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Abstract

:

Globally, soil degradation is an important issue for sustainable crop production. Soil quality indicators are the soil attributes that address the ecological functions of soil. Therefore, indicator-based soil quality assessment has been emphasized for quantifying the relative soil quality changes in different nutrient management systems. Soil quality underthe rice (Oryza sativa L.) and wheat (Triticum aestivam L.) cropping system was assessed using a modified “Soil Management Assessment Framework (SMAF)” model. Soil’s physical, chemical, nutritional, and biological indices were analyzed for different nutrient management strategies, viz., inorganic fertilizer (NPK), NPK + 7.5 Mg ha−1 farmyard manure (NPKF), NPK + 10.0 Mg ha−1 paddy straw (NPKP) and NPK + 8.0 Mg ha−1 Sesbania sesban L. green manure (NPKG). Nutrient management strategies significantly influenced soil quality indices. NPKF showed the highest SMAF score for soil physical quality index followed by NPKP > NPKG > NPK and control; whereas the score of soil chemical quality was greater in NPKP followed by NPKF/NPKG > NPK > control (p > 0.05). Overall, the soil nutritional quality index was greater in NPKF (0.96) followed by NPKG > NPKP > NPK, and the least was in control. The SMAF score of soil biological quality index was highest in NPKF compared to NPKG > NPKP > NPK > control. The wholesome index of SMAF (SQI) was developed withthehighest score in NPKF (0.94) followed by NPKG (0.90) > NPKP (0.89) > NPK (0.79) > control (0.71). The β-glucosidase activity, mineralizable C, KMnO4 oxidizable N, microbial biomass C, and total water-stable aggregates explained 82% variability in the dataset and represented a good agreement with system yield (R2 = 0.89, p < 0.05). This study concludes that the conjunctive application of NPK with manures restores the overall soil quality more than other management practices, and thatthe SQ indices can be utilized for screening the best management practices for rice-wheat and other similar cropping systems.
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1. Introduction


Soil quality assessment is complex and difficult to represent simply because of the intricacies and versatility in the composition ofthesoil medium [1,2]. The climate, ecology, and anthropogenic perturbation also contribute to the spatio-temporal variability in soil properties [3,4]. Soil in the ecosystem has to perform multifarious everlasting ecological services to mankind viz. crop stand and support, filtering, buffering, and detoxifying nature, a habitation for the gene pool, and cultural richness and national heritage [5,6]. Maintaining soil health is an overarching issue of the day. Repeated attempts have been made to develop a conceptual understanding and know-how about soil quality [7,8]. Even then, developing quality indices for easy and common representation of soils from varied agro-ecosystems is still a researchable issue [3,9,10,11,12,13,14]. The extent of the relationships among soil attributes and their contribution in describing soil quality/and the ecological functions of soils are still needed. Several researchers [15,16,17] developed the “Soil Management Assessment Framework (SMAF)” for easy and common representation of soil quality for specific management practices to address the ecological functions of soils. The SMAF is very sensitive to ecosystem functions and accommodates several soil physical, chemical, and biological indicators [1,4,18]. In SMAF, ten soil attributes: macro-aggregate stability, bulk density as soil physical; pH, electrical conductivity as soil chemical; extractable P and K for soil nutritional attributes; soil organic C, microbial biomass C, potentially mineralizable N, and β-glucosidase activity for microbial or metabolic were used to develop a score [15,16,17,19]. Individually, these attributes are primary indicators for predicting the different ecological functions of soil. However, a comprehensive SMAF score is more effective in describing the ecological functions of soil under different agroecology, climate, and agricultural practices.



The rice-wheat system occupies about 18 million ha in Asia, of which 13.5 million ha reside in the Indo-Gangetic Plains (IGP) of Bangladesh, India, Nepal, and Pakistan, andthisfeeds about a billion people [20]. The continued rice-wheat cropping system has led to the decline in factor productivity and increasedthecost of cultivation [21]. The continued practice of puddled transplanting rice followed by wheat had negatively affected the soil quality because of structural degradation, subsurface compaction and nutrient imbalance [22,23,24]. Intheabsence of a proper soil health assessment framework, farmers usedmore fertilizers as part of a random blanket application approach [4]. These faulty practices promote nutritional imbalance in crops [25,26]. On the other hand, mono-cropping and fertilization imbalance, non–accommodation of legume crops, low organic supplement, and no return/burn/removal of crop residues makes the soil more compact, less fertile, and less lively [27]. It is well known that the return of organic amendments to the soil is difficult because of the diversion of manure and crop residue to meet the energy needs in developing countrieslike India [28]. However, therecent initiative of the Government of India to supply fuel to rural households has increased the possibility of returning farmyard manure (FYM) in cultivated soils. FYM, green manuring and paddy straw had shown the benefits of maintaining soil fertility, sequestration of organic C, and sustaining crop productivity [29,30,31,32]. Therefore, these limited available resources within the targeted ecosystem can play a stewardship role in sustaining soil health if management practices are based on the holistic soil quality and the goals of the soil ecological function. We hypothesize that the SMAF score-based indexing system can guide the achievement of the desired functional goals. Therefore, this study was undertaken to screen out the soil attributes for suitable and robust SMAF scoring. The objectives of the study were to (i) optimize the soil attributes for the SMAF based soil quality index to express the ecological functions of soils, and (ii) to assess the impact of management practices on each segment of SMAF.




2. Materials and Methods


2.1. Sampling Location and Soil Properties


The field experiment with rice-wheat rotation was started in 1986 at the University Teaching Farm, Bidhan Chandra Krishi Viswavidyalaya, Mohanpur, West Bengal, India (Figure 1). The climate of the area is hot, humid and subtropical. Mohanpur usually receives an average annual rainfall of 1480 mm. The mean annual minimum and maximum air temperatures are 12.5 and 36.2 °C, respectively. The soil falls under Inceptisols order and is sandy loam in texture (hyperthermic Aeric Haplaquept according to U.S. Soil Taxonomy). The pH of the initial soil was 7.2 and contained 50, 29.5, and 20.5% of sand, silt, and clay, respectively. It had an oxidizable [33] organic C of 8.8 g kg−1, a bulk density of 1.2 Mg m−3, and a cation exchange capacity of 22.0 cmol(P+) kg−1recorded in the soil at the beginningof the experiment.




2.2. Fertilizer Treatments and Agriculture Management


The experiment was laid out in a randomized block design with the following treatments: fallow [these are no-tilled plots and no intercultural operations (puddling and irrigation) except need-based hand weeding were carried out]; control (no N, P, and K fertilizers or organics); 100% recommended dose of inorganic fertilizer (NPK); NPK + farmyard manure (NPKF); NPK + paddy straw (NPKP); and NPK + green manure (Sesbania sesban L.) (NPKG). Each treatment was replicated four times. For treatment of NPK, the State Agriculture Departments’ recommended dose (Kg ha-1) of fertilizers for rice and wheat crops at 120-60-60 and 100-60-40 of N, P2O5, and K2O, respectively, were applied in the form of urea, single super phosphate, and muriate of potash. Well decomposed FYM (with total C and C/N ratio of 33.3% and 66.6) (7.5 Mg ha−1), green manure (with total C and C/N ratio of 41.4% and 24.3) (GM) (8.0 Mg ha−1), and paddy straw (with total C and C/N ratio of 42% and 97.9) (10.0 Mg ha−1) for treatment NPKF, NPKG, and NPKP, respectively, weremanually spread uniformly on the surface of the specified plots (size: 8 m × 8 m) on a fresh–weight basis. The amounts of the NPK in NPKF, NPKP and NPKG were adjusted for the nutrients supplied through organics. The mean nutrients content (in percent) on dry weight basis were as follows:moisture level 20% of FYM (N:P:K = 0.58:0.36:0.3), GM (N:P:K = 2.65:0.16:0.46) and PS (N:P:K = 0.81:0.22:0.52). The organics were mixed thoroughly into the soil twodays before puddling using a power tiller. Rice (O. sativa L., cv. IET 4094) and wheat (T. aestivum L., cv. UP 262) were grown annually following standard practices. Rice was harvested on the whole–plot basis at maturity from ground level. After the harvest of paddy, the field was plowed thoroughly with a tractor-drawn disc plough followed by harrowing and planking. The wheat crop was sown in the first fortnight of December at 20 cm distance between rows. The wheat crop was generally harvested in the last week of March. The yield data of individual crops for the last twenty–four years was also collected andtheequivalent rice yield (ERY) was calculated for each of the treatments for expressing the yield in a common unit [34].


   ERY      R − W   =      Grain   yield   of   wheat    ×  unit   price   of   wheat     unit   price   of   rice      +    rice   yield   












2.3. Soil Sampling


Three representative field–moist soil samples were collected from each of the plots in each replication from 0 to 0.2 m depth with a bucket auger on the seventh day after the rice harvest in 2010. A part of the soil samples collected from each of the sites were processed and stored in refrigerated conditions at 4 °C for analysis of biological attributes. The other part was dried at room temperature, ground, and sieved (2.0 mm nylon sieve) for analysis of chemical attributes. The samples were taken separately for analysis of soil physical attributes.




2.4. Soil Physical Analysis


Bulk density was determined by a core sampler of 5.0 cm in length and 5.0 cm in diameter of the core with an average across the four depths of 0–5, 5–10, 10–15, and 15–20 cm [35]. Soil clay content was estimated by the International pipette method after treating the soil with hydrogen peroxide [36]. Water–stable aggregates were determined by the wet–sieving technique in aggregate size classes of >2000, 1000–2000, 500–1000, 250–500, 100–250 µm [37].




2.5. Soil Chemical and Nutritional Analysis


Soil pH was determined in a 1:2.5 ratio of soil: water suspension. As it was non–saline neutral soil, the cation exchange capacity (CEC) and exchangeable Ca2+, Mg2+was measured through leaching exchangeable cations (Ca2+, Mg2+, Na+ and K+) by neutral N NH4OAc and subsequent removal of excess salts by 60% alcohol [38]. The oxidizable organic C was determined following Walkley and Black’s [33] wet–oxidation method. An alkaline permanganate method [39] was followed to determine the KMNO4 oxidizable N. Olsen’s extractable P(soil pH > 6.0) which was determined by the ascorbic acid reductant method [40]. Potassium (K) was extracted by neutral N NH4OAc and detected by flame photometer [40]. S was extracted by 0.15% CaCl2 and determined turbidimetrically using barium chloride [41]. DTPA extractable Fe, Mn, Zn, and Cu were determined using an Atomic Absorption Spectrophotometer (PerkinElmer, PinAAcle 900F) [42] and available B was determined by spectrophotometrically following the azomethine-H method [43].




2.6. Soil Microbiological Analysis


Microbial biomass C and N (MBC, MBN) were determined bythefumigation extraction method [44]. MBC was computed form C-flush after fumigation using the relationship: MBC = {(1/0.38) × C-flush} [45]; and MBN was computed form N-flush after fumigation using conversion factor (KEC) 0.38 [46]. Mineralizable C (Cmin) was measured by capturing the CO2–C evolution method. The amount of CO2 evolved during the 23 days incubation period was absorbed in 10 mL 0.5 NNaOH. The amount of evolved CO2 was calculated by titrating the alkali in the traps with 0.5 NHCl to a phenolphthalein endpoint as outlined by Anderson (1982). Aerobic incubation was followed for determining mineralizable N (Nmin) [47]. Ammonium and nitrate–N were extracted using 2.0 MKCl. Net N mineralization was estimated by subtracting the initial from final NH4– and NO3– content. The dehydrogenase activity (DHA) was determined by the reduction of 2, 3, 5–triphenyl tetrazolium chloride (TTC) [48]. Fluorescein diacetate hydrolyzing activity (FDHA) was measured by determining fluorescein at 490 nm wavelength [48]. Urease activity (URE) was determined by measuring the NH4 released when 5.0 g of soil was incubated with 9 mL of 0.05 Mtris (hydroxymethyl) aminomethane (THAM buffer at pH 9.0) and 1 mL of urea solution of 0.2 M at 37 °C for 2 h [48]. The NH4–N released was determined by steam distillation of an aliquot of the resulting soil suspension with MgO for 4 min. β-glucosidase (β-glu) activity was estimated through enzymatic hydrolysis of β-glucopyranoside to p–nitrophenol and extracted by CaCl2–NaOH solution [48].




2.7. Developing Soil Management Assessment Framework (SMAF)


Eleven soil attributes were used to describe the soil quality index (SQI) using SMAF [15,16]. Among them, total macro–aggregate stability and bulk density are soil physical attributes; soil pH and cation exchange capacity are chemical attributes; KMnO4–N, DTPA–Zn, and hot water extractable B are soil nutritional attributes; Walkley and Black organic C (WBOC), microbial biomass C, mineralizable C, and β-glucosidase activity are microbial or metabolic activity. These attributes were selected to address various ecological functions of soil viz., the physical medium and to support plant growth (total macroaggregate stability and bulk density); energy-food web of the soil (microbial biomass C, mineralizable C, KMnO4–N, DTPA extractable Zn, and hot water extractable B limiting to the studied ecoregion) [26,49], cation exchange capacity and β-glucosidase); water availability and waste recycling (total macro-aggregate stability, bulk density, and WBOC); biodiversity and environmental protection and climate change abatement [bulk density, SOC, cation exchange capacity, (potentially mineralizable N is considered goal variable)]. Principal component analysis (PCA) of eleven soil attributes was performed [50]. The principal components having eigen values more than one were retained for screening of the minimum data set (MDS). In each PC, highly weighted factors, within ten percent of the highest weight, were taken for developing the minimum data set (MDS). The transformed MDS were integrated by linear scoring [7,10]. For all the MDS except bulk density (BD), a ‘more is better’ hypothesis was used to assign score, while for BD a ‘less is better’ approach was used. Attributes were ordered in descending or ascending order subject to whether a greater value was measured as “good” or “bad” in terms of soil function. In ‘more is better’ attributes, each observation was divided by the greatest calculated value such that this got a score of one. Oppositely, for ‘less is better’ attributes, the lowest calculated value was divided by each observation such that the lowest observed value obtains a score of one. Except for BD, attributes with the highest values were assigned a score of one. The overall SQI is the summing of score values of eleven soil quality attributes in one scale unit followed by dividing the score by the number of attributes considered. The physical, chemical, nutritional and biological soil quality indices were calculated following thesame procedure using physical (total macroaggregate stability and bulk density), chemical (pH and CEC), nutritional (KMnO4–N, DTPA–Zn and hot water extractable B), and biological (WBOC, microbial biomass C, mineralizable C, and β-glucosidase) properties, respectively. These indices developed for different management practices were compared with reference (control or fallow) soil with similar initial properties.




2.8. Statistical Analysis


Principal component analysis was performed to screen out the soil attributes [12]. Regression analysis was performed using equivalent rice yield (ERY) as dependent and the respective screened soil attributes as independent variables to investigate if the soil properties are related to the ecosystem function [11,51]. The treatment effect was tested using the analysis of variance (ANOVA) technique for a randomized block design using a SAS macro (http://stat.iasri.res.in/sscnarsportal; accessed on 7 April 2022). Pairwise comparison of the treatments were made using a Duncan’s multiple range test (p ≤ 0.05).





3. Results and Discussion


3.1. Physical Soil Quality Index


Total macroaggregate stability (TMacAS) is a general representation of soil aggregation, which was significantly affected by long–term cultivation as well as the application of NPK and NPK + organic amendments (p <0.05) (Table 1). The presence of only 21% TMacAS in the control was associated with destruction of the soil aggregates because of the periodic perturbation of the soil. Soil aggregation was improved with the additions of residue or manure with NPK even after perturbation. These organics contain an adequate amount of polymeric compounds viz., cellulose, hemicellulose, and lignin which can resist rapid decomposition and facilitate soil aggregation [52]. Among the organics, soil aggregation was poor in NPKG compared to NPKF and NPKP. Green manure had a narrower C:N ratio (13–20) than FYM (67) and PS (98) [34,53], and its succulent nature favored rapid decomposition which was mainly responsible for the low binding of soil separates and lower TMacAS. Bulk density was lower in NPKF, NPKP, and NPKG compared to fallow. High soil BD is a function of soil compaction. A significant negative correlation between BD and soil microbial properties showed the significance of lower bulk density in providing ideal hydrothermal conditions for the increased soil microbial activities [54]. The relative score value of BD was highest for NPKF (0.92) followed by NPKG (0.90) and NPKP (0.89). Mean values of TMacAS and BD constituted the physical soil quality index with NPKF (0.93) > NPKP (0.90) > NPKG (0.87) > NPK (0.72) and control (0.62) (p < 0.05) (Figure 2). Twenty–four years of nutrient management strategies significantly influenced this index (p > 0.05). NPKF showed the highest SMAF score of soil physical quality index with weighted values of 0.93, followed by fallow (0.91) and NPKP (0.90) and NPKG (0.85), NPK (0.71), and control (0.60). The nutrient management practices during the last two decades reduced ~35 and 23% of overall soil physical quality in control and inorganic NPK management compared to the NPKF, and a 21 and 34% decrement of the soil’s physical quality in control and inorganic NPK management compared to fallow. Furthermore, the deleterious impact of management practices was greater on soil aggregation compared to soil bulk density.




3.2. Chemical Soil Quality Index


Soil pH hadadirect effect on microbial activities, nutrient cycling, and crop growth. Soil pH was increased under different nutrient management practices by ~0.5 unit (Table 1). The SMAF score for pH was highest for fallow (0.94). Cation exchange capacity (CEC) was higher in fallow than control and NPK but less than NPKF and NPKP. Soil supplied with organics such as FYM, PS and GM carry functional groups which contributes to the variable charges in soil and thereby holding more soil exchangeable cations [55]. These observations are in conformity with earlier reports which showed a close relationship between effective CEC and SOC particularly inthesurface soil (0–30 cm depth) [56]. The chemical soil quality index was achieved by averaging the values of pH and CEC (Figure 2). In this index, the score values of NPKP (0.93) edged over fallow (0.9) and other integrated nutrient managements NPKF (0.89)/NPKG (0.89) compared to NPK (0.88) and control (0.85).




3.3. Nutritional Soil Quality Index


Total soil N was higher for integrated nutrient management compared to NPK (Table 2). The NPKP treatment showed similar values of total N compared to sole NPK treatment. Inorganic fertilization increased KMnO4–N status by ~11% compared to control. The integrated approaches viz., NPKG and NPKF increased ~16 and 18% of KMnO4–N over control treatment. An appreciable amount of Olsen’s P was detected when an external amount of P was added during the 24 years of nutrient management. NH4OAc–K and CaCl2–S were adequate (240 and 20 for K and S, respectively) in the studied soil [57,58]. Calcium was the dominant cation on exchange sites of soil followed by magnesium. Soils under all the treatments were sufficient for the availability of cationic micronutrients except DTPA–Zn. Contrarily, soils of all the treatments were deficient in hot water extractable B. The nutritional soil quality index was developed with score values of KMnO4–N, DTPA–Zn, and hot water extractable B. Overall, the soil nutritional quality index was greater in NPKF (0.96) followed by NPKG (0.93), NPKP (0.90), NPK (0.84), fallow (0.80), and control (0.76).




3.4. Biological Soil Quality Index


Depletion of soil organic C (SOC) is common in soils under cultivation without the addition of external organic inputs [21]. About a 17 and 6% decline in SOC was observed in control and NPK, respectively, compared to initial SOC (Table 3), while, NPKG and NPKF achieved 3 and 10% build-up of SOC, respectively. Soil microbial biomass C (MBC) was 1.7 to 1.8 times greater for integrated soil nutrient management compared to control. Application of NPK fertilizer in soil enhanced MBCup to 1.5 times compared to control. The supply of organic sources resulted inafriable soil structure, and improved hydrothermal conditions thereby facilitated higher soil microbial activity [54]. Soil respiration was 1.4, 1.5, and 1.6 times higher in NPKP, NPKG, and NPKF, respectively, compared to the control. The supply of decomposition resistant fiber fractions in PS showed slightly lower Cmin in NPKP than the NPKG and NPKF [59]. Sole inorganic and integrated treatment of PS, GM and FYM increased the Nmin soil up to 1.4–1.9 times compared to control. Fluorescein diacetate hydrolyzing activity (FDA) describes the overall soil microbial activity as FDA is the composite expression of protease, lipase, and esterase [60,61]. The application of FYM, PS, and GM had no effect on the β-glu and FDA activity of the soil compared to NPK. But, organics application caused 38–47% and 24.2–29.4% increase in FDA and β-glu activities, respectively when compared to control. The higher β-glu and FDA activity under the 24-years rotation were probably produced by the higher plant biomass (~11 Mg ha–1) and rhizodeposition [34]. The presence of DHA reflects the abundance of microbial activity. DHA activity was at par for both NPK and control. The integration of organics with NPK increased DHA activity. Urease (URE) activity was 14, 17, 18 and 43% higher for NPK, NPKP, NPKG and NPKF, respectively, when compared to control. Higher urease content in NPKF might be because of the upregulation of the enzyme production in microbes in the presence of an increased supply of decomposable substrate from FYM [34], whereas it declined in NPKG because of the reduced supply of substrate for URE in leguminous crops supplying biologically fixed N [62].



Score values of SOC, MBC, Cmin, and β-glu captured the biological soil quality index (Table 4; Figure 2). MBC measures the microbial abundance and liveliness of soil; and β-glu is the C–utilization/releasing potentiality of soil [63]. Furthermore, enzyme β-glu predicted DHA, FDA, and URE activities with a good agreement (R2 = 0.92). NPKF showed the greatest score value of SOC (0.99) compared to NPKP (0.90) and NPKG (0.93), respectively (Table 4). Biological soil quality indexes were ~9 and 6% lower for NPKP and NPKG treatments compared to NPKF. This score was further reduced for NPK. Keeping the soil fallow maintained SOC comparable to NPKP. Cultivation without any external input declined one-fourth of the score value of SOC. Integrated nutrient management indicated nearly at par improvement of soil microbial biomass C. FYM provided greater support for increasing the metabolic activity of soil. This may be because of the inherent composition of FYM [34]. Enzymes activities were greater in integrated nutrient management. However, a drastic reduction in values of soil enzymes was observed in NPK compared to integrated nutrient management NPK + organics (FYM, PS or GM). Furthermore, long-term cultivation of soils without addition of any external input reduced ~50% of soil metabolic activity. Nevertheless, soil data indicated that keeping the soil fallow is not a good practice and it caused about 50% decline in soil metabolic activity compared to NPKF. The soil biological and biochemical attributes indicated that NPKF is the best management practice (0.96) for achieving greater biological soil quality compared to NPKG (0.90), NPKP (0.86), NPK (0.76), control (0.65) and fallow (0.63).




3.5. SMAF Validation


The relationship with different physicochemical properties varied in the magnitude and direction (Table 1Table 2Table 3). Therefore, for comparing the response of different treatments, a unitless score “Soil Management Assessment Framework (SMAF)” was developed considering the impact of attributes on soil function [64]. Application of organics (FYM, PS, and GM) in conjunction with NPK significantly improved the SMAF score for different attributes as compared to control and NPK alone. The mineralization and decomposition of organics amendments (FYM, PS, GM) release nutrients (N, P, K and micronutrients), and the prolonged submergence for paddy cultivation facilitated the reduction of insoluble ferric phosphate to soluble ferrous phosphate, thereby increasing the available P [59]. The production of organic acids and ligands upon decomposition of organics also facilitated the increased availability of nutrients in the soil. Scores for physical indicators (TMacAS, bulk density) were greater for NPKF followed by NPKP and NPKG. The incorporation of organic amendments in soil improved the SOC content and root vigor, led to the better soil aggregation, porosity, and lower BD [65]. The fungal hyphae, fibrous roots, and polysaccharides content are higher in organic amendment treated soils which promote the binding of soil microaggregates andtheformation of water-stable total macroaggregates [66]. The nutritional, biological, and biochemical indicators were similar in NPK alone or in conjunction with organics. The score for pH was greater in NPKG followed by NPKP and NPKF. The CEC score was greater in NPKP followed by NPKF and NPKG. The yearly addition of organic amendments increased the soil biological activity. An increase in MBC, soil microbial, and metabolic activity with the addition of FYM and GM in the alluvial soils of the Indo-Gangetic plains undertherice-based cropping system was also reported by earlier researchers [67,68]. The overall summarization of data highlighted the NPKF as the best management practice (0.94) for achieving greater soil quality indices compared to NPKG (0.90) > NPKP (0.89) > NPK (0.79) > fallow (0.78) > control (0.71) (p < 0.05).



Long–term cultivation with individual management practices discriminates the index values of soil quality. However, these findings are not enough to reach a valid conclusion. Therefore, a PCA was carried out with eleven–selected data sets of SMAF (Figure 3; Supplementary Table S1). In PCA, 82% of the total data set was described by soil enzyme β-glu, Cmin, KMNO4–N, MBC, and TMacA. The crop yield is the most visible outcome of the agricultural production system. The final regression models with rice equivalent yield were developed and showed good agreement (R2 = 0.89, p < 0.05) with screened soil quality attributes through PCA (Table 5). Among the soil attributes only KMnO4–N (p < 0.01) and MBC (p < 0.05) predicted ERY, whereas, the forward model predicted ERY (R2 = 0.77, p < 0.05) when KMNO4–N (p < 0.01) was the only contender for such representation. Here, SOC and mineralizable N (Nmin) also predicted system yield (R2 = 0.50) very well.



The full model for WBOC was dominated by metabolic (β-glu), microbial (Cmin and Cmic), and nutrient attributes (KMnO4–N), including soil physical attributes (total water-stable aggregate).The Nmin model depended on soil metabolic activities (β-glucosidase activities), soil microbial activities (soil microbial biomass C and soil mineralizable C), nutrient attributes (KMnO4–N), and soil aggregation. N mineralization, a microbial process [69], was far lower in studied soils compared to earlier studies [70].





4. Conclusions


This study concludes that SMAF-based soil quality indexing had better representation of variability in crop performance. This index was responsive to the different nutrient management strategies. Farmyard manure was the better supplement to fertilizer nutrients for increasing system yield and the soil quality index. The wholesome index of SMAF (SQI) was highest in NPKF followed by NPKG, NPKP, and NPK. Soil attributes β-glucosidase, mineralizable C, KMNO4–N, microbial biomass C, and total water-stable aggregates together described 82% variability in the SMAF score. Different organics varied in their response to physical, chemical, nutritional, and biological indexes. This is mainly associated with varying proportions of the decomposable and recalcitrant compounds present in different organics. These findings have agronomic importance for managing natural resources for sustained productivity and improved soil quality. This study also highlights the importance of integrating organic input to mask the deleterious impact of different perturbations associated with cultivation practices.
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Figure 1. Location of the study area. 
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Figure 2. Soil quality indices (SQI); fallow, control (no N-P-K fertilizers or organics); 100% recommended dose of inorganic fertilizer (NPK); NPK + farmyard manure (NPKF); NPK + paddy straw (NPKP); and NPK + green manure (Sesbania sesban L.) (NPKG). Different letters in each category (Y- axis) are statistically different at p ≤ 0.05 by Duncan’s multiple-range test. 
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Figure 3. Biplot showing variable loadings on first two principal components for different soil attributes. BD: bulk density; TMacAS: macro-aggregate stability; WBOC: Walkley and Black organic C; CEC: cation exchange capacity; MBC: microbial biomass C; Cmin: mineralizable C; DHA: dehydrogenase; FDHA: fluorescein diacetate hydrolyzing activity; URE: urease activity; beta–glu: β-glucosidase. 
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Table 1. Soil physical and chemical attributes and significant correlations with measured soil microbial and metabolic activities.
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Treatments

	
Clay

	
TMacAS

	
BD

	
pH

	
CEC

	
ERY




	

	
%

	
Mg m−3

	

	
c mol(P+) kg−1

	
Mg ha−1






	
Fallow

	
44.9 e

	
60.2 a

	
1.45 a

	
7.1 d

	
17.1 c

	
-




	
Control

	
46.1 d

	
21.0 e

	
1.41 ab

	
7.6 bc

	
16.3 d

	
41.9 c




	
NPK

	
46.9 b

	
33.7 d

	
1.39 ab

	
7.5 bc

	
17.2 c

	
61.2 b




	
NPKF

	
47.4 a

	
58.3 ab

	
1.32 c

	
7.7 a

	
18.0 b

	
70.2 a




	
NPKP

	
46.9 b

	
56.2 b

	
1.37 bc

	
7.6 ab

	
19.6 a

	
60.5 b




	
NPKG

	
46.5 c

	
49.1 c

	
1.36 bc

	
7.5 c

	
17.6 bc

	
65.1 ab




	
LSD0.05

	
0.22

	
2.51

	
0.07

	
0.11

	
0.57

	
11.52




	
Significant correlations between soil organic C and soil microbial activities




	
WBOC

	
ns

	
**

	
ns

	
ns

	
*

	
ns




	
MBC

	
*

	
**

	
-ve **

	
ns

	
**

	
**




	
Cmin

	
**

	
*

	
-ve **

	
*

	
*

	
ns




	
Nmin

	
**

	
*

	
-ve **

	
ns

	
*

	
ns




	
β-glu

	
**

	
ns

	
-ve **

	
**

	
**

	
ns




	
DHA

	
**

	
*

	
-ve **

	
*

	
**

	
ns




	
FDHA

	
**

	
*

	
-ve *

	
*

	
**

	
ns




	
URE

	
**

	
ns

	
-ve **

	
**

	
ns

	
ns








Fallow, control (no N-P-K fertilizers or organics); 100% recommended dose of inorganic fertilizer (NPK); NPK + farmyard manure (NPKF); NPK + paddy straw (NPKP); and NPK + green manure (Sesbania sesban L.) (NPKG); WBOC: Walkley and Black organic C;TMacAS: total macro-aggregate stability; AS: aggregate stability; CEC, cation exchange capacity; ERY, equivalent rice yield; Cmic: microbial biomass C; Cmin: mineralizable C; Nmin: mineralizable N;β-glu: β-glucosidase; DHA: dehydrogenase; FDHA: fluorescein diacetate hydrolyzing activity; URE: urease activity; ns: non-significant; numbers followed by different letters are significantly different at p ≤ 0.05 by Duncan’s multiple-range test; * indicates significance at p ≤ 0.05; ** indicates significance at p ≤ 0.01.
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Table 2. Soil nutrient attributes and significant correlations with soil microbial and metabolic activities.
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Treatment

	
Total N

	
KMnO4–N

	
Olsen’s P

	
NH4OAc–K

	
CaCl2–S

	
NH4OAc–Ca

	
NH4OAc–Mg

	
DTPA Fe

	
DTPA Mn

	
DTPA Zn

	
DTPA Cu

	
Avail B




	

	
%

	
kg ha−1

	
c mol(P+) kg−1

	
mg kg−1






	
Fallow

	
0.71 c

	
133.2 c

	
38.5 d

	
216.0 c

	
22.4 c

	
12.0 cd

	
3.7 c

	
48.3 c

	
30.3 a

	
1.06

	
3.2 d

	
0.51 bc




	
Control

	
0.75 c

	
136.4 c

	
34.3 d

	
247.0 ab

	
21.5 c

	
10.0 d

	
4.4 b

	
118.0 b

	
23.0 b

	
1.08

	
6.3 c

	
0.40 d




	
NPK

	
0.81 b

	
151.8 b

	
72.5 a

	
245.0 b

	
22.1 c

	
11.9 ab

	
5.0 b

	
137.5 a

	
22.6 b

	
1.12

	
7.3 ab

	
0.47 c




	
NPKF

	
0.91 a

	
162.0 a

	
61.5 bc

	
253.6 ab

	
51.8 a

	
12.6 ab

	
5.8 a

	
137.2 a

	
22.8 b

	
1.21

	
7.0 abc

	
0.63 a




	
NPKP

	
0.79 b

	
153.9 ab

	
55.4 c

	
257.0 ab

	
47.9 ab

	
13.7 a

	
4.5 b

	
136.4 a

	
21.8 bc

	
1.2

	
6.6 bc

	
0.55 b




	
NPKG

	
0.83 b

	
157.9 ab

	
45.7 d

	
252.3 ab

	
44.4 b

	
11.7 bc

	
4.7 b

	
130.5 ab

	
17.3 c

	
1.14

	
7.7 a

	
0.62 a




	
LSD0.05

	
0.04

	
9.2

	
7.3

	
12

	
6.6

	
3.9

	
0.6

	
13.6

	
5.2

	
ns

	
0.8

	
0.05




	
Significant correlations between soil organic C and soil microbial activities




	
WBOC

	
*

	
**

	
ns

	
ns

	
**

	
ns

	
ns

	
ns

	
ns

	
*

	
ns

	
**




	
MBC

	
**

	
**

	
*

	
ns

	
**

	
ns

	
ns

	
ns

	
ns

	
**

	
ns

	
**




	
Cmin

	
**

	
**

	
**

	
*

	
**

	
ns

	
**

	
*

	
*

	
*

	
*

	
**




	
Nmin

	
**

	
**

	
**

	
ns

	
**

	
ns

	
**

	
*

	
ns

	
**

	
*

	
**




	
β–glu

	
**

	
**

	
**

	
**

	
**

	
ns

	
**

	
**

	
*

	
**

	
**

	
**




	
DHA

	
**

	
**

	
**

	
**

	
**

	
ns

	
*

	
*

	
ns

	
*

	
ns

	
**




	
FDHA

	
**

	
**

	
**

	
*

	
**

	
ns

	
**

	
**

	
*

	
**

	
*

	
**




	
URE

	
**

	
**

	
*

	
*

	
**

	
ns

	
**

	
**

	
ns

	
**

	
**

	
*








Fallow, control (no N-P-K fertilizers or organics); 100% recommended dose of inorganic fertilizer (NPK); NPK + farmyard manure (NPKF); NPK + paddy straw (NPKP); and NPK + green manure (Sesbania sesban L.) (NPKG); WBOC: WBOC: Walkley and Blackorganic C; MBC: microbial biomass C; Cmin:mineralizable C; Nmin: mineralizable N; β-glu: β-glucosidase; DHA: dehydrogenase; FDHA: fluorescein diacetatehydrolyzing activity; URE: urease activity; ns: non-significant; numbers followed by different letters are significantly different at p ≤ 0.05 by Duncan’s multiple-range test; * indicates significance at p ≤ 0.05; ** indicates significance at p ≤ 0.01.
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Table 3. Soil microbial activities attributes and significant correlations among soil microbial and metabolic activities.






Table 3. Soil microbial activities attributes and significant correlations among soil microbial and metabolic activities.





	
Treatment

	
WBOC

	
MBC

	
Cmin

	
Nmin

	
β-glu

	
DHA

	
FDHA

	
URE






	
Fallow

	
9.9 b

	
583.0 d

	
6.99 c

	
1.63 bc

	
64.0 c

	
58.0 c

	
72.7 c

	
45.0 c




	
Control

	
8.2 d

	
417.3 e

	
7.28 c

	
1.38 c

	
72.1 bc

	
57.9 c

	
71.5 c

	
54.8 bc




	
NPK

	
9.3 c

	
637.4 c

	
7.43 c

	
1.94 bc

	
80.4 b

	
58.7 c

	
81.7 b

	
62.6 b




	
NPKF

	
10.9 a

	
759.3 a

	
11.63 a

	
2.59 a

	
106.1 a

	
96.7 a

	
101.3 a

	
78.6 a




	
NPKP

	
9.9 b

	
763.5 a

	
9.84 b

	
2.05 ab

	
100.0 a

	
83.4 b

	
94.3 a

	
63.9 b




	
NPKG

	
10.2 b

	
711.9 b

	
10.75 ab

	
2.19 ab

	
99.7 a

	
82.3 b

	
97.5 a

	
64.5 b




	
LSD0.05

	
0.38

	
14.5

	
1.04

	
0.61

	
10.1

	
9.7

	
7.9

	
11.2




	
Significant correlations between soil organic C and soil microbial activities




	
WBOC

	
1.00

	
**

	
**

	
**

	
**

	
**

	
**

	
*




	
MBC

	
**

	
1.00

	
**

	
**

	
**

	
**

	
**

	
**




	
Cmin

	
**

	
**

	
1.00

	
**

	
**

	
**

	
**

	
**




	
Nmin

	
**

	
**

	
**

	
1.00

	
**

	
**

	
**

	
**




	
β-glu

	
**

	
**

	
**

	
**

	
1.00

	
**

	
**

	
**




	
DHA

	
**

	
**

	
**

	
**

	
**

	
1.00

	
**

	
**




	
FDHA

	
**

	
**

	
**

	
**

	
**

	
**

	
1.00

	
**




	
URE

	
*

	
**

	
**

	
**

	
**

	
**

	
**

	
1.00








Fallow, control (no N-P-K fertilizers or organics); 100% recommended dose of inorganic fertilizer (NPK); NPK + farmyard manure (NPKF); NPK + paddy straw (NPKP); and NPK + green manure (Sesbania sesban L.) (NPKG); WBOC: Walkley and Black organic C in g kg−1; MBC: microbial biomass C in µg C g−1; Cmin: mineralizable C in C in µg C g−1 d−1; Nmin: mineralizable N in µg NH4-N g−1 d−1; β-glu: β-glucosidase; DHA: dehydrogenase in µg TPF g−1soil 24 h−1; FDHA: fluorescein diacetate hydrolyzing activity in µg fluorescein g−1 soil h−1; URE: urease activity in µg NH4-N g−1 soil 2 h−1; AcP, AlP, and ArS are acid phosphatase, alkaline phosphatase and aryl sulphatase in µg p-nitrophenol g−1 soil h−1; Numbers followed by different letters are significantly different at p ≤ 0.05 by Duncan’s multiple-range test; * indicates significance at p ≤ 0.05; ** indicates significance at p ≤ 0.01.
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Table 4. Soil quality assessment using the Soil Management Assessment Framework (SMAF).
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Treatment

	
Fallow

	
Control

	
NPK

	
NPKF

	
NPKP

	
NPKG

	
LSD0.05






	
Physical indicators




	
TMacAS

	
0.98 a

	
0.34 e

	
0.55 d

	
0.94 ab

	
0.91 b

	
0.79 c

	
0.04




	
Bulk density

	
0.84 c

	
0.87 bc

	
0.88 bc

	
0.92 a

	
0.89 ab

	
0.90 ab

	
0.04




	
Chemical indicators




	
pH

	
0.94 a

	
0.87 bc

	
0.88 bc

	
0.86 d

	
0.87 cd

	
0.88 b

	
0.01




	
Cation exchange capacity

	
0.87 c

	
0.83 d

	
0.88 c

	
0.92 b

	
1.00 a

	
0.90 bc

	
0.03




	
Nutritional indicators




	
KMnO4–N

	
0.80 c

	
0.82 c

	
0.91 b

	
0.98 a

	
0.9 ab

	
0.95 ab

	
0.06




	
DTPA–Zn

	
0.83 b

	
0.84 ab

	
0.87 ab

	
0.94 a

	
0.94 a

	
0.89 ab

	
0.10




	
Hot water extractable B

	
0.78 bc

	
0.63 d

	
0.73 c

	
0.97 a

	
0.84 b

	
0.96 a

	
0.10




	
Biological and biochemical indicators




	
WBOC

	
0.90 b

	
0.75 d

	
0.85 c

	
0.99 a

	
0.90 b

	
0.93 b

	
0.03




	
MBC

	
0.49 d

	
0.75 c

	
0.82 b

	
0.97 a

	
0.98 a

	
0.96 a

	
0.03




	
Cmin

	
0.59 bc

	
0.50 c

	
0.70 bc

	
0.94 a

	
0.74 ab

	
0.79 ab

	
0.23




	
β-glu

	
0.53 d

	
0.60 cd

	
0.67 c

	
0.93 a

	
0.87 ab

	
0.89 a

	
0.08








Fallow, control (no N-P-K fertilizers or organics); 100% recommended dose of inorganic fertilizer (NPK); NPK + farmyard manure (NPKF); NPK + paddy straw (NPKP); and NPK + green manure (Sesbania sesban L.) (NPKG); TMacAS: Macro-aggregate stability; WBOC: Walkley and Black organic C; MBC: dehydrogenase; FDHA: fluorescein diacetate hydrolyzing activity; URE: urease activity; numbers followed by different letters are significantly different at p ≤ 0.05 by Duncan’s multiple-range test.
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Table 5. Results of the regression analysis.






Table 5. Results of the regression analysis.





	Method/Model
	Regression Equations
	R2
	Adj. R2
	SE #





	Full
	ERY = 40.14 − 167 β-glu – 2.94 Cmin + 0.004 KMnO4–Nb + 0.067 Cmica + 0.379 TMacA
	0.89
	0.83
	4.25



	Forward
	ERY = −81.71 + 0.929KMnO4–Nb
	0.77
	0.75
	5.16



	Full
	ERY= 121.56 – 10.78 WBOCb + 21.9 Nminb
	0.50
	0.41
	7.93



	Full
	SOC = 6.07 + 0.04 β-glu + 0.44 Cmina+ 0.007 KMnO4–N – 0.009 Cmica + 0.024 TMacA
	0.83
	0.74
	0.47



	Forward
	SOC = 7.08 + 0.58Cminb -0.004 Cmica
	0.69
	0.64
	0.56



	Full
	Nmin = −1.80 + 0.012 β-glu + 0.19 Cmin + 0.016 KMnO4–N– 0.003 Cmic + 0.014 TMacA
	0.71
	0.54
	0.33



	Forward
	Nmin = 0.22 + 0.02β-glub
	0.56
	0.53
	0.33







# Standard error of estimate; a Significant: p < 0.05. b Significant: p < 0.01. bold and italic figures indicate highly weighted variables among the respective regression equations.
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