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Abstract


The effects of integrated nutrient-management (INM) practices on soil quality are essential for sustaining agro-ecosystem productivity. The soil quality index (SQI) serves as a tool to assess the physical, chemical, and biological potential of soils as influenced by various edaphic and agronomic practices. A multiyear (2018–2021) field experiment was performed at the University Organic Research Farm, Narendrapur, West Bengal, India, to investigate the influence of integrated and sole applications of different conventional fertilizers, organic (e.g., vermicompost), and natural farming inputs (e.g., Dhrava Jeevamrit and Ghana Jeevamrit) on SQIs and crop productivity of rice–mustard–green gram-based cropping systems. A total of 12 parameters were selected for the assessment of SQI, amongst which only four, namely pH, organic carbon %, total actinomycetes, and bulk density, were retained for the minimum data set based on principal component analysis (PCA). In this study, the maximum SQI value (0.901) of the experimental soil was recorded in the INM practice of 25% organic and 25% inorganic nutrient inputs, and the rest with natural farming inputs, which augments the SQI by 24% compared to the 100% inorganic nutrient treatment. Amongst the different soil parameters, the highest contribution was from the pH (35.18%), followed by organic carbon % (26.77%), total actinomycetes (10.95%), and bulk density (6.98%). The yields in different cropping systems varied year-wise across treatments. Notably, the highest yield in rainy rice was estimated in the 100% organic treatment, followed by INM practices in the subsequent years, and finally, the combination of organic and natural inputs in the final year. In the case of mustard, the combination of organic and natural inputs resulted in the highest productivity in the initial and last years of study, while the 100% organic treatment resulted in higher productivity in subsequent years. Green gram showed a dynamic shift in yield between the 100% organic and integrated treatments over the years. Further, a strong correlation was also established between the soil physico-chemical parameters and the SQI. Overall, this study concludes that the natural and organic input-based INM practice enhances the soil quality and crop productivity of the rice–mustard–green gram cropping system under the coastal saline zone.
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1. Introduction


Rice (Oryza sativa) is considered one of the major cereal crops for more than half of the global population [1], while the rice-based cropping system has become the most predominant cropping practice in the Indian subcontinent [2]. However, long-term rice-based cultivation has also led to a gradual reduction in yield and farmer income due to high input costs, improper fertilization practices, excessive soil disturbance, and reduced nutrient use efficiency [3]. These factors are degrading the inherent capacity of soils by negatively impacting their physico-chemical properties and microbial populations [4]. While the continuous application of chemical fertilizers may temporarily enhance crop yields by providing essential nutrients, their surplus often leads to soil organic matter degradation, loss of biodiversity, disruption of vital soil processes, and environmental pollution [5]. Even though the wide adoption of chemical fertilizers has effectively accomplished the target of increasing agricultural productivity while ensuring self-sufficiency in food, the intensive dependency on chemicals endangers the soil microbiota and agro-ecosystem [6]. Implementing organic manures has become a widely recognized method for enhancing soil health by boosting soil organic carbon reserves and improving nutrient use efficiency [7]. However, organic fertilizers in single application could not sustain the long-term crop yield and productivity to feed the ever-increasing population. Therefore, a holistic approach integrating inorganic, organic, and natural input-based nutrient management would be vital to improve crop productivity, maintain soil fertility and health, and ensure environmental quality. In particular, the integration of organic manures in combination with agrochemicals is increasingly popular, which aims to improve crop yield and soil health and provide environmental safety [8].



Natural farming is an agricultural approach that minimizes external inputs and relies on the self-sustaining principles of nature. It operates with the principle of using locally available resources while avoiding chemical fertilizers. It further emphasizes agronomic interventions, such as crop rotation, diversification, legume incorporation, efficient resource use management, and increasing nutrient use efficiency. Amongst the various components of natural farming, Dhrava Jeevamrit and Ghana Jeevamrit are fermented microbial consortia that enhance the activity of soil microorganisms, leading to the mineralization of essential plant nutrients and making them available for uptake by plant roots [9]. Ghana Jeevamrit, Dhrava Jeevamrit, and other organic inputs, such as vermicompost, compost, and farmyard manure (FYM), are incorporated in the form of dairy excreta-based solid and liquid organic manures that have improved soil organic carbon stocks [10,11,12]. The combined application of these organic and inorganic inputs in the crop field ensures the availability of major plant-required nutrients by exacerbating nitrogen mineralization with the help of soil microbes [13]. In this context, integrated nutrient-management (INM) practices are paramount for achieving sustainable production while restoring soil health and thus can be an alternate approach to agrochemicals for the farming community [14].



In addition, integrating oilseeds and legumes into existing rice-based cropping systems, coupled with organic and natural input-based nutrients alongside the recommended NPK dosage, is essential for enhancing crop yield and improving soil fertility. In particular, the rice–mustard–green gram cropping system is well-suited for eastern India, providing a balanced production of food grains, vegetable oil, and protein [15]. The incorporation of legumes in the rice-based cropping system helps reduce the use of agrochemicals and improves soil fertility by augmenting the soil microbial status, the organic carbon of soils, and other soil quality parameters [16].



Soil health has become a vital factor for crop production in terms of quality and quantity, particularly in the post-Green Revolution era. Therefore, adopting suitable agro-technology to maintain soil health and quality is essential to meet the global food requirement. Soil quality indices (SQIs) are comprehensive metrics used to assess the health and functionality of the soil concerning its capacity to induce vigorous plant growth, support agricultural productivity, and regulate ecosystem balance [17]. These indices are derived from a combination of physico-chemical and biological soil properties, viz., soil texture, organic matter content, pH, nutrient availability, microbial activity, water retention capacity, etc., and they offer a more comprehensive assessment of soil quality than investigating sole edaphic parameters [18]. By quantifying these parameters, SQI may provide a standardized way to evaluate soil quality over time, guide sustainable land-management practices, and measure the impact of different agricultural or conservation interventions on soil health [19].



Therefore, assessing SQIs will help achieve accurate and reliable soil quality estimation and result in effective soil health determination and management practices. The present work aims to study the effect of integrated and sole application of different off-farm and on-farm inputs as a soil quality indicator in a rice–mustard–green gram-based cropping system to achieve sustainable agricultural production.




2. Materials and Methods


2.1. Description of the Study Area


The four-year research work (2018–2021) was conducted at the University Organic Research Farm, Ramakrishna Mission Vivekananda Educational and Research Institute (RKMVERI), Narendrapur, West Bengal, India (situated at 22.438° N latitude and 88.401° E longitude) (Figure 1) falling under the Coastal Saline Zone of West Bengal. With 53.5% sand, 6% silt, and 40.5% clay, the soil texture is marked as sandy clay. Before conducting the experiments, soil samples (0–15 cm depth) were collected and analyzed. The initial values of soil physico-chemical parameters include pH of 6.93, EC (1:2.5 soil/water) of 0.19, organic carbon of 0.87%, available nitrogen of 220 mg/kg, available phosphorus of 52.64 mg/kg, and available potassium of 167 mg/kg. The climate of the coastal region of West Bengal is classified as hot and humid except for a short, mild winter in December and January. The rainfall during the experimentation period was well-distributed, with the highest amounts recorded during the monsoon season, from June to August. The total annual rainfall was 1754 mm, while the average maximum and minimum temperatures were 31.17 °C and 21.47 °C, respectively. The relative humidity varied between 37.3% to 95.5% during the experimental years (Figure 2).




2.2. Treatment and Experimental Details


The target cropping system was rice–mustard–green gram, where the crops were cultivated during the Kharif (rainy), Rabi (winter), and summer seasons, respectively. The crop cultivars were Satabdi (IET-4786) for rice, B9 for mustard, and Samrat (PDM-139) for green gram. However, during the summer of 2019, we were unable to sow the green gram crop due to the COVID-19 pandemic, and thus, the fields were left fallow. The treatment details are mentioned in Table 1. The experiment was carried out in a randomized complete block design (RCBD) encompassing five integrated nutrient-management treatments replicated four times. The natural and organic inputs were prepared at the institution based on the standardized protocol. Before the application of these organic and natural inputs, the macro- and micronutrient content were estimated (Table 2). The recommended dose of nitrogen, phosphorus, and potassium (RDNPK) of rice, mustard, and green gram for the agroclimatic zone are 80:40:40 kg/ha, 60:40:40 kg/ha, and 20:40:20 kg/ha, respectively [20]. The full dose of organic input (vermicompost) was given as a basal dose before sowing, and the natural inputs, such as Dhrava Jeevamrit and Ghana Jeevamrit, were applied twice a month till flowering as 500 l/ha and 250 kg/ha as soil drenching (The details of the preparation of the organic and natural inputs have been given in Supplementary Table S1; the doses of organic and natural inputs were calculated based on the nitrogen content). In the case of green gram, the full basal dose of inorganic chemical fertilizers was applied. For rice and mustard, half of the nitrogen dose, along with the full doses of phosphorus and potassium, was applied as the basal treatment during the final land preparation. The remaining half of the nitrogen was applied in two equal splits for rice—once during tillering and again during grain filling. For mustard, the remaining half was applied in a single split 25 days after sowing.




2.3. Soil Sampling and Analysis


Soil samples were collected from six points in each plot at a depth of 0–15 cm using a tube auger, both prior to the commencement of the experiment (before sowing of first-year rice) and after the completion of the crop cycle (after the harvest of final year green gram). Samples from each plot were thoroughly mixed to form a composite sample weighing 500 g. These composite samples were then divided into two portions: one portion was refrigerated at 4 °C for the analysis of biological and biochemical soil parameters, while the other portion was air-dried, ground, and sieved through a 2 mm mesh for soil chemical property analysis. Soil pH and electrical conductivity (EC) were measured using a soil-to-water ratio of 1:2.5, following the method described by [24]. Organic carbon (OC) content was determined by the [25] method. Available nitrogen was quantified using the KMnO4 extraction method [21]. Phosphorus availability was assessed using the Olsen method [22], and available potassium was measured using the 1N ammonium acetate extraction method [23]. Bulk density (BD) was determined using the core sampler method [26]. The soil microbial populations of bacteria, fungi, and actinomycetes were estimated through the standard serial dilution spread plate technique using appropriate nutrient media. Total bacteria (media: nutrient agar; incubation temperature: 37 °C; incubation time: overnight), total actinomycetes (media: actinomycetes isolation agar; incubation temperature: 37 °C; incubation time: 24 h), total fungus (media: sabouraud chloramphenicol agar; incubation temperature: 30 °C; incubation time: 48 h) [27,28]. Soil dehydrogenase activity (DHA) was assessed following the method of [29], which involves the reduction of 2, 3, 5-triphenyltetrazolium chloride (TTC) to triphenyl formazan (TPF), followed by spectrophotometric measurement at 485 nm. The initial values of the soil physical and chemical properties are reported in Table 3.




2.4. Soil Quality Evaluation


The soil quality index (SQI) of the experimental soil was evaluated from the data obtained by analysis of the soil samples collected after the harvesting of the final component crop of the mentioned cropping system. For determination of the soil quality index, four crucial steps needed to be carried out, starting with (i) setting up of the management goal; (ii) selection of the minimum data set, which represents the soil indicators; (iii) scoring of the minimum data set indicators, and (iv) computation of the SQI by integrating the individual scores of the minimum data set [32,33].



2.4.1. Principal Component Analysis


The principal component analysis (PCA) was performed using JASP (ver. 0.19.1) for 12 soil physical (e.g., bulk density, maximum water retention capacity), chemical (e.g., pH, electrical conductivity, organic carbon %, available nitrogen, phosphorus, and potassium), and biological (e.g., culturable total bacteria, fungi, and actinomycetes and dehydrogenase activity) attributes to lower the data dimension while retaining all information [32]. Only four attributes out of a total of 12 attributes were retained in the minimum data set having high loading factor and eigenvalues (≥1) which were considered the best representative of the data and successfully explained the variability [34]. The retained principal components underwent varimax rotation to enhance the interpretability of the factors. This process aimed to maximize the variance explained by each component while minimizing the shared variance [35].




2.4.2. Scoring of the Indicators of Minimum Data Set


After establishing the minimum data set, a linear scoring technique was employed to assign a score to each individual observation of the minimum data set indicators, ranging between 0 and 1 [32,36]. The indicators were ranked in either ascending or descending order, depending on whether higher values were beneficial or detrimental to soil quality. A comprehensive understanding of how soil parameters perform in similar soil types is essential for converting raw data into unitless scores [17]. In this study, bulk density was scored as “lower is better,” while organic carbon content and total actinomycetes were scored as “higher is better,” and pH was evaluated based on the principle of “optimal is better” [37]. For indicators scored as “higher is better,” each observation was divided by the highest value of the indicator so that the highest value scored a 1. Conversely, for “lower is better” indicators, the lowest value was divided by each observation, ensuring that the lowest value scored a 1 [32].




2.4.3. SQI Calculation


In the final step, after giving a score to each minimum data set variable, they were weighted with the help of PCA results. A certain percentage of variation was explained by each principal component in the data set, which was divided by the total variation percentage of all the components having eigenvalue ≥ 1 (Damiba et al., 2024). The soil quality index as a measure of soil health was evaluated by adding all the weighted variables scores of the minimum data set using the following formula:


  S o i l   Q u a l i t y   I n d e x   ( S Q I ) =   ∑  i = 1   n    ( W i × S i )    



(1)




where Si represents the contribution of the ith variable to the overall factor score, while Wi denotes the relative importance of the ith variable in determining the factor score. These weights are obtained from the PCA [37]. The higher value of SQI determines better soil health and quality and vice versa.





2.5. Productivity of the Cropping System


The grain or seed yield (kg/ha) of rice, mustard, and green gram was calculated post-harvest. For rice, the yield was determined by harvesting the entire produce from the net plot area (excluding border areas) [38]. The grain yield was calculated based on the harvested data and converted to kg/ha at a standard moisture content of 14% [39]. In the case of mustard, mature plants bearing siliqua were harvested, sun-dried, and threshed using sticks. For green gram, mature pods were collected from the net plot area, sun-dried, and threshed. The seeds were then properly dried to reduce moisture content to 14% [40]. The seed weights were recorded as grams per plot and subsequently converted to kg/ha for yield estimation.




2.6. Statistical Analysis


The crop yield and SQI data were analyzed using analysis of variance (ANOVA) following a randomized complete block design (RCBD) as described by Gomez and [41]. The analysis was performed using GenStat software (Windows version 20.0). The significance of variance sources was evaluated by Fisher–Snedecor’s F-test, using error mean square, with a probability threshold of 0.05. The figures and graphs are prepared R ver. 4.4.1.





3. Results


3.1. Soil Physico-Chemical Indicators


Natural and organic input-based integrated nutrient-management strategies significantly affected the physico-chemical parameters of soils, viz. bulk density, maximum water holding capacity, pH, electrical conductivity, oxidizable organic carbon percentage, and plant-available nitrogen, phosphorous, and potassium in the post-harvest experimental soil of the rice–mustard–green gram cropping system (Table 4).



The BD of the post-harvest soil showed no statistically significant differences across the several nutrient treatments. The highest maximum water holding capacity (WHC) (58.52%) was observed in plots of INM practices with organic, natural, and inorganic nutrient inputs (NM4), followed closely by the 100% organic treatment (NM1) with 58.26%. At the same time, the least value was found in the integration of organic and natural inputs (50.86) (NM2).



The post-cultivation pH values were neutral (6.5–7.5), with the highest pH (7.26) in the treatment involving a mixed application of inorganic, natural, and organic inputs (NM4), while the lowest value (6.92) was recorded from 100% organic nutrient treatment (NM1). The maximum electrical conductivity (EC) (0.328) was found in treatment involving the combined application of organic and natural inputs (NM2), which was statistically at par with 100% organic treatment (0.323) (NM1). The lowest value of EC (0.200) was seen in treatment where integration of organic, natural, and inorganic inputs was applied (NM4) to meet the nutrient requirements of the crop. The highest oxidizable OC (1.12%) was recorded from the 50% organic inputs + natural inputs, and the lowest (0.82%) was seen in the case of fully inorganic treatment (NM5). A similar trend was followed in available nitrogen, depicting the highest (286 mg/kg) with the combined application of natural and organic inputs (NM2) and the lowest (204 mg/kg) in fully inorganic treatment (NM5). The highest available phosphorus (44.60 mg/kg) was recorded in the combined application of organic, inorganic, and natural inputs (NM4), which was statistically at par with the integrated application of organic and natural inputs (NM2) (44.38 mg/kg. However, 100% inorganic nutrient treatment (NM5) recorded the highest available potassium (1374 mg/kg) in the post-harvest soil and the lowest in 100% organic treatment (103 mg/kg) (NM1).



Soil OC is the key aspect of soil health and productivity. It stores nutrients and provides energy for soil organisms. The balance of OC in post-harvest soil was found to be at maximum due to the integration of organic and natural inputs (+0.25%) (NM2) followed by the addition of natural, organic, and inorganic treatments (+0.16%) (NM4) and fully organic input treatment (+0.02%) (NM1) (Figure 3a). Fully inorganic (NM5) and integration of organic and inorganic treatment (NM3) showed a decline in organic carbon balance as compared to the initial soil by 0.04% and 0.02%, respectively (Figure 3a). A similar result was also observed in the available nitrogen balance; the highest positive balance (+66.66 mg/kg) in the treatment where organic and natural inputs (NM2) were combined and applied was observed, followed by the integration of organic, natural, and inorganic inputs (+42.28 mg/kg) (NM4) and fully organic treatment (+30.30 mg/kg) (NM1) (Figure 3b). The negative balance of available nitrogen was observed in fully inorganic (NM5) and integration of organic and inorganic nutrient treatment (NM3) (Figure 3b). Irrespective of various treatment combinations, the available soil phosphrus balance was found to be negative, and the least negative value (−8.04 mg/kg) was observed with 25% organic inputs + 25% inorganic inputs + natural inputs (NM4) (Figure 3c). The soil available potassium balance also showed a declining trend in all the treatments with a maximum negative balance in the 100% organic treatment (−64 mg/kg) (NM1) (Figure 3d).




3.2. Soil Biological Indicators


The biological activity of soil is the function of several microorganisms present in soil. The biological properties of the post-cultivation soil, especially the microbial load (e.g., bacterial, actinomycetes, and fungi) and activity of soil dehydrogenase (DHA) enzyme, were seen to be significantly affected by various organic and natural input-based INM treatments (Table 5)



The highest population of total bacteria (138.00 × 1011 cfu/g) in post-harvest soil was found where 100% organic inputs (NM1) were applied, and the lowest was observed with the collective application of inorganic and organic inputs (NM3). In the case of total fungi, the highest population (43.66 × 10 3 cfu/g) was found due to the combined application of natural and organic inputs (NM2) that was statistically at par with 100% organic (42 × 103 cfu/g) (NM1) and 100% inorganic (38.66 × 103 cfu/g) treatments (NM5) respectively, while the lowest was seen in the integrated application of inorganic and organic inputs (NM3). The integrated application of natural, organic, and inorganic inputs (NM4) resulted in the maximum actinomycetes load (14.30 × 106 cfu/g) in post-harvest soil.



Soil DHA was measured at 30 DAS and is represented in Table 5. The results revealed that treatment with the integrated application of organic and natural nutrient inputs (NM2) recorded the highest dehydrogenase activity (3.45 µg TPF/g oven dry soil/24 h), and the lowest dehydrogenase activity in soil was noted with the mixed application of organic and inorganic inputs (NM3) (1.70 µg TPF g oven dry/soil/24 h).



The dynamics of soil microorganisms in the pre- and post-cultivation soil are shown in Figure 4. In the case of the total bacterial count, the population of soil bacteria tended to decrease in all INM treatments after cultivation except in 100% organic treatment (NM1), where the status of the bacterial population was found to be much higher post-cultivation. Like bacteria, the population of fungi was also recorded to drop post-cultivation except in treatment where a combined organic, inorganic, and natural treatment (NM4) was applied, which seemed to be at the same level. In the case of soil actinomycetes, a population decline was recorded in all nutrient treatments except the integration of organic and natural input (NM2) applied treatment, which seems to be on the same level.




3.3. Soil Quality Index


A PCA was performed on 12 soil physico-chemical and biological parameters to identify the minimum data set for evaluating the soil quality index of the experimental soils. The minimum data set that includes principal components with a high eigenvalue (≥1) and a minimum 5% data variation among the principal components (PCs) was selected [33]. The eigenvalues of the four PCs were 4.01, 3.58, 2.60, and 1.02, respectively. These, taken together, accounted for a cumulative variance of 94.3%, with the first, second, third, and fourth components explaining 34%, 29.8%, 21.6%, and 8.8% of the variability, respectively (Table 6). For each principal component (PC), only factors with absolute values within 10% of the highest factor loading were retained for the minimum data set. Consequently, highly weighted factors like pH, organic carbon %, total actinomycetes, and bulk density were retained as PC1, PC2, PC3, and PC4, respectively, in the minimum data set (Table 6). The path diagram associated with the PCA is presented in Supplementary Figure S1.



Post-formation of the minimum data set, a linear scoring technique was applied to assign a score to every individual observation of the minimum data set indicator, which ranged between 0 and 1. Upon considering whether the higher value of the indicators is good or bad for the soil, they are ranked in ascending or descending order. In our present research, bulk density was scored as “less is better”, organic carbon content and total actinomycetes were scored as “more is better”, while pH was scored as “optimum is better”. For the indicators that scored more is better, each value of the indicator was divided with the highest value (7.27 for pH, 1.14 for organic carbon, and 18.3 for total actinomycetes) such that the highest value becomes 1. In the case of the less is better indicators, the lowest value (0.87 for bulk density) was divided by each value of the indicator such that the lowest value scored a 1. The soil quality index for each PC was calculated by multiplying their respective scores with weighting factors.


  S Q I = 0.36 ×   S   p H   + 0.32 ×   S   O C   + 0.23 ×   S   a c t i n o m y c e t s   + 0.09 ×   S   B D    



(2)




where 0.36, 0.32, 0.23, and 0.09 were the weighting factors of respective PCs, and S is the score for the subscripted soil parameter.



The SQI values of all individual minimum data set components were summed to achieve a single value for each nutrient treatment. Among the five treatments, SQI varied from 0.901 to 0.723 (Figure 5). The highest SQI was recorded from the integration of natural, organic, and inorganic inputs (0.901) (NM4), followed by the integration of organic and natural inputs (NM2) and 100% organic inputs (NM1), respectively. The contributions of minimum data set components were 35.97%, 28.91%, 17.97%, and 7.25% for pH, organic carbon %, total actinomycetes, and bulk density, respectively, in the highest SQI treatment. The lowest value of SQI was received from the fully inorganic treatment (NM5), which was statistically at par with the integration of organic and inorganic treatment.




3.4. Productivity of the Cropping System


Production of the component crops of the rice–mustard–green gram cropping system was significantly influenced by various organic and natural input-based INM strategies during the experimental period (Table 7).



In the case of Kharif (rainy) rice, the highest yield among various nutrient-management treatments in the first year was recorded from the fully organic treatment (NM1), which was statistically at par with the integration of natural and organic inputs (NM2) and a combination of natural, organic, and inorganic inputs (NM4), respectively. Integration of organic and inorganic inputs (NM3) resulted in the maximum value of grain yield in the following year, which was at par with the integration of natural and organic inputs (NM2) and organic, inorganic, and natural inputs (NM4), respectively. A non-significant difference among treatments was observed in the third year of the experiment. In contrast, in the final year, fully organic treatment (NM1) recorded the highest grain yield, which was at par with the integration of organic and natural inputs (NM2) and the integration of organic and inorganic inputs, respectively (NM3). Through the trial period, the 100% inorganic treatment (NM5) recorded the lowest productivity of rice.



The significantly highest yield of rabi mustard in the initial year of the experiment was found from the integration of organic and natural inputs (NM2). In contrast, the second year of the experiment recorded a non-significant yield difference among treatments. In the third year, the 100% organic treatment (NM1) resulted in the highest yield, which was at par with the integration of organic and natural inputs (NM2), and in the final year, a similar trend was followed. The inorganic nutrient treatment (NM5) recorded the lowest yield throughout the experimental period.



Application of 100% organic nutrient input (NM1) resulted in the highest seed yield of green gram in the first year, which was at par with the integration of organic and natural inputs (NM2), integration of organic, natural, and inorganic inputs (NM4), and integration of organic and inorganic inputs (NM3), respectively. In 2019, due to the outbreak of the COVID-19 pandemic, the experiment could not be conducted; hence, the field was left fallow. Post-pandemic, the integration of organic and inorganic treatment (NM3) recorded the highest seed yield, which was statistically at par with the integration of organic, natural, and inorganic treatment (NM4). In the final year, the plot receiving 100% organic treatment (NM1) recorded the highest seed yield, which was at par with the integration of organic and inorganic inputs (NM2). The lowest yield was seen in the case of 100% inorganic treatment (NM5).





4. Discussions


4.1. Soil Physico-Chemical Indicators


The maximum WHC in the post-harvest soil was seen to be the highest in the integrated application of organic, natural, and inorganic inputs, followed by 100% organic inputs (Table 4). Adding a good amount of OC in the form of vermicompost, Dhrava Jeevamrit, and Ghana Jeevamrit might be responsible for increasing the water-retention capacity of the soil [42]. Also, this increment of WHC might be due to the enhancement of the biomass of roots helping in the development and multiplication of soil microbes, triggering a positive effect on the soil’s water-retention capacity [36]. The application of vermicompost enhances the structure of soils, thereby improving porosity and infiltration rate, and thus the WHC of the soil is increased [43]. The combination of various organic and natural farming inputs with inorganic fertilizers failed to achieve significant differences in soil BD across the experimental areas. This outcome is likely due to the relatively static nature of soil physical properties, which tend to remain stable and are not prone to substantial fluctuations over short-term experimental conditions [44]. According to [45], in the case of long-term experiments, the climatic factors and soil physical properties are not static; they were meticulously linked to the soil types, their arrangement, and the agro-ecological system.



The available nitrogen organic and carbon status in the post-harvest soil largely depends on the addition of the organic inputs and modulation in the C:N ratio [46]. Continuous addition of natural and organic inputs in various crops in the cropping system helps to build up the carbon pool in the soil and nutrient availability. In rice cultivation, combining vermicompost or poultry litter with inorganic agrochemicals resulted in higher grain production, nutrient use efficiency, and improved soil inherent status. The incorporation of organic inputs also boosted soil carbon sink, with vermicompost showing promising results [47]. These findings emphasize the importance of integrated nutrient application for sustainable crop productivity and entire soil status.




4.2. Soil Biological Indicators


The soil-dwelling microbes, especially bacteria, fungi, and actinomycetes, perform a crucial role in cycling the essential plant nutrients by acting as a source and sink for bio-chemical transformations and plant mineral nutrition [48]. It was found that the sole and combined application of organic and natural inputs (e.g., NM1, NM2, and NM4) enhanced the beneficial microbial population in the post-harvest soil, as most of these soil-dwelling microbes are chemo-autotrophs; hence, they rely on organic carbon as their food sources. Organic inputs like vermicompost add ample amounts of OC to soils, which, on oxidation, generates energy the microorganisms use [49], and a similar trend was also observed in the present experimentation (e.g., NM1 and NM2). Organic farming increases the activity and diversity of microorganisms in the soil [50]. The highest bacterial population on the post-harvest soil was recorded due to applying 100% organic inputs (NM1) in the form of vermicompost. The incorporation of organic matter enhances the dehydrogenase activity, which in return increases the bacterial population of the soil [48].



The combined application of organic and natural inputs recorded the highest value of actinomycetes in the soil (NM4). The abundance of dead food material present in the vermicompost might be the reason for this population boost [48]. Also, the application of Dhrava Jeevamrit and Ghana Jeevamrit, which are rich in microbial population, may have buffered the root rhizosphere for better co-multiplication of the soil microorganisms [44]. Application of Jeevamrit was recorded to enhance the fungal population load in rice–wheat and maize–wheat cropping systems in Punjab [51]. Integrated applications of natural, organic, and inorganic inputs resulted in the highest actinomycetes found in the post-harvest soil. The addition of a good amount of organic matter in the soil might be the cause of the increment of the actinomycetes population, as there exists a positive and strong correlation between organic matter and actinomycetes load in soil [48]. The microbes in Jeevamrit release proteins, organic acids, and antioxidants that convert soil organic matter into energy, promoting beneficial microbial growth in the rhizosphere [52].



The highest dehydrogenase activity was recorded from the integrated application of organic and natural inputs (NM2) (Table 5). The enzymatic activity of the soil is linked to the organic matter content of the soil, which is increased due to the addition of organic and natural inputs, resulting in better dehydrogenase activity in the soil [53]. Vermicompost is known to improve DHA activity, which implies that vermicompost enhances the activity of soil microbes [54]. A similar result was observed earlier [55] in wheat–maize rotation.




4.3. Soil Quality Index


SQIs varied between different soil orders and within each order depending on the soil-management practices followed by the farmers. Regarding soil physical, chemical, and biological properties, our experimental soil order, viz. inceptisol, recorded higher, and this finding is also corroborated by [56]. A total of 12 soil physical, chemical, and biological parameters were analyzed for the PCA based on their correlation to crop yield. Amongst the 12 soil parameters, only four parameters were selected based on eigenvalue, and the soil pH contributed the most, followed by OC content, total actinomycetes, and BD. Soil pH was selected as the good soil quality indicator, as it has a potential role in regulating the soil’s available essential nutrients and microbial biomass, especially in low and upland soil conditions [57]. According to [58], optimum or neutral soil pH (5.87) was found under a rice-based cropping system with a higher crop yield and soil health. Soil OC is a good indicator of high-quality soil parameters, as the higher soil OC enhances the soil microbial load, which can hasten the rate of organic matter decomposition [59]. As the soil organic matter decomposes faster, the mineralization of soil nutrients also increases and releases organic acid, buffering the soil pH and ultimately increasing the availability of essential nutrients [60]. Among the various soil microorganisms, actinomycetes play a major role in recycling soil nutrients and the production of hydrolytic enzymes. According to [61], actinomycetes perform like a solubilizing agent in the soil; they solubilize the phosphate, promote nitrogen fixation, and increase the siderophores’ production in the soil. While soil physical parameters like BD always show a negative correlation with organic matter content, therefore lower bulk density is considered to be the better-quality soil. Integration of organic inputs in the soil reduces the bulk density by improving the porosity of the soil [33].



The Pearson correlation matrix between several soil physical, chemical, and biological parameters is presented in Figure 6. The OC recorded a highly positive relationship (p < 0.001) with available nitrogen content (R2 = 0.96), available phosphorus (R2 = 0.64, p < 0.01) DHA (R2 = 0.71, (p < 0.001), and maximum water holding capacity (R2 = 0.36, p < 0.01). BD builds a negative relationship with most of the soil quality parameters except soil available potassium.



A strong negative correlation was observed between the SQI and BD of the experimental soil, indicating that lower BD improves soil physical properties (Figure 7). This is consistent with the “less is better” scoring approach applied to BD in the minimum data set for soil quality assessment [62]. The relationship between SQI and soil pH was scattered, suggesting that optimal pH is crucial for the availability of macro- and micronutrients, enhancing root uptake and plant growth [63]. A strong positive correlation was found between SQI and soil OC content, highlighting the importance of organic carbon as a key indicator of soil health, as it promotes microbial activity and nutrient cycling [64]. Additionally, a positive correlation between SQI and total actinomycetes count was observed, emphasizing the role of actinomycetes as vital soil microbes that contribute to enhanced organic matter decomposition and nutrient recycling [61].




4.4. Productivity of the Cropping System:


The yield of all three crops of the cropping system was significantly influenced by different natural and organic input-based INM treatments. The yield of rice, mustard, and green gram throughout the experiment was found to be highest in the case of the organic, combination of natural and organic, and integration of organic, natural, and inorganic input treatments.



The increment in grain yield of rice might be due to the production of more effective tillers, grain per panicle, and panicle weight as influenced by organic and integrated treatments. Organic manure provides essential plant nutrients in a steady and synchronized form, leading to their better availability throughout the growth stages, resulting in better and vigorous growth and, consequently, more production [65]. Similar results were recorded earlier [66]. This slow release of nutrients leads to better photosynthesis and enhanced translocation of photosynthates from the sink to the source of rice [67]. The increased rice yield with organic and natural inputs, such as vermicompost, Ghana Jeevamrit, and Dhrava Jeevamrit, may be due to better and consistent availability of macro- and micronutrients in plant-available ionic forms.



The increment of seed yield in mustard might be due to better availability of both macro- and micronutrients and some essential plant growth-promoting hormones, which overall increased the growth parameters and yield components like the number of siliquae per plant, the number of seeds per siliqua, and the test weight of the plants where organic and natural nutrient inputs were applied. Similar results were also found due to the sole and integrated application of various organic manures in mustard [68,69,70]. Growth-promoting substances like IAA, GA, cytokinin, and beneficial microorganisms in Jeevamrit enhance leaf area, photosynthesis, and nutrient flow, boosting yield. Additionally, foliar spraying of Jeevamrit may stimulate the plant’s production of growth regulators, promoting better growth and development and leading to higher yields [71]. These findings are similar to [72], where the integration of natural and organic inputs recorded the best results in mustard.



Applying organic inputs like vermicompost enhances nutrient availability and supply to plants, promoting flowering, seed formation, and increased yield components such as pods per plant, seeds per pod, and test weight of green gram [73]. In addition, sources are good reservoirs of plant growth regulators, especially several phytohormones and bioactive substances, which actively take part in plant root and shoot elongation [74]. Organics release nutrients slowly, reducing losses and ensuring long-term availability, allowing plants to absorb nutrients needed for better growth and development. The decomposition of organic matter releases macro- and micronutrients, supporting soil microflora, which in turn facilitates nutrient absorption by plants and boosts seed development [75]. Foliar applications of natural inputs enhance cell elongation, photosynthesis, and efficient translocation of photosynthates from source to sink, leading to better seed yield of green gram [76].





5. Conclusions


Integrating natural and organic inputs has proven highly effective in enhancing soil quality, a key indicator of soil health, while ensuring robust yields in the rice–mustard–green gram cropping system. These inputs, such as vermicompost, Ghana Jeevamrit, and Dhrava Jeevamrit, not only improve the physical properties of the soil by lowering bulk density but also enhance its biological activity by stimulating microbial populations. As a result, these helps improve the availability of essential nutrients, leading to improved plant growth and higher crop yields. The slow release of nutrients from organic inputs ensures a sustained supply over the cultivation time, reducing nutrient losses and promoting long-term soil fertility. Thus, integrating natural and organic inputs represents a viable, eco-friendly approach to achieving sustainable agriculture while preserving soil health for future generations.
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Figure 1. Location map of the experimental site (The map was prepared with QGIS Open-source Software, not for commercial use). 
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Figure 2. Metrological parameters (a) maximum minimum temperature, minimum temperature, and rainfall; (b) relative humidity and sunshine hour of the experimental period (2018–2022). 
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Figure 3. Balance of (a) soil organic carbon, (b) available nitrogen, (c) available phosphorus, and (d) available potassium in post-harvest soil compared to initial soil. Values in parentheses represent the increase (+) or decrease (−) from the initial value (before starting the experiment). [NM1:100% organic inputs, NM2:50% organic inputs + natural inputs, NM3: 50% organic inputs + 50% inorganic inputs, NM4: 25% organic inputs + 25% inorganic inputs + natural inputs, NM5:100% inorganic inputs]. 
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Figure 4. Dynamics of (a) total bacteria, (b) total fungi, and (c) total actinomycetes population in pre- and post-experimental soil. Values in parentheses represent the increase (+) or decrease (−) from the initial value (before starting the experiment). [NM1:100% organic inputs, NM2:50% organic inputs + natural inputs, NM3: 50% organic inputs + 50% inorganic inputs, NM4: 25% organic inputs + 25% inorganic inputs + natural inputs, NM5:100% inorganic inputs]. Box column followed by different letters is significantly different by Duncan’s Multiple Range Test (DMRT) at p ≤ 0.05. 
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Figure 5. Soil quality index and contribution of soil quality indicator for different integrated nutrient-management practices. Values in parentheses represent the increase (+) or decrease (−) from the initial value (before starting the experiment). [NM1:100 % organic inputs, NM2:50 % organic inputs + natural inputs, NM3: 50% organic inputs + 50% inorganic inputs, NM4: 25% organic inputs + 25% inorganic inputs + natural inputs, NM5:100% inorganic inputs]. Vertical column followed by different letters is significantly different by Duncan’s Multiple Range Test (DMRT) at p ≤ 0.05. 
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Figure 6. Pearson’s correlation matrix of all soil quality indicating factors. 
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Figure 7. Relationship between soil quality index (SQI) and (a) Bulk density/cc, (b) Soil pH, (c) organic carbon, and (d) Total actinomycetes (×106 cfu/gm) [Abbreviation: *** correlation is significant at 0.001 level, ** correlation is significant at 0.01 level, * correlation is significant at p ≤ 0.05 level]. 
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Table 1. Treatment details.
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	Treatment
	Treatment in the Short Form





	1.
	100% organic through vermicompost
	NM1: 100% organic inputs



	2.
	50% organic through vermicompost + natural farming inputs, (Ghana Jeevamrit + Dhrava Jeevamrit)
	NM2: 50% organic inputs + natural inputs



	3.
	50% organic through vermicompost + 50% inorganic through urea, SSP, and MOP
	NM3: 50% organic inputs + 50% inorganic inputs



	4.
	25% organic through vermicompost + natural farming inputs (Ghana Jeevamrit+ Dhrava Jeevamrit) + 25% inorganic through Urea, SSP and MOP
	NM4: 25% organic inputs + 25% inorganic inputs + natural inputs



	5.
	100% inorganic in the form of urea, SSP, and MOP
	NM5: 100% inorganic inputs







NM, Nutriment Management.













 





Table 2. Nutritional constituents of the used organic and natural inputs.
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	Parameter
	Dhrava Jeevamrit
	Ghana Jeevamrit
	Vermicompost
	Methodology
	Reference





	Available N (%)
	0.08 ± 0.02
	0.06 ± 0.01
	1.6 ± 0.22
	Hot alkaline KMnO4 Method
	[21]



	Available P (ppm)
	110 ± 5.6
	187 ± 6.9
	7000 ± 256
	0.5 M NaHCO3 extract
	[22]



	Available K (ppm)
	194 ± 23
	252 ± 38
	8000 ± 579
	Neutral N NH4OAC extract
	[23]







Mean followed by ± values are the standard deviation of the replicates (n = 3).













 





Table 3. Physico-chemical properties of initial soil (0–15 cm depth).
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Parameter

	
Result

	
Methodology

	
Citation

	
Equipment Used






	
Mechanical composition




	
(a) Sand (%)

	
53.5 ± 5.9

	
Hydrometer method

	
[30]

	
Hydrometer




	
(b) Silt (%)

	
6.0 ± 1.2

	
Hydrometer method

	
[30]

	




	
(c) Clay (%)

	
40.5 ± 4.3

	
Hydrometer method

	

	




	
Soil texture

	
Sandy clay

	
Textural triangular method

	
[31]

	
Hydrometer




	
pH

	
6.93 ± 1.23

	
(in 1:2.5:: Soil/Water)

	
[24]

	
Micro-processor-based pH–EC Ion meter




	
EC (dS/m)

	
0.19 ± 0.06

	
(in 1:2.5:: Soil/Water)

	
[24]




	
Organic carbon (%)

	
0.87 ± 0.12

	
Wet oxidation method

	
[25]

	
-




	
Available N (mg/ka)

	
220 ± 17.4

	
Hot alkaline KMnO4 Method

	
[21]

	
Kjeldahl apparatus




	
Available P (mg/kg)

	
52.64 ± 6.3

	
0.5 M NaHCO3 extract

	
[22]

	
Spectrophotometer




	
Available K (mg/kg)

	
167 ± 12.8

	
Neutral N NH4 OAC extract

	
[23]

	
Flame photometer








Mean followed by ± values are the standard deviation of the replicates (n = 3).













 





Table 4. Effect of organic and natural input-based integrated nutrient-management practice on physico-chemical attributes of post-harvest soil.
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	Treatments
	BD (g/cc)
	Max WHC %
	Soil pH
	EC1:5
	Organic Carbon %
	Available Nitrogen (mg/kg)
	Available Phosphorus (mg/kg)
	Available Potassium (mg/kg)





	NM1
	1.11 a
	58.26 b
	6.928 d
	0.323 a
	0.897 c
	250 b
	24.30 c
	103 e



	NM2
	1.10 a
	50.86 e
	7.062 c
	0.328 a
	1.127 a
	286 a
	44.38 a
	117 c



	NM3
	1.12 a
	54.99 d
	7.178 b
	0.253 c
	0.853 d
	207 c
	37.27 b
	125 b



	NM4
	1.10 a
	58.52 a
	7.262 a
	0.200 d
	1.032 b
	262 b
	44.60 a
	110 d



	NM5
	1.24 a
	56.23 c
	7.090 c
	0.287 b
	0.827 d
	204 c
	36.60 b
	137 a







Abbreviation: NM1: 100% Organic inputs, NM2: 50% Organic inputs + Natural inputs, NM3: 50% Organic inputs + 50% Inorganic inputs, NM4: 25% Organic inputs + 25% Inorganic inputs + Natural inputs, NM5: 100% Inorganic inputs. Mean followed by different letters are significantly different by Duncan’s Multiple Range Test (DMRT) at p ≤ 0.05.













 





Table 5. Effect of organic and natural input-based integrated nutrient-management practice on biological attributes of post-harvest soil.
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	Treatments
	Total Bacteria (× 1011 cfu/g)
	Total Fungi (× 103 cfu/g)
	Total Actinomycetes (× 106 cfu/g)
	DHA (µg TPF/g Oven Dry Soil/24 h)





	NM1
	138.00 a
	42.00 a
	11.500 b
	3.127 b



	NM2
	8.23 bc
	43.66 a
	7.200 c
	3.450 a



	NM3
	1.20 d
	12.00 c
	5.467 c
	1.701 e



	NM4
	14.36 b
	25.66 b
	14.300 a
	2.769 c



	NM5
	5.33 cd
	38.66 a
	5.133 c
	2.489 d







Abbreviation: NM1: 100% organic inputs, NM2: 50% organic inputs + natural inputs, NM3: 50% organic inputs + 50% inorganic inputs, NM4: 25% organic inputs + 25% inorganic inputs + natural inputs, NM5: 100% inorganic inputs. Mean followed by different letters is significantly different by Duncan’s Multiple Range Test (DMRT) at p ≤ 0.05.













 





Table 6. Principle component analysis (PCA) of the soil quality variables.
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	Parameters
	PC1
	PC2
	PC3
	PC4





	Eigenvalue
	4.01
	3.58
	2.6
	1.02



	Variance (%)
	34.00
	29.8
	21.6
	8.8



	Cumulative variance (%)
	34
	63.8
	85.4
	94.3



	Weighted score
	0.36
	0.32
	0.23
	0.09



	pH
	−0.975
	
	
	



	EC (mS/cm)
	0.926
	
	
	



	Total fungus (× 103 cfu/g)
	0.764
	0.443
	
	



	Total bacteria (× 1011 cfu/g)
	0.707
	
	0.643
	



	Available phosphorus (kg/ha)
	−0.668
	0.656
	
	



	DHA
	0.551
	0.74
	
	



	Available nitrogen
	
	0.983
	
	



	Organic carbon (%)
	
	0.986
	
	



	Maximum water holding capacity
	
	−0.509
	0.768
	



	Total actinomycetes (× 106 cfu/gm)
	
	
	0.895
	



	Available potassium (kg/ha)
	
	
	−0.826
	



	BD
	
	
	
	0.942







Note. Applied rotation method is varimax; values in boldface retained by each PC.













 





Table 7. Effect of organic and natural input-based integrated nutrient-management practice on yield of cropping system.






Table 7. Effect of organic and natural input-based integrated nutrient-management practice on yield of cropping system.





	
Treatments

	
Rice Grain Yield (kg/ha)

	
Mustard Seed Yield (kg/ha)

	
Green Gram Seed Yield (kg/ha)




	
2018

	
2019

	
2020

	
2021

	
2018

	
2019

	
2020

	
2021

	
2018

	
2019 *

	
2020

	
2021






	
NM1

	
5015 a

	
5625 b

	
4268 a

	
3446 a

	
1619 b

	
1497 a

	
1209 a

	
1310 a

	
1336 a

	
-

	
1318 b

	
1034 a




	
NM2

	
5000 a

	
5681 ab

	
4264 a

	
3355 a

	
1737 a

	
1492 a

	
1203 a

	
1317 a

	
1336 a

	
-

	
1320 b

	
1007 b




	
NM3

	
4985 a

	
5699 a

	
4300 a

	
3397 a

	
1636 b

	
1476 a

	
1131 b

	
1241 b

	
1323 ab

	
-

	
1385 a

	
1025 a




	
NM4

	
4945 b

	
5670 ab

	
4197 a

	
3090 b

	
1577 c

	
1470 a

	
979 c

	
1215 c

	
1324 ab

	
-

	
1377 a

	
995 c




	
NM5

	
4761 c

	
5200 c

	
4146 a

	
3076 b

	
1578 c

	
1451 a

	
923 c

	
1198 d

	
1306 b

	
-

	
1309 b

	
945 d








Abbreviation: NM1: 100% organic inputs, NM2: 50% organic inputs + natural inputs, NM3: 50% organic inputs + 50% inorganic inputs, NM4: 25% organic inputs + 25% inorganic inputs + natural inputs, NM5: 100% inorganic inputs; mean followed by different letters are significantly different by Duncan’s Multiple Range Test (DMRT) at p ≤ 0.05; * in 2019 the field remained fallow due to the COVID-19 pandemic.
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