05, Figure 2D). Inversion tillage and organic fertilizer application significantly affected RC:N-TERC:N and RC:P-TERC:P, T15 treatment was significantly higher than other treatments (p < 0.05, Figure 2E,F), and RC:N-TERC: N and RC:P-TERC:P were larger than zero for all treatments.




3.4. Maize Yield and Index of Richness in Subsoil


The maize yield and sustainable index were affected by tillage depth and organic fertilizer application (Figure 3). T35+M treatment had the highest maize yield and sustainable yield index and the lowest coefficient of variance. The maize yield was significantly higher under T35+M treatment by 9.6–14.1% compared to other treatments (p < 0.05). The sustainable yield index varied from 0.900 to 0.922, and the highest value was found in T35+M treatment (0.922). The coefficient of variance varied from 0.0381 to 0.0445, and the lowest value was found in T35+M treatment (0.0381).



The richness indexes of soil nutrients in subsoil were affected by the incorporation of inversion tillage and organic fertilizer application (Figure 4A). Compared to T15 treatment, the richness indexes of SOC, TN, TP, TK, AVN, AVP, and AVK under T35 and T35+M treatments increased by 19.0–23.6%, 15.9–20.8%, 10.1–10.3%, 10.0–12.1%, 15.8–21.0%, 34.1–35.6%, and 16.3–17.2%, respectively. The richness indexes for the subsoil with respect to soil microbial biomass, dissolved organic matter, and extracellular enzymatic activities were also higher under T35 and T35+M treatments than those under T15 and T15+M treatments, while T35+M treatment had the highest richness indexes in the subsoil. Richness indexes in the subsoil with respect to soil BG, NAG+LAP, AP, DOC, DON, MBC, MBN, and MBP under T35 treatment increased by 62.3%, 46.0%, 18.0%, 25.3%, 39.0%, 23.6%, 41.8%, and 39.3%, compared to T15 treatment, respectively.




3.5. Relationships between Soil Properties and Maize Yield under the Incorporation of Inversion Tillage and Organic Fertilizer Application


The heat map analysis of the influence of different treatments on soil properties is shown in Figure 5. For soil physical properties, T15+M and T35+M treatments had the most significant improvement effect on physical properties in the 0–35 cm layer, with T15+M treatment increasing the soil water content and fractal dimension and T35+M treatment increasing the soil porosity and circularity. The positive effects of all treatments on soil nutrients, dissolved organic matter, microbial biomass, and extracellular enzymatic activities showed a decreasing trend of T35+M > T15+M > T35 > T15.



The random-forest analysis indicates (Figure 6A,B) that the most important factors affecting maize yield in the 0–15 cm layer are in the order SWC > ANT > BD > AVK > AP > TK > FRD > AVP > BG, and the most important factors affecting maize yield in the 15–35 cm layer are in the order SOC > NAG+LAP > pH > MBP > MBC > MBN > ANT. The relationships between the soil properties, microbial resource limitations (vector length and angle), and maize yield were analyzed using the partial least-squares path modeling approach (in the 0–15 cm layer, GOF = 0.8476; in the 15–35 cm layer, GOF = 0.9168) (Figure 6C,D). In the 0–15 cm layer, BD, ANT, and AVP correlated positively with vector length (R2 = 0.79), AVP correlated positively with vector angle, ANT and AP correlated negatively with vector angle (R2 = 0.78), and vector angle, BD and AP positively correlated with maize yield (R2 = 0.80). In the 15–35 cm layer, MBC and SOC correlated positively with vector length (R2 = 0.80), MBC, MBN, and FRD correlated negatively with vector angle (R2 = 0.85), and vector angle, MBC and FRD correlated positively with maize yield (R2 = 0.80).





4. Discussion


4.1. Effects of Incorporation of Inversion Tillage and Organic Fertilizer Application on Soil Properties


In this study, inversion tillage, which involves organic fertilizer application into the subsoil, significantly enhanced soil physical properties and nutrient contents (Table 1 and Table 2; Figure 5). This could be explained by the fact that the organic fertilizer was decomposed by microorganisms to release nutrients and increase SOC content; therefore, this newly formed topsoil will presumably continue to accelerate the accumulation of SOC [13,29]. The application of organic fertilizer provided enough substrates for the growth of soil microorganisms [30,31], then increased soil microbial biomass in the topsoil and subsoil. The secretion of soil microorganisms also increased SOC and available nutrient contents, which is consistent with the findings of Chen and Yang et al. [15,31]. Previous studies have also suggested that tillage practices improve soil nutrient supply capacity in Chernozem [1,2]. Soil organic matter decomposition was facilitated by the favorable conditions for microbial activity and biochemical reactions, which may have led to the accumulation of SOC and soil nutrients in the 0–15 cm layer under T15+M [18]. However, this could lead to large differences in soil quality between the topsoil and subsoil, which is not favorable for the retention of soil nutrients in the subsoil [1]. Inversion tillage, however, relocates topsoil rich in SOC and soil nutrients to the subsoil, and the translocation can contribute to the effect of SOC and nutrient sequestration [5,6,29].



Other soil properties are also important for understanding SOC and soil nutrient contents in topsoil and subsoil. The incorporation of inversion tillage and organic fertilizer application can improve soil physical properties, such as decreasing the soil bulk density and increasing the soil macro-pore porosity and fractal dimension [3,5], which is important for water and heat transportation in the soil profile. The incorporation of inversion tillage and organic fertilizer application could break the plow pan, change the soil pore distribution, and form a loose and porous soil structure, especially when the organic fertilizer is a porous medium with light bulk density [8]. Organic fertilizer and decomposed or semi-decomposed organic residues improve soil aggregate formation by increasing the contents of cementing substances (e.g., polysaccharides, humus, and protein in organic matter) and further promote the development of the soil micro-structure [16,18,29]. Meanwhile, the improvement of the soil micro-structure promotes the elongation of crop roots to the 15–35 cm layer, and the interpenetration and entanglement of crop roots and the cementation of crop root secretion are also important factors in improving soil macro-pore formation [15]. Bu [3] and Guo et al. [5] also found that inversion tillage and organic fertilizer application can increase the number of macro-pores and enhance soil infiltration and moisture retention capacity, which is consistent with our results.




4.2. Effects of Incorporation of Inversion Tillage and Organic Fertilizer Application on Soil Microbial Resource Limitation


In this study, tillage and organic fertilizer application strongly influenced the activities of C-, N-, and P-acquiring enzymes. Soil extracellular enzymatic activities and microbial biomass were significantly higher under the treatments with organic fertilizer application (Figure 1). There were significant differences in soil microbial biomass in the 0–15 cm and 15–35 cm layers under conventional tillage (Figure 1), but inversion tillage reduced these differences in the 0–35 cm layer (Figure 1 and Figure 5). This could be explained by the fact that inversion tillage gradually led to similar soil physicochemical properties between the 0–15 cm and 15–35 cm layers, which increased soil nutrient availability and improved soil porosity in the 15–35 cm layer. Previous studies have shown that SOC content and soil nutrient availability are reduced as soil depth increases, accompanied by changes in microbial biomass and activity [15]. Zhao [6] and Yang et al. [7] reported that inversion tillage increases soil microbial biomass and improves soil enzymatic activities, which is consistent with our results. The soil pore structure and index of richness in the 15–35 cm layer were improved in this study (Table 1 and Table 2; Figure 4), which suggests that inversion tillage can reduce soil physical restrictions and further homogenize the whole cultivated horizon, further increase soil nutrient availability, and enhance microbial biomass and activity [15]. The soil DOC and DON contents in the 15–35 cm layer were significantly higher under T15+M and T35+M treatments than those under T15 treatment, which could be explained by the fact that organic fertilizer applied in the corresponding layer was decomposed and produced dissolved organic matter (DOM); DOM in the 0–15 cm layer could have leached to the 15–35 cm layer for T15+M treatment [11]. The incorporation of inversion tillage and organic fertilizer application can significantly improve soil nutrient supply and soil physical properties, which improve the microbial demand for available N and P to maintain a stoichiometric balance [21].



However, a change in the activity of only one enzyme cannot fully represent microbial resource limitation, which needs integral evaluation via the relative availabilities of multiple soil nutrients [19,20,21]. Studying microbial resource limitation thus also needs an analysis of extracellular enzymatic stoichiometry. In this study, the growth of soil microorganisms tended to be co-limited by C and P but not N. Microbial resource limitation was not converted to N limitation because the soil was N-saturated in the Chernozem region [21,32]. However, T35+M treatment was lower in RC:N-TERC:N than in other treatments, which means that the incorporation of inversion tillage and organic fertilizer application has weakened the status of N saturation and improved the holding capacity of living and non-living organisms. The variation in the enzymatic C:P activity ratio indicated that the range of microbial P limitation varied. The C:P activity ratio in the 0–35 cm layer was significantly higher under T35+M treatment than under T35 treatment (Figure 1), indicating that organic fertilizer application could substantially reduce microbial P limitation, which is likely due to organic matter improving the soil P availability [21]. Based on the vector angle and the enzymatic C:P activity ratio, organic fertilizer application may increase MBC, and the dissolved organic matter contents were the most important factor impacting microbial P limitation. T35+M treatment had a lower vector length in the 0–35 cm layer than in the T15+M treatment, which could contribute to the fact that inversion tillage led to the homogenization of SOC throughout the whole cultivated horizon, combined with the application of organic fertilizer also increasing the DOC content, thus decreasing the microbial C limitation [15,21,33,34].




4.3. Effects of Soil Properties and Microbial Resource Limitation on Maize Yield


Inversion tillage and organic fertilizer application showed positive effects on maize yields (Figure 3), contributing mainly to the improvements in soil nutrients and physical properties [5,6,29]. In our study, T35+M treatment resulted in a higher maize yield than other treatments, which can be explained by the fact that the 15–35 cm layers under T15 treatment dramatically limited deep root growth and development and thus restricted the utilization of soil nutrients by the crop in subsoil [33,34,35]. A single application of chemical fertilizer could cause problems such as soil acidification and compaction and reduce soil productivity [3,4,7]. However, the incorporation of inversion tillage and organic fertilizer application could alleviate physical restrictions and provide a more stable soil environment for root growth by improving the soil structure of the compacted soil in the cultivated horizon (increasing the fractal dimension and decreasing the Euler number) [5,13]. The robust roots provided adequate nutrients and water, which promoted crop growth [13,30] and produced a high yield [5]. The random-forest and partial least-squares path modeling showed that soil available nutrient contents and microbial biomass in the 0–15 cm and 15–35 cm layers under T35+M treatment reduced the microbial P limitation and increased the maize yield (Figure 6). The activity of the C-acquiring enzyme in the 15–35 cm layer was also higher under T35 treatment than under T15 treatment, which can be explained by the fact that organic fertilizer provides additional substrates and a favorable environment for soil microorganisms [9,13,31], which leads to dynamic changes in soil nutrients and is conducive to the sustainable production of crops [35]. Random-forest and partial least-squares path modeling also showed that soil pore structure parameters (fractal dimension, etc.) in the 15–35 cm layer reduced microbial resource limitation and promoted maize yield (Figure 6), which further confirmed this conclusion.



The coefficient of variation (CV) as an indicator of crop yield stability is used to evaluate the variation degree of a crop yield [28]. A lower CV value indicates higher crop yield stability [36]. The sustainable yield index (SYI) is used to assess the effects of agricultural management practices on crop yield sustainability [28]. An SYI closer to 1 suggests that the crop yield is more stable under a given treatment [28,36]. Compared to other treatments, the CV under T35+M treatment was the lowest (Figure 3), which could be attributed to the fact that the incorporation of inversion tillage and organic fertilizer application could effectively reduce the negative effects of environmental, biological and man-made factors on crop yield and increase crop stability [36]. The SYI under T35+M treatment was greater than those under T15+M and T35 treatments (Figure 3), which indicated that the incorporation of inversion tillage and organic fertilizer application could increase not only the maize yield but also improve crop yield sustainability. The positive aspects of organic fertilizer application on soil nutrient supply and physical and biological properties could be possible reasons for the higher yield and yield sustainability of the crop [28,37].





5. Conclusions


The results of our study confirmed that the incorporation of inversion tillage and organic fertilizer application influenced the soil properties and maize yield. Soil microbial resource limitation was mainly co-limited by carbon and phosphorus in Haplic Chernozem. The incorporation of inversion tillage and organic fertilizer application can provide a more favorable soil environment for maize growth, especially with respect to the subsoil. The application of organic fertilizer combined with inversion tillage improved soil extracellular enzymatic activities related to C, N, and P compared to single organic fertilizer application and single inversion tillage, which reduced the microbial resource phosphorus limitation. The random-forest and partial least-squares path modeling showed that soil bulk density, fractal dimension, available phosphorus content, alkaline phosphatase activity, and microbial biomass carbon and nitrogen are the main impacting factors of microbial resource limitation and maize yield and could increase the stability and sustainability of maize yield. The results demonstrate that the incorporation of inversion tillage and organic fertilizer application is an effective soil management practice that could improve soil quality and maize yield in a Haplic Chernozem region; it can also be used for other arable soils.
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Figure 1. Responses of soil microbial biomass and the activity of soil extracellular enzymes. Notes: T15, conventional tillage with no organic fertilizer; T15+M, conventional tillage with organic fertilizer; T35, inversion tillage with no organic fertilizer; T35+M, inversion tillage with organic fertilizer; MBC, soil microbial carbon; MBN, soil microbial nitrogen; MBP, soil microbial phosphorus; BG, β-1,4-glucosidase; NAG, β-1,4-N-acetylglucosaminidase; LAP, leucine aminopeptidase; AP, alkaline phosphatase. Responses of MBC, MBN, MBP (A–C), BG, NAG+LAP, AP activities (D–F) and their activity ratios (G–I) to the incorporation of inversion tillage and organic fertilizer application. Different uppercase letters represent significant differences among the four treatments in the 0–35 cm layer, and different lowercase letters represent significant differences among the four treatments in the same soil layer (p < 0.05). 
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Figure 2. Responses of soil microbial resource limitation to incorporation of inversion tillage and organic fertilizer application. Notes: T15, conventional tillage with no organic fertilizer; T15+M, conventional tillage with organic fertilizer; T35, inversion tillage with no organic fertilizer; T35+M, inversion tillage with organic fertilizer. Scatter plot of soil extracellular enzymatic stoichiometry showing the general pattern of microbial resource limitation (A) and variation of vector length (B), vector angle (C), vector length correlation fitting with angle (D), RC:N-TERC:N (E), and RC:P-TERC:P (F) among all treatments. Uppercase letters indicate the significance of the difference between different treatments in the 0-35 cm soil layer. Lowercase letters indicate the significance of the difference between different treatments in the same soil layer. 
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Figure 3. Responses of maize yield to incorporation of inversion tillage and organic fertilizer application. Notes: T15, conventional tillage with no organic fertilizer; T15+M, conventional tillage with organic fertilizer; T35, inversion tillage with no organic fertilizer; T35+M, inversion tillage with organic fertilizer. Maize yield (A), SYI, sustainable yield index (B), and CV, coefficient of variance (C). Lowercase letters indicate the significance of the difference between different treatments. 
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Figure 4. Responses of the index of richness in subsoil to the incorporation of inversion tillage and organic fertilizer application. Notes: T15, conventional tillage with no organic fertilizer; T15+M, conventional tillage with organic fertilizer; T35, inversion tillage with no organic fertilizer; T35+M, inversion tillage with organic fertilizer; SOC, soil organic carbon; TN, soil total nitrogen; TP, soil total phosphorus; TK, soil total potassium; AVN, soil available nitrogen; AVP, soil available phosphorus; AVK, soil available potassium; DOC, soil dissolved organic carbon; DON, soil dissolved organic nitrogen; MBC, soil microbial carbon; MBN, soil microbial nitrogen; MBP, soil microbial phosphorus; BG, β-1,4-glucosidase; NAG, β-1,4-N-acetylglucosaminidase; LAP, leucine aminopeptidase; AP, alkaline phosphatase. Soil nutrients (A), dissolved organic matter, microbial biomass, and extracellular enzymatic activities (B). 
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Figure 5. Heat map analysis of soil properties in different treatments. Notes: T15, conventional tillage with no organic fertilizer; T15+M, conventional tillage with organic fertilizer; T35, inversion tillage with no organic fertilizer; T35+M, inversion tillage with organic fertilizer; SWC, soil water content; BD, soil bulk density; POIT, soil porosity; ANT, anisotropy; FRD, fractal dimension; CIL, pore circularity; ELER, Euler number; SOC, soil organic carbon; TN, soil total nitrogen; TP, soil total phosphorus; TK, soil total potassium; AVN, soil available nitrogen; AVP, soil available phosphorus; AVK, soil available potassium; DOC, soil dissolved organic carbon; DON, soil dissolved organic nitrogen; MBC, soil microbial carbon; MBN, soil microbial nitrogen; MBP, soil microbial phosphorus; BG, β-1,4-glucosidase; NAG, β-1,4-N-acetylglucosaminidase; LAP, leucine aminopeptidase; AP, alkaline phosphatase. Soil physical properties (A), chemical properties (B) and dissolved organic matter, microbial biomass, and extracellular enzymatic activities (C). The numbers represent the strength of the correlation between different treatments and soil properties. 
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Figure 6. Effects of soil properties on maize yield. Random-forest analysis of the importance of the factors affecting maize yield (A,B). **, p < 0.01; *, p < 0.05. The partial least-squares path model (C,D) was used to identify the possible pathways by which attributes controlled the maize yield. SWC, soil water content; BD, soil bulk density; POIT, soil porosity; ANT, anisotropy; FRD, fractal dimension; CIL, pore circularity; ELER, Euler number; SOC, soil organic carbon; TN, soil total nitrogen; TP, soil total phosphorus; TK, soil total potassium; AVN, soil available nitrogen; AVP, soil available phosphorus; AVK, soil available potassium; DOC, soil dissolved organic carbon; DON, soil dissolved organic nitrogen; MBC, soil microbial carbon; MBN, soil microbial nitrogen; MBP, soil microbial phosphorus; BG, β-1,4-glucosidase; NAG, β-1,4-N-acetylglucosaminidase; LAP, leucine aminopeptidase; AP, alkaline phosphatase. The numbers on the arrows indicate significant standardized path coefficients. Red solid and green dashed arrows indicate positive and negative relationships, respectively. R2 indicates the variance of the dependent variable explained by the model. ***, p < 0.001; **, p < 0.01; *, p < 0.05. 
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Table 1. Effects of incorporation of inversion tillage and organic fertilizer application on soil physical properties.
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Treatments

	
Layer

(cm)

	
Soil Water Content

(%)

	
Soil Bulk Density

g cm3

	
Porosity

	
Anisotropy

	
Fractal Dimension

	
Circularity

	
Euler Number






	
T15

	
0–15

	
22.01 ± 0.11 c

	
1.15 ± 0.03 c

	
0.57 ± 0.01 bc

	
0.35 ± 0.01 a

	
2.70 ± 0.02 b

	
0.72 ± 0.01 ab

	
12,076 ± 605 b




	
T15+M

	
23.01 ± 0.12 a

	
1.14 ± 0.03 c

	
0.67 ± 0.01 a

	
0.30 ± 0.01 c

	
2.85 ± 0.07 a

	
0.74 ± 0.01 a

	
10,078 ± 405 c




	
T35

	
22.03 ± 0.11 c

	
1.30 ± 0.02 a

	
0.55 ± 0.01 c

	
0.36 ± 0.01 a

	
2.55 ± 0.04 c

	
0.70 ± 0.02 b

	
13,557 ± 584 a




	
T35+M

	
22.52 ± 0.11 b

	
1.23 ± 0.03 b

	
0.58 ± 0.01 b

	
0.32 ± 0.01 b

	
2.67 ± 0.03 b

	
0.72 ± 0.01 ab

	
12,532 ± 382 b




	
T15

	
15–35

	
18.01 ± 0.10 a

	
1.35 ± 0.02 a

	
0.37 ± 0.01 c

	
0.53 ± 0.02 a

	
2.40 ± 0.03 b

	
0.61 ± 0.01 b

	
24,239 ± 608 a




	
T15+M

	
17.99 ± 0.21 a

	
1.35 ± 0.05 a

	
0.38 ± 0.01 c

	
0.52 ± 0.02 a

	
2.40 ± 0.03 b

	
0.61 ± 0.02 b

	
24,146 ± 534 a




	
T35

	
18.06 ± 0.19 a

	
1.20 ± 0.02 b

	
0.42 ± 0.02 b

	
0.75 ± 0.43 a

	
2.50 ± 0.07 a

	
0.65 ± 0.02 a

	
22,201 ± 576 b




	
T35+M

	
18.01 ± 0.09 a

	
1.13 ± 0.01 b

	
0.46 ± 0.02 a

	
0.48 ± 0.01 a

	
2.44 ± 0.03 ab

	
0.66 ± 0.01 a

	
21,131 ± 409 c




	
T15

	
0–35

	
19.73 ± 0.10 b

	
1.26 ± 0.02 a

	
0.46 ± 0.01 c

	
0.45 ± 0.01 a

	
2.53 ± 0.01 a

	
0.66 ± 0.01 b

	
19,026 ± 450 a




	
T15+M

	
20.14 ± 0.16 a

	
1.22 ± 0.04 b

	
0.50 ± 0.01 a

	
0.42 ± 0.02 a

	
2.59 ± 0.05 a

	
0.66 ± 0.02 ab

	
18,117 ± 436 b




	
T35

	
19.76 ± 0.14 b

	
1.25 ± 0.01 ab

	
0.47 ± 0.01 b

	
0.58 ± 0.25 a

	
2.52 ± 0.05 a

	
0.67 ± 0.02 ab

	
18,496 ± 265 ab




	
T35+M

	
19.94 ± 0.1 ab

	
1.17 ± 0.02 c

	
0.51 ± 0.01 a

	
0.41 ± 0.01 a

	
2.53 ± 0.03 a

	
0.69 ± 0.01 a

	
17,445 ± 131 c








Notes: T15, conventional tillage with no organic fertilizer; T15+M, conventional tillage with organic fertilizer; T35, inversion tillage with no organic fertilizer; T35+M, inversion tillage with organic fertilizer. Different letters indicate significant differences between samples in the same soil layer (p < 0.05). Values are mean ± standard deviation (n = 4).













 





Table 2. Effects of incorporation of inversion tillage and organic fertilizer application on soil chemical properties.
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Treatments

	
Soil Layer

(cm)

	
pH

	
SOC

g kg−1

	
TN

g kg−1

	
TP

g kg−1

	
TK

g kg−1

	
AVN

mg kg−1

	
AVP

mg kg−1

	
AVK

mg kg−1

	
DOC

mg kg−1

	
DON

mg kg−1






	
T15

	
0–15

	
7.85 ± 0.06 b

	
22.65 ± 0.07 b

	
2.31 ± 0.02 b

	
0.63 ± 0.01 b

	
22.40 ± 0.08 b

	
145 ± 2 b

	
16.00 ± 0.09 b

	
123 ± 2 b

	
80 ± 2 c

	
15.04 ± 0.27 b




	
T15+M

	
7.65 ± 0.05 c

	
24.44 ± 0.33 a

	
2.40 ± 0.06 a

	
0.66 ± 0.02 a

	
23.62 ± 0.23 a

	
165 ± 4 a

	
17.55 ± 0.15 a

	
130 ± 4 a

	
100 ± 2 a

	
20.25 ± 0.51 a




	
T35

	
7.96 ± 0.03 a

	
21.07 ± 0.16 c

	
2.20 ± 0.02 c

	
0.60 ± 0.02 c

	
21.03 ± 0.78 c

	
135 ± 2 c

	
14.10 ± 0.38 d

	
110 ± 3 c

	
72 ± 2 d

	
13.03 ± 0.29 c




	
T35+M

	
7.85 ± 0.04 b

	
22.48 ± 0.24 b

	
2.25 ± 0.02 bc

	
0.63 ± 0.01 ab

	
22.01 ± 0.50 b

	
141 ± 3 b

	
15.04 ± 0.26 c

	
115 ± 4 c

	
85 ± 2 b

	
15.01 ± 0.23 b




	
T15

	
15–35

	
8.22 ± 0.04 a

	
15.23 ± 0.05 c

	
1.58 ± 0.03 c

	
0.52 ± 0.03 b

	
18.54 ± 0.17 c

	
107 ± 2 c

	
10.62 ± 0.24 c

	
92 ± 3 b

	
55 ± 1 c

	
10.03 ± 0.23 c




	
T15+M

	
8.20 ± 0.03 a

	
15.29 ± 0.06 c

	
1.61 ± 0.03 c

	
0.52 ± 0.02 b

	
18.55 ± 0.22 c

	
105 ± 4 c

	
10.66 ± 0.24 c

	
90 ± 3 b

	
55 ± 2 c

	
10.11 ± 0.36 c




	
T35

	
8.10 ± 0.02 b

	
17.53 ± 0.31 b

	
1.75 ± 0.03 b

	
0.55 ± 0.01 ab

	
19.48 ± 0.39 b

	
115 ± 3 b

	
12.53 ± 0.23 b

	
95 ± 4 ab

	
62 ± 2 b

	
12.08 ± 0.19 b




	
T35+M

	
7.95 ± 0.05 c

	
18.01 ± 0.11 a

	
1.86 ± 0.02 a

	
0.58 ± 0.03 a

	
20.00 ± 0.31 a

	
126 ± 4 a

	
13.52 ± 0.35 a

	
100 ± 5 a

	
70 ± 2 a

	
13.07 ± 0.17 a




	
T15

	
0–35

	
8.06 ± 0.01 a

	
18.41 ± 0.05 c

	
1.89 ± 0.02 c

	
0.57 ± 0.02 b

	
20.19 ± 0.12 b

	
123 ± 1 b

	
12.92 ± 0.12 c

	
105 ± 3 a

	
66 ± 1 b

	
12.18 ± 0.23 c




	
T15+M

	
7.97 ± 0.03 b

	
19.21 ± 0.11 b

	
1.94 ± 0.03 b

	
0.58 ± 0.01 ab

	
20.