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Exploring the potential of enhanced organic formulations for boosting crop productivity, nutrient utilization efficiency, and profitability in baby corn-kabuli gram-vegetable cowpea cropping system









 


	
	
ORIGINAL RESEARCH
published: 08 April 2024
doi: 10.3389/fsufs.2024.1380279








[image: image2]

Exploring the potential of enhanced organic formulations for boosting crop productivity, nutrient utilization efficiency, and profitability in baby corn-kabuli gram-vegetable cowpea cropping system

Kamal Garg1,2, Shiva Dhar1*, Elisa Azura Azman1,3, V. K. Sharma1, Rajendra Prasad Meena4, Mohammad Hashim5, Mahendra Vikram Singh Rajawat6, Ghous Ali7, Phool Singh Hindoriya8, Yogesh Kumar9, Sonal Athnere10, Sourabh Kumar11, Hari Om12, Mangal Deep Tuti13, Birendra Kumar2 and Sanjeev Kumar2*


1ICAR-Indian Agricultural Research Institute, New Delhi, India

2ICAR-National Dairy Research Institute, Karnal, India

3Department of Crop Science, Faculty of Agriculture, Universiti Putra Malaysia, Serdang, Malaysia

4ICAR-Vivekananda Parvatiya Krishi Anusandhan Sansthan, Almora, India

5ICAR-Indian Institute of Pulses Research, Kanpur, India

6Dhanuka Agritech Limited, Dhanuka Agritech Research and Technology Center, Palwal, India

7ICAR-Central Sheep and Wool Research Institute, ARC, Bikaner, India

8School of Agriculture, ITM University, Gwalior, Madhya Pradesh, India

9College of Agriculture, Choudhary Charan Singh Agricultural University, Rewari, India

10Department of Agronomy, Maharana Pratap University of Agriculture and Technology, Udaipur, Rajasthan, India

11Veer Kunwar Singh College of Agriculture, Buxar, India

12Department of Agronomy, Bihar Agricultural University, Bhagalpur Bihar, India

13ICAR-Indian Institute of Rice Research, Hyderabad, India

Edited by
 Kanu Murmu, Bidhan Chandra Krishi Viswavidyalaya, India

Reviewed by
 Ceren Bayram, Adiyaman University, Türkiye
 Debabrata Das, Adamas University, India

*Correspondence
 Shiva Dhar, drsdmisra@gmail.com 
 Sanjeev Kumar, bhanusanjeev@gmail.com

Received 01 February 2024
Accepted 11 March 2024
Published 08 April 2024

Citation
 Garg K, Dhar S, Azman EA, Sharma VK, Meena RP, Hashim M, Rajawat MVS, Ali G, Hindoriya PS, Kumar Y, Athnere S, Kumar S, Om H, Tuti MD, Kumar B and Kumar S (2024) Exploring the potential of enhanced organic formulations for boosting crop productivity, nutrient utilization efficiency, and profitability in baby corn-kabuli gram-vegetable cowpea cropping system. Front. Sustain. Food Syst. 8:1380279. doi: 10.3389/fsufs.2024.1380279
 

The preparation of enriched formulation by integrating of agricultural wastes such as paddy husk ash (PHA) and potato peel with organic fertilizer such as farmyard manure (FYM), compost can enrich the soil with essential plant nutrients, leading to higher yields in subsequent crops and potentially reducing the dependence on farmyard manure/compost alone. However, there is lack of adequate research findings regarding the impact of different formulations generated from agricultural waste on productivity, nutrient utilization efficiency and profitability of baby corn-kabuli gram-vegetable cowpea cropping system. Therefore, a two-year field experiment (2020–2022) was conducted ICAR-IARI, New Delhi with baby corn-kabuli gram-vegetable cowpea cropping system. Seven nutrient sources were tested in Randomized Block Design and replicate thrice.The results showed that treatment T4 (100% recommended dose of nitrogen (RDN) through PHA based formulation) had significant effect on crop yield grown in rotation, followed by treatment T6 (100% RDN through potato peel compost (PPC) based formulation) and T2 (100% RDN through FYM). The increase in yield was 75.0, 44.3 and 33.1% during first year and 72.6, 45.9 and 31.0% during second year, respectively, over control. Treatment T4 also significantly enhanced system uptake of N, P and K as well as system gross returns and net returns, resulting in 65.6, 84.9, 69.5, 50.7 and 55.2% higher returns during first year and 68.6, 80.5, 73.9, 50.0 and 54.2% higher returns during second year, respectively, over control. Furthermore, treatment T4 significantly improved agronomic nitrogen use efficiency and apparent recovery by 151.6 and 2.0% in baby corn, 74.2 and 1.5% in kabuli gram, 55.7 and 13.9% in veg cowpea over T7, respectively, averaged across two years of study. Based on these results, it is recommended to adopt (T4) 100% RDN through PHA based formulation, and (T6) 100% RDN through PPC based formulation in the area with a shortage of FYM but with the availability of rice husk ash or pototo peels for sustainable utilization of the agricultural wastes and improving the agricultural sustainability.
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Introduction

Farmers worldwide encounter challenges in achieving sustainability in crop production, attributed to imbalanced and traditional farming practices (Kumar et al., 2022). The increasing global population underscores the importance ensuring sustainability, safety, and security in food production, while minimizing the impact on the economy, earth and the environment (Ramankutty et al., 2018). Traditional farming, which heavily relies on inputs, guarantees food safety but has enduring adverse effects on food quality, biodiversity, environmental sustainability, greenhouse gas emissions (GHG), and human health (Mbow et al., 2020). Over the past two decades, various efforts have been undertaken to explore sustainable approaches to future food security that reduce reliance on chemicals and align with the United Nations Sustainable Development Goals (Castor et al., 2020).

Organic farming emerges as a natural method of crop production, employing ecologically sound fertilization and pest management methods like farmyard manure (FYM), green manure, compost, biological control like bio-pesticides or botanicals like limonoids, nimbecidine etc. (Behera et al., 2012). Further, organic fertilizers produced through composting of farm waste play a substantial role in enhancing soil carbon levels, maintaining nutrient equilibrium, and fostering overall plant growth and yield (Ye et al., 2020; Sharma et al., 2021). Organic farming heavily relies on FYM/compost for nutritional supplementation for crop growth and development but the availability is limited throughout the year in many countries.

A large quantities of crop residues are wasted annually, either through field burning after harvest or in industrial processes during refining, such as with husks and bran (Abbas et al., 2012; Cardoen et al., 2015). Numerous organic sources of nutrients can be generated but utilizing agricultural waste such as rice residues, paddy husk ash and potato peel. By employing suitable methods, agricultural wastes can be recycled to generate important sources of energy and natural fertilizer for crops (Sharma et al., 2019; Koul et al., 2022).

Paddy husk ash (PHA) is a renewable agricultural byproduct derived from rice milling, and it is abundantly available in countries where rice is cultivated (Ginni et al., 2021; Kandagatla et al., 2023). Rice husk is a byproduct of rice milling, with approximately 0.20 tons of rice husk generated from each ton of paddy (Tayeh et al., 2021). Upon incinerated, each ton of paddy husk produces around 20–25% paddy husk ash (PHA), which can vary depending on the rice variety and prevailing climatic conditions (Akram et al., 2009; Khan et al., 2012). Ash obtained from paddy husk at different locations contains potassium oxide (K2O) within the range of 0.72 to 3.84% and magnesium oxide (MgO) ranging from 0.23 to 1.59% (Muthadhi et al., 2007). The presence of silicon in rice husk ash contributes to the plant’s defence mechanism against salinity stress (Ijaz et al., 2023). The ash raises soil pH, leading to an increase in available phosphorus(Schiemenz and Eichler-Löbermann, 2010). It enhances aeration within the crop root zone and elevates water-holding capacity, along with the levels of exchangeable potassium and magnesium (Priyadharshini and Seran, 2009). The utilization of biomass ashes in agriculture offers a potential solution for their disposal while also reducing the need for commercial fertilizer applications (Bougnom and Insam, 2009). Potato peel waste is another product of the food processing industry, containing substantial amounts of starch and nutrients that can be enriched with soil microorganism for composting purposes. Consequently, making use of this by-product has the potential to significantly alleviate the disposal challenges faced by potato industries.

The aim of the study aimed to fill a significant research gap by investigating the potential of enriched organic formulations derived from various agricultural wastes, such as paddy husk ash and potato peel waste in varying proportons, as effective fertilizers. The objective was to reduce the dependence solely on FYM to meet nutritional requirements under organic farming. The hypothesis is grounded in the belief that these formulations, rich in readily available inorganic nitrogen for plants and organic nitrogen forms that will later mineralize in the soil, will demonstrate superior nutrient use efficiency compared to other organic nutrient sources.

Consequently, the primary objective of our study is to investigate the influence of enriched organic formulations on productivity, nitrogen use efficiency, and profitability of baby corn-kabuli gram-vegetable cowpea cropping system.



Materials and methods


Site description

The two-year (2020–21 and 2021–22) field experiment was executed at a fixed location within the IARI, New Delhi at the Agronomy experimental block, situated in northwestern India (28.38° N, 77.09° E) at an elevation of 228.6 m above mean sea level. The climate at the site is characterized as semi-arid to sub-tropical. The soil at the experimental site exhibits a sandy clay loam in texture (sand 63.8%, silt 12.2%, clay 24.0%) with a pH of 8.1 and an electrical conductivity (EC) of 0.36 dSm−1 in the top 15 cm layer. Initial soil analysis revealed low levels of available nitrogen (N) (206.2 kgh a−1) and organic carbon (0.37%), while phosphorus (P) and potassium (K) were present at medium levels (13.6 kg ha−1 and 236.0 kg ha−1, respectively). The experimental period experienced higher and evenly distributed rainfall in 2021–22 compared to 2020–21, with total rainfall recorded at 913.6 mm and 1682.9 mm during the respective periods from July to May.



Experimentation design and crop management

The experiment consisted of seven nutrient sources with three replications that were tested using a completely randomized block design in each crop season. These treatments were: (T1) control, (T2) 100% RDN through FYM, (T3) 100% RDN through improved RRC (rice residue compost), (T4) 100% RDN through PHA-based formulation, (T5) 75% RDN through PHA based formulation, (T6) 100% RDN through PPC based formulation and (T7) 75% RDN through PPC based formulation. The nutrient contents of these used organic formulations are presented in Table 1. The cultivars employed in the experiment were “G-5414” for baby corn, ‘Pusa–3022’ for kabuli gram, and “Pusa Komal” for vegetable cowpea. Before the application of organic formulations, a sample was collected from each source of organic nutrients and subjected to nutrient composition analysis. The amounts of organic formulations were then determined by multiplying their content by the quantity of the respective material, and these organic nutrient sources were applied before sowing or planting the crops (Table 2). This application was carried out on a nitrogen-equivalent basis, taking into account the nutrient requirements of each crop in the respective treatment. In the year 2020–21, the farmyard manure, rice residue compost, and potato peel compost had nitrogen content levels of 0.72, 0.55, and 0.61%, respectively. In 2021–22, these same materials were analyzed, revealing nitrogen content levels of 0.70, 0.58, and 0.59% (on an oven-dry weight basis) respectively. Following the harvest, which included threshing, cleaning, and drying, the seed yield of crops were examined. Likewise, stover yield was determined by deducting the seed yield from the total biological yield and quantified in tons per hectare (t ha−1). N, P and K content in various plant parts were determined by using the modified Kjeldahl method (Subbiah and Asija, 1956), Vanadomolybdo-phosphoric acid yellow colour method (Olsen, 1954) and flame photometer (Jackson, 1973), respectively and expressed in percentage. To determine total nutrient uptake, the nutrient concentrations were multiplied by the dry weight of the respective plant parts and presented as the combined uptake of three crops in a cropping cycle.



TABLE 1 Chemical and nutrient contents of organic manures/formulations used in the experiment.
[image: Table1]



TABLE 2 Amount of organic formulations applied in different crops during both years of study.
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Estimation of nitrogen use efficiency

The various nitrogen use efficiencies such as agronomic nitrogen use efficiency (ANUE), apparent recovery (AR) of applied nitrogen and physiological nitrogen use efficiency (PNUE) were determined using the following equations given by Cassman et al. (1998).

Agronomic nitrogen use efficiency (ANUE), which is a measure of economic yield produced per unit N supplied from each treatment, was calculated using grain yield from each treatment (Eq. 1).

[image: image]

The apparent recovery of applied N (AR) was calculated to determine the ability of the plant to acquire the N supplied from different treatments (Eq. 2).

[image: image]

Physiological N use efficiency (PNUE) was calculated to determine the economic yield per unit N accumulated from each fertilizer treatment (Eq. 3).
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Preparation of organic formulations

FYM was meticulously prepared through the aerobic windrow method within the Biomass Utilization Unit, IARI New Delhi. On average, well-decomposed FYM was found to contain approximately 5 to 6 kg N, 1.2 to 2.0 kg P, and 5 to 6 kg K per tonne. Rice residue compost, fashioned through the windrow composting method, involved the thorough chopping of rice residue, which was then placed in windrows to expedite decomposition. Periodic turning of these windrows facilitated enhanced aeration and mixing of compost constituents. The turning process, accompanied by the moistening of chopped residue with water and cow dung slurry, expedited the composting process, requiring approximately 6 to 8 weeks for uniform completion. The application of rice residue compost on a dry weight basis preceded the sowing of all crops in the respective treatment plots. PHA, a renewable agricultural byproduct of rice milling, was abundantly available in rice-growing countries. Produced during rice milling, 0.20 tonnes of rice husk yielded approximately 0.25 tonnes of ash post-burning, contingent upon variety and climatic conditions. The incorporation of paddy husk ash in agriculture offered a potential solution for disposal challenges while concurrently reducing the need for commercial fertilizer application. Consequently, PHA-based formulations were devised by blending paddy husk ash with locally available nutrient sources in varying proportions. Potato peel waste, a byproduct of the food processing industry, featured a substantial starch and nutrient content, rendering it amenable to supplementation with soil microorganism for nitrogen enrichment. Serving as an alternative source of manure for crops, potato peel waste offered a means to mitigate environmental pollution. Therefore, formulations incorporating potato peel were devised based on product availability, employing different proportions alongside other organic nutrient sources. The nutrient composition and detailed descriptions of these organic formulations, applied uniformly across all crops in both experimental years, are comprehensively presented in Tables 1, 2.



Soil sampling and analysis

Composite soil samples were collected from each plot in the experimental field with a soil auger at 0–15 cm soil profile at the beginning and end of each cropping cycle. After removing all stubbles, residue, and root biomass, a composite soil sample weighing approximately 500 grams was obtained. These samples were subsequently air-dried, ground, passed through a 2 mm mesh sieve, and stored in airtight polythene containers for subsequent analysis. The available N was determined by the alkaline potassium permanganate (KMnO4) method proposed by Subbiah and Asija (1956). The available P content in soil was estimated by Olsen’s method (Olsen, 1954). Available K was estimated by using the neutral ammonium acetate extraction method as described by Jackson (1973) and further expressed in kg ha−1.



Economic analysis

To find out the most profitable treatment, economics of different treatments were worked out in terms of net returns (₹ ha−1) on the basis of the prevailing market rate and benefit cost ratio for each treatment was calculated to ascertain economic viability of the treatment. System economics were calculated by considering system gross returns, net returns, and Benefit:Cost ratio.



Statistical analysis

The data acquired over a span of two years underwent statistical analysis through the F-test, following the methodology described by Gomez and Gomez (1984). Significance testing of differences between treatment means was conducted using the standard error of means (SEM±) and the least significant difference (LSD) values or Duncan’s multiple range test (DMRT) at a significance level of p ≤ 0.05. The results depicting the significance of differences between treatment means are graphically represented through error bars. The graphical representations were prepared using Graphpad prism version 8.0.1.and correlation analysis was performed through JASP software version 0.18.1.0.




Results


Yield


Baby corn

A comprehensive examination of the data presented in Figures 1A–C indicates that treatment T4 demonstrated the highest yields for baby corn (1.61 and 1.64 t ha−1), cob (8.7 and 8.8 t ha−1), and green fodder (25.6 and 26.4 t ha−1) during both the year of study. Treatment T4 exhibited statistical parity with treatments T6 and T2, while also asserting statistically significant (p ≤ 0.05) superiority over the remaining treatments during both the year of study. Notably, treatment T4, T6, and T2 showed a percentage increases of 75.4, 78.1, and 50.7% and 73.6, 76.6, and 50.1% over the control during the first and second year of the experiment. Furthermore, treatment T3, performed equivalently to T5 and T7, demonstrated a substantial enhancement in baby corn yield (both with and without husk) and green fodder, indicating percentage increases of 41.3, 47.4, and 24.7% and 45.1, 45.5, and 28.4% over the control in the 2020–21 and 2021–22, respectively. These results underscore the efficacy of specific treatments in positively influencing crop yield and fodder production over the studied period.

[image: Figure 1]

FIGURE 1
 Effect of enriched organic formulations on yield of (A) babycorn cob yield without husk, (B) babycorn cob yield with husk, (C) baby corn green fodder yield, (D) Kabuli gram seed yield, (E) Kabuli gram stover yield, (F) vegetable cowpea green pod yield, and (G) vegetable cowpea stover yield.




Kabuli gram

Analysis of the data presented in Figures 1D,E indicates that treatment T4 demonstrated the highest kabuli gram seed yield (2.80 and 2.86 t ha−1) and stover yield (4.41 and 4.54 t ha−1) during both the year of study. Treatment T4 exhibited statistical parity with treatments T6 and T2, while also asserting statistically significant (p ≤ 0.05) superiority over the remaining treatments. Remarkably, the application of treatment T4 resulted in a notable augmentation of the seed yield of kabuli gram by 44.3% in 2020–21 and 45.7% in 2021–22, respectively, compared to the control. Furthermore, treatment T5, at parity with treatment T7, exhibited a noteworthy increase of 20.6 and 22.4% in seed yield, as well as 19.8 and 20.9% in stover yield over the control during both the year of study, respectively. The observed outcomes emphasize the positive impact of specific treatments on crop yield and fodder production throughout the studied duration.



Vegetable cowpea

The results indicate a statistically significant increase (p ≤ 0.05) in both green pod (10.9 and 11.0 t ha−1) and stover yield (24.4 and 24.9 t ha−1) when subject to treatment T4 in comparison to the control as illustrated in Figures 1F,G. Treatment T4 exhibited comparable performance with both treatment T6 (green pod yield of 10.6 and 10.8 t ha−1, and stover yields at 23.5 and 23.8 t ha−1) and T2 (green pod yield of 10.6 and 10.7 t ha−1, and stover yields at 23.2 and 23.5 t ha−1) during the assessment, demonstrating similar productivity levels in terms of both green pod and stover yields. Notably, a noteworthy enhancement of 17.2 and 16.2% in green pod yield over the control was discerned with the application of treatment T3. This increase was found to be comparable to the yields achieved with treatments T5 and T7 throughout the study period. Over the analyzed timeframe, these results highlight the effectiveness of particular treatments in enhancing both crop yield and fodder production.




Nutrient concentration among different crops


Baby corn

Significant variations were observed in the concentrations of N, P, and K in both baby corn and green fodder, while examining the impact of enriched organic formulations as depicted in Figures 2A,B to Figures 4A,B. The highest N concentrations in baby corn cob (1.86 and 1.90%) and green fodder (1.07 and 1.13%) were observed in treatment T6, surpassing the control, and demonstrating statistical parity with the other treatments. Notably, treatment T4, comparable to T6 and T2, exhibited significantly higher concentrations of P in baby corn cob (0.44 and 0.45%) and fodder (0.25 and 0.26%) compared to the other treatments (p ≤ 0.05). Similarly, K content in baby corn cob (1.43 and 1.43%) and fodder (1.05 and 1.12%) was notably higher under treatment T3 compared to the control. The percentage increase during the first year was 18.2% for baby corn cob and 24.4% for fodder, while during the second year, it was 20.7% for baby corn cob and 17.2% for fodder. Treatment T3 exhibited statistical similarity with the remaining treatments. In contrast, the control group recorded the lowest concentrations of N, P, and K.
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FIGURE 2
 Effect of enriched organic formulations on nitrogen concentration in (A) baby corn cob, (B) baby corn fodder, (C) kabuli gram seed, (D) kabuli gram stover, (E) vegetable cowpea seed, and (F) vegetable cowpea stover.




Kabuli gram

Treatment T6 demonstrated a significantly elevated concentration of N in both seed (3.51 and 3.53%) and stover (1.07 and 1.08%) of kabuli gram, surpassing the control group throughout the study period (p ≤ 0.05). Moreover, all alternative organic nutrient sources, excluding the control, exhibited comparable N concentrations in both seed and stover as illustrated in Figures 2C,D. Treatment T4, comparable to T6 and T2, exhibited a noteworthy increase in P concentration in seed (0.47 and 0.48%) and stover (0.25 and 0.25%) compared to other treatments (T5, T7, T3, and control) across both study years as depicted in Figures 3C,D. Similarly, treatment T3 displayed a heightened K content in seed (1.27 and 1.31%) over the control, while the same treatment also yielded increased K content in stover (1.62 and 1.66%) compared to treatment T6 (1.48 and 1.50%) and the control (1.37 and 1.38%) as illustrated in Figures 4C,D. Notably, treatment T3 remained statistically equivalent to the remaining treatments throughout both study years.

[image: Figure 3]

FIGURE 3
 Effect of enriched organic formulations on phosphorus concentration in (A) P conc. in baby corn cob, (B) P conc. in baby fodder, (C) kabuli gram seed, (D) kabuli gram stover, (E) vegetable cowpea seed, and (F) vegetable cowpea stover.


[image: Figure 4]

FIGURE 4
 Effect of enriched organic formulations on potassium concentration in (A) K conc. in baby corn cob, (B) K conc. in baby fodder, (C) kabuli gram seed, (D) kabuli gram stover, (E) vegetable cowpea seed, and (F) vegetable cowpea stover.




Vegetable cowpea

Significant variations in the concentrations of N, P, and K in both green pods and stover of vegetable cowpea were observed, as depicted in Figures 2E,F to Figures 4E,F. The treatment T6 exhibited the highest concentration of N in green pods (1.19 and 1.27%) and stover (0.56 and 0.65%) in vegetable cowpea, with statistical significance (p ≤ 0.05) compared to the control and remaining treatments during both study years. Treatment T4 demonstrated a significantly higher phosphorus content in green pods (0.32 and 0.33%) and stover (0.16 and 0.18%). This resulted in a notable increase of 14.2 and 13.8% in green pods and 6.7 and 3.1% in stover over treatment T7 and the control, respectively. Consequently, treatment T4 was comparable to the other treatments during both study years. Likewise, K content in green pods (0.61 and 0.69%) and stover (0.82 and 0.88%) reached its maximum under treatment T3 compared to the control, exhibiting a substantial increase of 22.0 and 20.6% during the first year and 25.4 and 22.2% during the second year. These values were statistically similar to those of all other treatments, except the control. This suggests that treatment T3 significantly influenced the potassium content in both green pods and stover of vegetable cowpea, highlighting its potential impact on nutrient concentrations in the crop.




Total nutrient uptake in the system

The enriched organic formulations exerted a significant influence on nutrient uptake within the baby corn-kabuli gram-vegetable cowpea cropping system throughout both cultivation years, as depicted in Figures 5A–C. Among these formulations, treatment T4 demonstrated a significantly higher (p ≤ 0.05) total N uptake of 410.6 and 444.6 kg ha−1 at the end of the first and second years of the crop cycle, respectively, representing an augmentation of 21.6, 25.4, 25.7, and 65.6% over treatments T3, T5, T7, and the control in the first year, and 20.9, 25.0, 26.6, and 68.6% in the second year. Additionally, treatment T4, involving 100% RDN through PHA-based formulation, exhibited the highest total P at 94.7 and 101.6 kg ha−1, as well as K at 361.4 and 393.5 kg ha−1 during the first and second years, respectively. This observation was significantly superior (p ≤ 0.05) to other treatments, with treatment T6 being comparable. Specifically, treatment T4 demonstrated a significantly higher total P uptake compared to T3, T5, T7, and the control by 26.4, 30.3, 40.7, and 85.0% in the first year, and 23.3, 28.3, 39.9, and 80.5% in the second year, respectively. Additionally, the utilization of treatment T3, on par with treatment T2, resulted in elevated K uptake compared to T5, T7, and the control by 8.0, 11.6, 48.1% in the first year, and 8.5, 14.6, 53.1% in the second year, respectively.

[image: Figure 5]

FIGURE 5
 Effect of enriched organic formulations on (A) total N uptake, (B) total P uptake, and (C) total K uptake after completion of each cropping cycle during 2020–21 and 2021–22.




Nitrogen use efficiency

The nitrogen use efficiency (NUE) data for the enriched organic formulations assessed in both years. Application of treatment T4 resulted in a significant (p ≤ 0.05) improvement in ANUE by 53.1 and 151.6%, and AR by 104.1 and 122.2% in baby corn compared to T5 and T7, respectively, averaged across the two study years (Table 3). Moreover, treatment T4 exhibited higher AR by 86.5 and 77.9% in kabuli gram, and 64.2 and 71.8% in vegetable cowpea during both years of the field study (Tables 4, 5). However, no significant difference in ANUE was observed in kabuli gram and vegetable cowpea over the study period. Similarly, treatment T6 increased ANUE and AR by 7.6 and 14.0% in baby corn (Table 3), 2.7 and 8.7% in kabuli gram, and 3.3 and 8.9% in vegetable cowpea (Tables 4, 5) compared to treatment T2, respectively. Additionally, treatment T5 exhibited higher PNUE in baby corn (134.9 and 125.4 kg kg−1), kabuli gram (59.7 and 59.7 kg kg−1), and vegetable cowpea (178.5 and 155.6 kg kg−1), remaining statistically similar to the other treatments (Tables 3–5). However, the lowest PNUE was observed under treatment T7 for baby corn and kabuli gram, and T6 for vegetable cowpea during both study years. Furthermore, treatments T5, T7, and T3 demonstrated superior nitrogen use efficiency (ANUE, AR, and PNUE) compared to the control.



TABLE 3 Effect of enriched organic formulations on nitrogen use efficiency of babycorn under baby corn–kabuli gram–vegetable cowpea cropping system.
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TABLE 4 Effect of enriched organic formulations on nitrogen use efficiency of kabuli gram under baby corn–kabuli gram–vegetable cowpea cropping system.
[image: Table4]



TABLE 5 Effect of enriched organic formulations on nitrogen use efficiency of vegetable cowpea under baby corn–kabuli gram–vegetable cowpea cropping system.
[image: Table5]



Nutrient availability

A comprehensive assessment of soil nutrient dynamics after harvest of each cropping cycle revealed significant variations in N, P, and K concentrations among different enriched organic nutrient sources, as illustrated in Figures 6A–C. Notably, the application of treatment T6 led to a substantial increase in available N content in the soil post-vegetable cowpea harvest (232.2 and 241.1 kg ha−1) compared to the control (206.3 and 205.3 kg ha−1), with a notable enhancement of 12.6% in the first year and 17.4% in the second year. Treatment T4, followed by T6 and T2, demonstrated statistically superior levels of available phosphorus in the soil (17.7 and 18.3 kg ha−1), exhibiting superiority over treatment T3 (16.0 and 16.6 kg ha−1), T5 (16.0 and 16.5 kg ha−1), T7 (15.6 and 16.2 kg ha−1), and the control (12.6 and 11.9 kg ha−1), with improvements ranging from 10.6 to 54.3% in the first and second years. Furthermore, treatment T3 exhibited notable superiority in augmenting available potassium content in the soil (265.4 and 270.1 kg ha−1), surpassing the control by 13.5% in the first year and 18.2% in the second year. This outcome was consistently comparable to the performance of treatments T4 (258.7 and 264.3 kg ha−1) and T6 (252.0 and 258.7 kg ha−1) throughout both years of the field study, showcasing the efficacy of these enriched organic formulations in influencing soil nutrient dynamics.

[image: Figure 6]

FIGURE 6
 Effect of enriched organic formulations on soil (A) available N, (B) available P, and (C) available K after completion of each cropping cycle during 2020–21 and 2021–22.




System economics

The economic aspects of the cropping system under various enriched organic formulations are depicted in Figures 7A–C. Rigorous statistical analysis of the data revealed that the application of treatment T4 yielded significantly higher system gross returns (8.10 × 103 and 8.32 × 103 $ ha−1), net returns (6.68 × 103 and 6.85 × 103 $ ha−1), and net benefit-to-cost (B:C) ratio (5.0 and 4.9). This resulted in a notable increase of 50.8 and 49.9% in gross returns, 55.2 and 54.2% in net returns, and 21.0 and 20.5% in net Benefit:Cost ratio over the control, respectively, and demonstrated statistical equivalence to treatment T6 and T2 across both years of the field study. Nevertheless, treatment T3 exhibited statistical similarity to treatments T5 and T7 concerning both gross and net returns in the cropping system during both study years.

[image: Figure 7]

FIGURE 7
 Effect of enriched organic formulations on (A) gross returns, (B) net returns, and (C) Benefit:Cost ratio of the cropping system during 2020–21 and 2021–22.




Correlation matrix yield, nutrient concentration, and nitrogen use efficiencies

The correlation (r) plot matrices (Supplementary Figures S1, S2) underscored significant positive associations >0.664 and > 0.768 among yield, nutrient concentration, and nitrogen use efficiencies at both the year of study, respectively for baby corn. A positive correlations (r) > 0.604 and > 0.582 were also among yield, nutrient concentration, and nitrogen use efficiencies at both the year of study, respectively (Supplementary Figures S3, S4). Similarly, positive correlations (r) > 0.724 and > 0.724 were also among yield, nutrient concentration, and nitrogen use efficiencies at both the year of study, respectively (Supplementary Figures S5, S6).




Discussion

Organic manures serve as a nutrient reservoir that gradually releases absorbed ions throughout the entire crop growth period, resulting in enhanced crop yield (Kumar et al., 2005). In present study treatment T4 resulted in significantly (p ≤ 0.05) higher yield of babycorn cob with husk (1.6 and 1.6 t ha−1), cob without husk (8.7 and 8.8 t ha−1) and green fodder yield (25.6 and 26.4 t ha−1) over control and at par with treatment T6 and T2 during both years of study. Similarly, treatment T4 recorded higher kabuli gram seed (2.80 and 2.86 t ha−1) and stover yield (4.41 and 4.54 t ha−1) and vegetable cowpea green pod (10.9 and 11.0 t ha−1) and stover yield (24.4 and 24.9 t ha−1) followed by T6 and T2 and significantly (p ≤ 0.05) superior over control. The optimum yield of baby corn, kabuli gram and vegetabl cowpea, notably observed in the treatment T4 with PHA-based formulation, followed by T6 with PPC-formulation and T2-FYM, can be attributed to the comparatively elevated annual carbon and nutrient inputs. This heightened nutritional provision enhanced the fruiting capacity of the baby corn plants, manifesting in increased cob production per plant and ultimately culminating in a higher yield. The superior performance of the PHA-based formulation, particularly in treatment T4, can be further explained by its composition enriched with organic materials, encompassing essential nutrients and a heightened concentration of nitrogen. This enriched organic formulation played a pivotal role in enhancing soil structure and fertility, thereby fostering an environment conducive to optimal nutrient availability and uptake by baby corn plants. The synergistic effect of these factors is indicative of a comprehensive approach, aligning nutritional input and soil improvement strategies, contributing to the observed superior green fodder yield in baby corn, kabuli gram and vegetable cowpea. PHA contains silicate minerals that encompass carbon and oxygen, along with various micronutrients and its application enhanced that rice yield by 10% and wheat yield by 24% under rice-wheat cropping system (Thind et al., 2012). Potato peel is a valuable source of fiber, carbohydrates, nutrients and bioactive compounds, including phenolics and flavonoids (Ali et al., 2015). Application of Potato peel based biochar improved the yield of Okra (Majee et al., 2021). In contrast, farmyard manures are characterized by a richness in carbonaceous content and provide minimal nutrients (Singh et al., 2020). A combination of PHA/PPC with FYM renders them significant soil ameliorants. Importantly, the application of this combination does not result in any yield reduction when compared to treatment solely involving farmyard manure (Singh et al., 2019). This combination showcases a promising approach to enhance agricultural productivity sustainably.

Organic matter in soil serves as a soil conditioner, a nutrient reservoir, and a substrate for microbial activity (Powlson et al., 2013; Bashir et al., 2021). It not only generates vital plant nutrients but also produces compounds that bind with nutrient elements during the decomposition of organic matter (Murphy, 2015). Plant roots can access complexed elements more readily because the shield formed by complex ions guards against their immobilization in soils (Kumar et al., 2015; Bhatt et al., 2019; Bhakar et al., 2021). In our study we found that treatment T6 recorded the highest N, P, and K concentrations in baby corn cob, baby corn green fodder, kabuli gram seed, kabuli gram stover, vegetable cowpea green pod and stover, demonstrating statistical parity with treatment T4, and T2, surpassing the control (Figures 2–4). The application of FYM and other formulations enhanced the soil’s nutrient supply capacity, ensuring a balanced nutrient supply throughout the crop’s growth stages. Singh and Chauhan (2021) reported that application of farmyard manure significantly improves the N, P, and K concentration in grain and stover of pearlmillet crop. Chauhan et al. (2020) found that application of nitrogen through urea alone decline the quality, whereas, combined application of fertilizers along with FYM enhances the nutrient concentration in grain and stover of the wheat crop due continuous availability of nutrients through microbial cell autolysis. Furthermore, it improves soil biometric parameters, directly adds nutrients, solubilises native phosphate content in the soil (Das et al., 2002) and augments nutrient use efficiency (Lakpale et al., 1999). RHA and PPC contain substantial amounts of nutrients and utilizing them in FYM/compost preparation encrich the quality and on application release the nutrients for easier uptake by the crop plants (da Silva et al., 2020; Joshi et al., 2020; Hisham and Ramli, 2021; Nepal et al., 2021). These combined effects lead to increased concentrations of N, P, and K in babycorn, kabuli gram and vegetable cowpea crops.

Enriched organic formulations significantly impacted nutrient uptake in the baby corn-kabuli gram-vegetable cowpea cropping system over two cultivation years (Figures 5A–C). In our study, the treatment T4 displayed a significantly higher (p ≤ 0.05) total nitrogen, phosphorus and potassium uptake during both the years of study over control. Treatment T4 found comparable with treatment T6 and T2. The enhanced nutrient uptake could be attributed to the higher availability of nutrients particularly N, P, and K in the soil due to application of FYM and improved formulations. This increase in availability of nutrients is likely a result of the mineralization process of organic manure, as well as the natural release of nutrients from the native soil due to favourable relationship between the soil, plants and atmosphere (Rosen and Allan, 2007; Mohanty et al., 2013; Dhaliwal et al., 2019). Further, RHA and PPC for preparing formulation add significant amounts of nutrients and increase the nutrient avaibility for plant uptake and growth (da Silva et al., 2020; Joshi et al., 2020; Hisham and Ramli, 2021; Nepal et al., 2021).

Nitrogen use efficiency (NUE) is a measure of a crop’s capacity to absorb and utilize nitrogen to achieve optimal yields. The efficiency of NUE is influenced not only by the plant’s effective absorption of nutrients from the soil but also by its internal processes involving the transport, storage, and redistribution of nitrogen. In our study, the treatment T4 consistently showed the highest ANUE and AR in all the three crops (Tables 3–5). Further, T4 also recorded comparable results with treatment for PNUE in babyccorn, kabuli gram and vegetable cowpea crop (Tables 3–5). The efficiency of added nitrogen improves when other nutrients are sufficiently available for crop growth. The improved yield and increased N uptake by baby corn based system under the organic treatment might be the main reason for enhanced NUE when compared to control. The higher agronomic efficiency could be attributed to the fact that organic manure alters soil quality following its application, influencing factors such as organic matter content, soil structure, and biological activity (Tisdall and Oades, 1982; Bronick and Lal, 2005). Phillips et al. (2022) reported that addition of organic material in conjuction with inorganic fertilizers increase the nitrogen use efficiency two fold by reducing runoff loses, slow release of nutrients with better synchronization with plant nutrient uptake in rye grass. Organic amendments such as humified sledge and poultry manure signifcnatly affected the N uptake and improves the nitrogen use efficiency in rice crop (Ofori et al., 2005). Further, improved nitrogen use efficiency can be attributed to the positive impact of adequate soil moisture coupled with adequate nutrient supply during crop growth.

In the present study (Figures 6A–C), the application of treatment T6 led to a substantial increase in available N content in the soil post-vegetable cowpea harvest compared to the control, with a notable enhancement of 12.6% in the first year and 17.4% in the second year. Treatment T4, followed by T6 and T2, demonstrated statistically superior levels of available phosphorus in the soil, exhibiting superiority over treatment T3, T5, T7, and the control, with improvements ranging from 10.6 to 54.3% in the first and second years. Furthermore, treatment T3 exhibited notable superiority in augmenting available potassium content in the soil, surpassing the control by 13.5% in the first year and 18.2% in the second year. The enhanced available nitrogen content of soil might be due to favourable soil conditions under enriched organic formulations which might have helped in the mineralization of nitrogen leading to higher built up of available N (Mali et al., 2015; Jadhao et al., 2019). The addition of FYM increased Olsen-P due to its P content and perhaps by enhancing P retention in soil through release of different organic acids and CO2 during the decomposition of organic matter (Rajkhowa et al., 2003), reduced activity of polyvalent cations viz., Al, Fe and Ca through chelation. Since FYM increased soil cation exchange capacity (Blake et al., 1999; Bhattacharyya et al., 2008) and decreased K fixation in soil, the increase in available K under these treatments was attributed to higher release of non-exchangeable K from the soils. The direct addition of N, P, and K through the sole or combined application of organic nutrient sources in an active pool of soil may lead to increased total N and availability of N, P, and K in the soil (Babu et al., 2020; Nima et al., 2020). Our results are corroborated by many previous studies that reported higher N, P, and K contents in organically managed soils under varied agro climatic conditions (Aulakh et al., 2016; Dhaliwal et al., 2019; Jat et al., 2019).

In the current study, the second year stood out with more gross and net returns, mainly due to the higher yields achieved, especially from the all-season crops and also due to higher market price of kabuli gram (₹ 51 kg−1) as compared to first year (2020–21). The increased net returns were observed during both years of the experiment can be attributed to the higher yield and monetary gains obtained from treatment T4 (100% RDN through PHA-based formulation), along with the relatively lower cost of farmyard manure (FYM) during that period. In an experiment conducted by Kumar (2008) on the maize-wheat system, it was observed that the highest net returns, amounting to ₹ 46,784 per hectare, and the highest benefit-to-cost ratio of 2.17 were achieved when applying 120 kg of nitrogen along with 10 tons of FYM per hectare.

The correlation analysis, as depicted in the supplementary figures (Supplementary Figures S1–S6), provides insights into the relationships among yield, nutrient concentration, and nitrogen use efficiencies in the context of the two study years for baby corn. In Supplementary Figures S1, S2, the correlation (r) plot matrices revealed noteworthy results, emphasizing significant positive associations exceeding 0.664 and 0.768 among yield, nutrient concentration, and nitrogen use efficiencies during both years of the study. These results indicate a robust positive linear relationship between the variables, suggesting that as one variable increases, the others tend to increase as well. Supplementary Figures S3, S4 demonstrated additional positive correlations, with correlation coefficients (r) surpassing 0.604 and 0.582 for yield, nutrient concentration, and nitrogen use efficiencies in both study years. This reinforces the consistent trend of positive associations observed across the variables, further substantiating the interconnected nature of these agricultural factors. Similarly, Supplementary Figures S5, S6 exhibited positive correlations with correlation coefficients (r) exceeding 0.724 in both study years for yield, nutrient concentration, and nitrogen use efficiencies. These results underscore a higher degree of positive correlation, indicating a stronger linear relationship among the variables in the respective years.



Conclusion

In conclusion, our findings underscore the remarkable potential of the 100% RDN through PHA-based formulation and 100% RDN through PPC-based formulation in enhancing crop yield, nutrient uptake, and overall sustainability. The successful application of these formulations not only improves productivity but also represents a pivotal step toward sustainable agriculture by efficiently utilizing agricultural waste resources. This approach not only reduces the reliance on traditional farmyard manure but also improved soil health. For farmers facing FYM shortages and having access to rice husk ash or potato peels, adopting these formulations is not only practical but economically advantageous, as evidenced by higher returns and improved B:C ratios. Moving forward, it is imperative to explore the long-term effects, varying application rates, and performance under diverse climatic conditions, paving the way for a more nuanced understanding and optimized utilization of these formulations in different agricultural contexts. This research provides a foundation for sustainable practices that balance productivity, economic viability, and environmental stewardship in modern agriculture.
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