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The rice-wheat cropping system (RWCS) provides the world’s population with staple foods, and it is crucial to maintain global food demand and security. Food systems are a complex ecosystem and sustain many feedback mechanisms. Crop residue management is one of those feedback mechanisms that was assessed under conservation agriculture, and a decomposition study was analyzed for the rice-wheat cropping system using rice, wheat, and maize crop residue for decomposition rate and nutrients release under agricultural practices (zero till, raised beds). Different zero tillage techniques in Samastipur demonstrated an accelerated decomposition trend, which was especially noticeable in the straw from wheat and rice. At the same time, permanent bed systems showed a relatively larger residue mass, especially in the case of wheat and maize straw. Permanent bed systems (wheat-maize system), particularly those using wheat straw, held the largest amounts of residue mass when the total residue mass throughout the sites was taken into account. Samastipur showed higher nutrient release for all the rice residue in wheat, rice residue in maize, and wheat residue in rice except maize residue in rice as compared to the Karnal sites. Decomposition kinetics, modeled via a first-order exponential decay function, showed high correlations (R2: 0.941 to 0.996) across treatment methods. The research underscores the significant effect of agroecological factors on residue decomposition and nutrient release, irrespective of residue type, highlighting the importance of tailored residue management practices for enhanced nutrient cycling and sustainability. These findings contribute to the optimization of residue management strategies in RWCS, promoting sustainable agriculture practices in the face of climate change and increasing food security demands.
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Highlights

• The study found zero-tillage in Samastipur accelerates wheat and rice straw decomposition, releasing more nutrient compared to Karnal, highlighting agroecological effects on residue breakdown.

• Samastipur showed 36% higher nitrogen, phosphorus, and potassium release from rice residues than Karnal, emphasizing conservation agriculture’s role in improving soil fertility.

• Highlighting the need for supportive policies, the research underscores conservation agriculture’s effectiveness in small landholding areas, recommending government assistance to ease farmers’ transition and promote sustainable practices.

• Conservation agriculture led to a 55% reduction in residue mass, demonstrating significance improvements in nutrient dynamics and residue management for sustainability.

• The study advocates for adaptive, region-specific conservation agriculture practices in the Indo-Gangetic Plains to address soil health, productivity and sustainability challenges.



1 Introduction

Amidst climate change and increasing uncertainty, maintaining global food security has become increasingly vital. The rice-wheat cropping system (RWCS) is central to this effort, as it significantly contributes to the supply of staple foods needed to support a rapidly increasing global population, despite the decline in agricultural land (Lalik et al., 2014; Banjara et al., 2021a). However, the combined impact of climate change and population growth intensifies the challenges, creating a more complex scenario for sustaining agricultural productivity and ensuring global food security. This has to be done in the same or even reduced crop area due to an increased load for shelter, production industries, railways-roadways, and other needs to maintain the grain production supply and other foods. Highly populous RWCS countries such as India, Pakistan, Bangladesh, and China are expected to bear more pressure. The RWCS is a highly efficient, long-established, and advocated food system and the world’s most technologically advanced system. Nearly 13.5 million hectares (MHA) of land are under agricultural activities throughout Asia, and 57% of this area alone is in South Asia (Ladha et al., 2009). Additionally, more than 85% of the RW cropping in South Asia is being done in the nutrient-rich and highly fertile lands of Indo-Gangetic and Bramhaputra Plains (IGP; Banjara et al., 2021b; Gathala et al., 2011). In India, rice-wheat cropping systems are predominantly established and occupy a 9.2 mha area, contributing significantly to the country’s food security and economy (Jat H. S. et al., 2020) and supports more than 80% of nation’s total cereal production and about 50% of the calories consumed (Bijay-Singh et al., 2008). The RW cropping in the IGP of northwestern India is largely mechanized, and more than 90% of both cereals are harvested by following the residue management in the field (Bijay-Singh et al., 2008; Mishra et al., 2022). Through RWCS, on average, 55 million tons of crop residue are produced per year, of which more than 22 million tons of agricultural residue are contributed by rice only (Gupta et al., 2020) which has become the main threat for the long-term sustainability of RWCS in north-western India (Sharma and Dhaliwal, 2021). Managing rice straw has always been difficult for the farmers and local authorities. However, the wheat straw produced is taken out of the fields after they have been harvested and used as animal feed. Further, due to the poor economic worth of the rice straw and other problems including a labor shortage (Chaudhary et al., 2019), interference with the field preparation and seeding of succeeding crops, and the limited window period for managing rice straw before the sowing of wheat, more than 80% of rice straw is burned in the field (Singh and Sidhu, 2014; Jat M. L. et al., 2020; Babu et al., 2023).

Surface retention of rice residue utilizing the Happy Seeder technology is also one of the interventions for in-situ rice residue management that farmers in north-western India frequently use for increasing soil organic matter and nutrient supplying capacity (Singh et al., 2020a). Another practice employed is incorporating rice residue in the soil after rotavator or mold board plowing. Residue incorporation has been recommended 15–20 days prior to wheat seeding to improve soil health and crop yield (Bijay-Singh et al., 2008). Incorporation, however, requires multiple tillage operations, which increases the cost of cultivation and can delay the sowing of wheat due to the short window period. The area of zero-tilled wheat after complete or partial burning of rice residues in the IGP has expanded exponentially since the late 1990s because of large cost savings through reduced use of fuel and labor (Gupta and Sayre, 2007). However, direct drilling of wheat into rice residues was not possible due to (1) impediments to cultivation in the loose residue and (2) non-uniform sowing depth resulting from frequent lifting of the drill to clear blockages.

Compared with incorporation, mulched rice residue is less likely to result in N immobilization and can also provide non-N benefits such as conservation of soil, water, and weed suppression. Nutrient release is the first process in a series of reactions that transforms residue organic forms into soil mineral forms. The rates of decomposition and nutrient release are influenced by environmental factors (i.e., air temperature, precipitation, and soil characteristics) and the biochemical composition of the residue (Kaleeem Abbasi et al., 2015; Khalil et al., 2005; Yadvinder-Singh et al., 2010). Rice residues are rich in recalcitrant components such as silica (12–16%) and lignin (6–7%), which slow down their decomposition and cause temporary nitrogen immobilization when incorporated into the soil. This immobilization can lead to nitrogen deficiency in the following wheat crop (Yadvinder-Singh et al., 2010). The immobilization phase typically lasts for several weeks, during which nitrogen is locked up, limiting its availability to plants. However, after this period, the process shifts to nitrogen mineralization, eventually releasing nitrogen back into the soil for plant uptake (Yadvinder-Singh et al., 2010). This delayed release of nitrogen is critical for understanding nutrient management in rice-wheat cropping systems. Soil microenvironments for biological and chemical processes differ in surface placement than in incorporated residues, thereby influencing the nature and extent of organic matter dynamics and nutrient cycling (Beare, 1997; Cookson et al., 1998). Gupta and Ladha, 2010; Elrys et al., 2021; used degree-days (DGD) to account for the effect of temperature and to predict C and N mineralization. The advantage of this approach is that it allows comparisons of field and laboratory experiments done at different locations and years. In addition, because cumulative DGD is commonly used to predict crop development, it is a good tool to match soil and crop processes and analyze the synchrony between residue N release and crop N uptake. Although the effects of placement on the decomposition of different residues other than rice are known, information is lacking in the rice-wheat system, the world’s most important cropping system. There is a need to study decomposition and nutrient dynamics as a function of DGD in different rice-wheat soils. This information would help in developing an accurate composition of integrated nutrient management. Therefore, the present study hypothesizes that there is some positive impact of decomposition and placement of residue on NPK nutrient dynamics of soil. So, the objective of the study was to (1) predict the decomposition and release of N, P, and K from rice and wheat residue and (2) analyze the effects of placement and soil type on residue decomposition and nutrient dynamics over a rice-wheat cropping cycle.



2 Materials and methods

An experiment was conducted for two years (2016–17 and 2017–18) at two sites of IGP, i.e., Taraori, Karnal, India (Lat. 29°48’ N and Long. 76°55′ E) and BISA farm, Samastipur, India (Lat. 25°57’ N and Long. 85°40′ E) in an ongoing field experiment (Figure 1). In both the sites, the trial was initiated in 2012 (June in Taraori, Karnal and November in BISA farm, Samastipur) on well level (0–1% slope) having loam (46.7% sand, 34.4% silt and 18.9% clay) and silty loam (49.6% sand, 44.9% silt and 5.48% clay) soil texture, respectively. The Karnal soil to a depth of 0–11 cm was slightly alkaline (pH 8.02) with electrical conductivity (EC) of 13.1 mSm−1, bulk density of 1.56 Mg m−3, 9.14 cmolc kg−1 cation exchange capacity (CEC), 5.87 g kg−1 soil organic carbon and 5.30 g kg−1 soil inorganic carbon. Likewise, Samastipur soil for a depth of 0–12 cm was also slightly alkaline with pH 8.27, EC 12.9 mSm−1, bulk density of 1.68 Mg m−3, 11.2 cmolc kg−1 cation exchange capacity (CEC), 7.86 g kg−1 organic carbon and 28.5 g kg−1 soil inorganic carbon. In Karnal, the climate is semiarid with hot, dry to wet summers (May–October) and cool, dry winters (November–April) having 24°C average annual temperature and 700 mm mean annual rainfall of which 50–90% is received normally during southwest monsoon (July to September) (Figure 2). Whereas, in Samastipur, the climate is characterized by semi-arid to sub-tropical with hot and humid summers and cold winters with average annual temperature and rainfall of 25.5°C and 1,245 mm, respectively 50–70% of which is received between July to September (Table 1).
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FIGURE 1
 Location of the experimental sites.
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FIGURE 2
 Under the experiment period, the average maximum and minimum temperature with rainfall (mm) of the experimental sites (1-Bisa, 2-Karnal).




TABLE 1 Description of the study area in IGP, India.
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2.1 Crop establishment

The experiment was conducted in summer (June in Taraori, Karnal) and winter (November in BISA farm, Samastipur) 2016 and 2017 respectively, after the harvest of rice and wheat as the first crop. After harvesting rice from Karnal and wheat from BISA farm, respective residues were removed. Rice, Maize and Wheat residue were applied at the rate of 6 t ha−1, 10 t ha−1 and 3 t ha−1, respectively, at Karnal while in Samastipur rice, maize and wheat residues were applied to the field at the rate of 6 t ha−1, 8 t ha−1 and 1 t ha−1, respectively. The main reason for applying higher rates of maize and wheat resiude in Samastipur is mainly due to relatively higher rainfall and temperature to prevent nutrient leaching and higher residue application maintain soil organic carbon matter. Rice was sown between 15th to 30th June, 2016 while wheat was sown during 10th-15th November, 2016 after harvesting wheat and rice, respectively, in both the places. In both the locations, Rice plots fertilized with 120 kg N + 60 kg P + 40 kg K ha−1, Wheat plots fertilized with 120 kg N + 60 kg P + 40 kg K ha−1 and Maize plots fertilized with 150 kg N + 60 kg P + 40 kg K ha−1 under conservation tillage treatments. During the study period, rice and wheat received irrigation during the critical growth stages of the crop. Experimental plot size was 4 m wide by 10 m long. For rice, the initial two years used hybrid PHB-71, followed by the long-duration variety Rajendra Mashuri from 2008. Zero-till direct-seeded rice was planted at a seed rate of 25 kg/ha with 20 cm row spacing. For wheat, variety PBW-343 was used initially, followed by HD-2733. Zero-till wheat was planted at 100 kg/ha with 20 cm row spacing. Maize-wheat system on permanent beds were used. In permanent bed wheat, two rows (30 cm apart) were drilled at 75 kg/ha. Beds were reshaped during the wheat cycle, combining seeding and reshaping in one operation.

Weed management varied by treatment. Glyphosate was applied pre-planting in permanent beds and zero-tillage plots, while pre-emergence pendimethalin and post-emergence ethoxisulfuron and bispyribac sodium were used in rice. Wheat required post-emergence herbicides like 2,4-D, metsulfuron methyl, carfentrazone, fenoxaprop, sulfosulfuron, and clodinafop, depending on weed intensity.

Water management practices included 6–8 irrigations for rice and 3–4 irrigations for wheat, with applications adjusted according to rainfall. The study underscores the effectiveness of integrated management for improving productivity and resource efficiency in rice-wheat systems.



2.2 Residue decomposition and nutrient release

The decomposition kinetics of residues and the subsequent release of nitrogen (N), phosphorus (P), and potassium (K) was done using a nylon mesh bag method. Nylon mesh bags containing rice, wheat and maize residues were sampled 6 times (0, 30, 60, 90, 120 and 150 days in 2015–2016 and 2016–2017) in both the locations.

Fifteen grams of residue (cut into 1 cm size) containing total N 0.48%, total P 1.31%, total K 1.21%, total C 37.8% for Rice, total N 0.48%, total P 1.69%, total K 1.43%, total C 44.7% for Maize and total N 0.62%, total P 0.86%, total K 1.41%, total C 47.0% for Wheat was used for study under Karnal condition while residue having total N 0.61%, total P 1.41%, total K 1.34%, total C 26.8% for Rice, total N 0.56%, total P 1.53%, total K 1.44%, total C 42.3% for Maize and total N 0.34%, total P 0.91%, total K 1.44%, total C 38.4% for Wheat under Samastipur condition were placed in each nylon bag (10 × 15 cm, 1 mm mesh). So, regarding macronutrients, Maize has the highest percentage of total K and C, while Wheat has the highest percentage of total N. Likewise, the data suggests that Wheat has the highest percentage of cellulose (41–44%) while Maize has the highest percentage of lignin (56–57%) and polyphenol (5–6%) at both locations. Rice has the lowest lignin percentage (12–14%) among the three residues (Table 2). The C:N ratio, which is a measure of the availability of nitrogen in the residues, is highest in Wheat at both locations, indicating that Wheat residues may have lower nitrogen availability compared to residues from other crops. Six sealed nylon mesh bags were positioned on the soil surface, after wheat and rice sowing, respectively. To track their placement, each bag was marked with a nylon thread attached to a wooden stick. At each of the six sampling points (as indicated in Table 3), one nylon mesh bag was randomly retrieved from each plot. On each sampling date, the residue remaining in the bag was carefully extracted, lightly shaken over a 1 mm sieve to eliminate most of the soil, and then thoroughly rinsed with distilled water. Samples were then oven dried at 60°C for 48 h, followed by weighing and grinding them to pass through a < 1 mm sieve. Decomposition was assessed by measuring the loss in mass of the rice and wheat residue within each bag. Total nitrogen (N) content in the residues was determined using the Kjeldahl method, while for phosphorus (P) and potassium (K) determination, the residue underwent wet digestion with a mixture of HNO3, H2SO4, and HClO4 in a 10:4:1 ratio. Phosphorus content was measured colorimetrically through the molybdate yellow color method using a spectrophotometer, following the method, and potassium content was determined using flame photometry as described. Total N, P, and K in the residue were calculated by multiplying the percentages of N, P, and K by the final weights at each sampling period. Changes in N, P, and K content of the decomposing rice residue represented the amount that had either mineralized or immobilized during the study period.



TABLE 2 The initial biochemical composition of different plant residues was used in the study at Karnal and Samastipur.
[image: Table2]



TABLE 3 Decomposition time (days) and equivalent degree days (DGD) were used for the 2 years of the study in different locations (Karnal and Samastipur).
[image: Table3]



2.3 Calculations and statistical analysis

Over a two-year period, data on residue decomposition (expressed as % mass remaining) and the concentrations of nitrogen (N), phosphorus (P), and potassium (K) in both locations were analyzed using a first-order exponential single-pool decay model.


2.3.1 Residue decomposition

The remaining residue at time t (Yt) is calculated using the first-order exponential decay model:

[image: image]

where:

Yt = % mass remaining at time t (in degree-days, DGD).

Y0 = % mass remaining at t = 0.

k = decomposition rate constant.

To account for variations over the two years, the data for N, P, and K concentrations were converted into relative concentrations (%). The effect of soil type on P changes was negligible, allowing for a combined analysis.



2.3.2 Degree-days (DGD)

DGD = (Average daily temperature) × (Number of days).

Nutrient release from rice, wheat, and maize residue was determined by solving the exponential mass loss functions (Figure 3) to determine the amount of residue remaining at a given time and exponential functions describing nutrient concentration changes with time (DGD) as affected by different crop establishment methods.

[image: Figure 3]

FIGURE 3
 The mass remaining of different residues throughout the decomposition cycle as a function of degree-days (DGD) affected by crop establishment methods. (a) rice residue in wheat, (b) rice residue in maize, (c) maize residue in rice, and (d) wheat residue in rice.




2.3.3 Nutrient release

Nutrient release is calculated using exponential mass loss functions and nutrient concentration changes over time (DGD).

Initial nutrient content (kg ha−1) = % initial mean concentration × 8,000 (assuming an 8,000 Kg ha−1 load) (for N, P, and K, let these be Nt, Pt, and Kt respectively).



2.3.4 Total biomass remaining

Biomass remaining at any given time (Mg ha−1) = Initial mass × % mass remaining (denote as x).



2.3.5 Nutrient concentration

Nutrient concentration in residue after reconversion to actual concentration = a (%).



2.3.6 Total nutrient in residue

Total nutrient remaining (kg ha−1) = a × 1,000 × x.



2.3.7 Nutrient released

Nutrient released (kg) = Initial nutrient content − Nutrient remaining.

For nitrogen: N released (kg) = Nt − (a × x).



2.3.8 N released (% of initial N)

N released (%) = (Nt − (a × x))/Nt.

Similar calculations were carried out for P and K releases. Nutrient release was considered in three growth stages (maximum tillering, boot stage and maturity) of rice, wheat and maize, respectively. The decomposition (% mass remaining), % N, % P, and % K data were collected using a split-plot design, with the crop establishment method serving as the main plot and time as the sub-plot treatment. Statistical analysis was done using variance analysis (ANOVA) and the general linear model in SPSS version 26. To evaluate the significant differences among treatment means, least significant difference tests (LSD) were employed at a significance level of p < 0.05.





3 Results and discussion


3.1 Crop residue decomposition

The changes in residue mass over the decomposition cycle, influenced by crop establishment methods and locations, revealed intriguing patterns, as shown in Figure 3. Initially, at Karnal, residue mass retention across placement techniques appeared uniform. However, in Samastipur, distinct zero tillage methods showed an accelerated decomposition trend, particularly in wheat and rice straw. In contrast, permanent bed systems retained comparatively higher residue mass, notably with wheat and maize straw. Initial carbon degradation displayed swift decline that was seen more pronounced in zero till wheat straw, followed by gradual decreases in zero till rice straw and permanent bed wheat straw. Further, nitrogen degradation kinetics was observed with rapid decomposition in both the practices, zero till rice straw and permanent bed maize straw, as compared to slower rate in zero till wheat straw. Potassium degradation exhibited rapid rates in zero till rice and wheat straw, while permanent bed wheat straw showed slower kinetics (Table 4). Phosphorus retention post-decomposition was showed varied trend. Permanent bed maize straw retaining the highest proportion of P and zero till rice straw exhibiting the lowest concentration. In case of Karnal, during initial sampling days (30 days), rice, wheat and maize residue decomposed were 17.5, 9 and 13%, respectively, of the initial amount. On the 60th sampling day in Karnal, the decomposition of wheat and maize was completed almost 3 times (32 and 32% of initial, respectively), while that of rice residue decomposition was 1.5 times the residue decomposed (28.8% of initial). The trend of decomposition of residues increased till the 150th sampling day. However, the increase in the decomposition of residues was not as fast as it had been 30 to 60 days before the sampling. On the 150th sampling day, the rice, wheat, and maize residues were decomposed to 43.8, 46, and 44.6% of initial, respectively. Almost half of the applied rice, wheat, and maize residues were decomposed within 150 days in the Karnal field. An increase in the residue decomposition with sampling days was also observed in Samastipur. During the earlier stage of sampling (30 days), the amount of rice, wheat, and maize residue decomposition was 17.5, 19, and 21% of the initial, respectively. Similarly, residue decomposition increased at an increasing rate till 150 sampling days (Table 5) in Samastipur as well. The amount of rice, wheat, and maize residue decomposed at 150 sampling days was 55, 48.7, and 41% of the initial amount, respectively. While comparing both the locations, the amount of rice and wheat residue decomposed in Samastipur was greater than in Karnal, while the amount of wheat residue that decomposed was higher in Karnal than at Samastipur (Figure 3).



TABLE 4 Locationwise decomposition constant (k) for nutrient loss from different crop residues.
[image: Table4]



TABLE 5 Crop residue decomposition and N, P, and K release at a different sampling interval.
[image: Table5]

The initial rapid decay phase likely corresponds to the breakdown of easily degradable components such as carbohydrates and proteins. Subsequent slower decomposition stages may stem from recalcitrant fractions less susceptible to microbial degradation. These observations align with previous studies employing similar exponential decay models, reflecting the consensus regarding crop residue decomposition dynamics. Additionally, application of crop residues coupled with minimum soil disturbance and inclusion of mungbean improved the formation of aggregates resulting in the dominance of macro aggregates compared to micro aggregates through validation of such changes requires long-term experiments. In CT systems, tillage causes breakage of aggregates that may expose the OM to microbial attack, leading to rapid decomposition (Jat et al., 2018). Findings of this study are supported by the values reported by previous studies.

Apart from safeguarding soil, residue also serves as a source of nutrients and carbon for the soil dynamics, supporting nutrient release patterns of nitrogen (N), phosphorus (P), and potassium (K) from rice, wheat and maize residue that was either placed through zero till or permanent bed, as shown in Table 4.



3.2 Nitrogen (N)

Residue type and its placement method strongly influenced N-release behavior during both districts’ decomposition cycles. In Karnal and Samastipur, the total N release from rice straw at the end of 30 days was 5.43 kg ha−1 and 5.97 kg ha-1, respectively. By 90 days, the N release from Karnal and Samastipur sites increased to 12 kg ha−1 and 14.9 kg ha−1, respectively (Figure 4; Table 5). On the 150th day, the total amount of N release from rice straw applied at Karnal and Samastipur was 13.4 kg ha−1 and 18.3 kg ha−1, respectively.

[image: Figure 4]

FIGURE 4
 Variation in soil nutritional profile (NPK) in different crop residue and cropping system combinations under residue degradation study.


Similarly, the N release from the wheat and maize residues in the Karnal site (30 days) was 0.88 kg ha-1 and 8.40 kg ha-1, respectively, while the values for the Samastipur site were 1.93 kg ha−1 and 15 kg ha−1, respectively (Table 5). The amount of N released in 90 days increased to 3.59 kg ha−1 and 26.2 kg ha−1 from wheat and maize residues, respectively, for the Karnal, and 3.97 kg ha−1 and 21.5 kg ha−1 for wheat and maize residues for the Samastipur, respectively. By 150th days, residues of wheat and maize released 4.27 kg ha−1 and 34.5 kg ha−1 of N in Karnal, and 4.80 kg ha−1 and 33.4 kg ha−1 in wheat and maize residues, respectively at Samastipur site (Table 5).

Since N application after tillering and panicle initiation in rice, while in wheat after maximum tiller stage has less effect on the grain yield. The additional amount of N released after the boot stage may not be absorbed by growing rice or wheat and remains unutilized. Residue N release, however, was negligible during the initial (30 days) and could not supplement the crop’s nitrogen requirement initially.

Irrespective of the type or location of crop residue, a consistent increase in total nitrogen (N) release was observed as decomposition progressed, primarily due to residue bulk reduction. This phenomenon aligns with findings of prior studies, including Dubeux et al. (2006), Hamadi et al. (2000), Liu et al. (2011), and Ngwira et al. (2014), which reported enhanced N release over time from plant residues with varying carbon-to-nitrogen (C: N) ratios. An essential factor for the rise in N release was identified as the upsurge in carbon discharge, likely driven by increased microbial activity and its interaction with residue decomposition dynamics, as suggested by Gupta and Ladha (2010). This complex mechanism further underscores the significance of residue quality, its volume, and the timing of N release, which critically affects the residue’s utility as a nitrogen source in agriculture, backed by the findings of Clément et al. (1995) and Mishra et al. (2022). Despite the potential for N recycling through soil microbial biomass and the risk of N losses, the inherent N content in residues from crops like rice, wheat, and maize is insubstantial for significantly reducing N fertilizer requirements in the short term for these crops (Fagodiya et al., 2024). Optimizing the timing of residue incorporation and N fertilizer application appears vital for aligning residue decomposition with crop N uptake, necessitating further investigation to refine management practices for sustainable crop production without excessive N fertilizer dependence (Jat M. L. et al., 2020).



3.3 Phosphorus (P)

At the Karnal and Samastipur sites, phosphorus (P) released from rice straw reached 2.19 kg ha−1 and 2.50 kg ha−1, respectively, after 30 days. By 90 days, P release increased to 4.84 kg ha−1 in Karnal and 6.21 kg ha−1 in Samastipur. At 150 days, total P release was 5.43 kg ha−1 in Karnal and 7.66 kg ha−1 in Samastipur.

For wheat and maize residues in Karnal, P release was 0.17 kg ha−1 and 3.92 kg ha−1, respectively, after 30 days, while in Samastipur, it was 0.47 kg ha−1 and 6.85 kg ha−1. By 90 days, P release increased to 0.69 kg ha−1 and 12.2 kg ha−1 in Karnal, and 0.96 kg ha−1 and 9.84 kg ha−1 in Samastipur. At 150 days, P release from wheat and maize residues in Karnal reached 3.92 kg ha−1 and 16.1 kg ha−1, and in Samastipur, 1.16 kg ha−1 and 15.2 kg ha−1 (Table 5). Change in phosphorus trend can be visualized in the Figure 4.

Phosphorus release from rice and wheat straw was consistently higher in Samastipur compared to Karnal. For maize straw, initial P release was higher in Samastipur, but after 60 days, Karnal exhibited greater P release until the end of the study.

Phosphorus is crucial for plant cells, aiding in cell division and developing the plant’s growing tip. Its presence is essential for the growth of seedlings and young plants. However, the amount of nutrients released from the rice, wheat, and maize residues within 30 days was not noted as significant for maintaining the crop’s proper root growth and development. The release of P from rice, wheat, and maize residue increased with an increase in sampling days, but the amount released was not sufficient for the nutrition requirement of the existing crop. Similarly, McLaughlin et al. (1988) and Gupta and Ladha (2010) observed that while crop residue P may not notably benefit subsequent crops in the short term, it does contribute to the accumulation of organic P forms over time. This finding was also well documented by Fagodiya et al. (2024) in 15 years long term study. Recycling crop residues can enhance soil P availability for wheat and other crops (Jat M. L. et al., 2020). It has also been noticed that crop residue burning results in nutrients losses (Jat M. L. et al., 2020). So, a continuous CA practice can support the soil health and mitigate the negative impact of climate (Mishra et al., 2022; Fagodiya et al., 2024).



3.4 Potassium (K)

The dynamics of potassium (K) release from various crop residues were investigated for the Karnal and Samastipur regions. After 30 days, the release of K from rice straw was measured at 17.5 kg ha−1 in Karnal and 18.9 kg ha−1 in Samastipur. By the 90-day mark, these values increased to 29.1 kg ha−1 in Karnal and 37.6 kg ha−1 in Samastipur. After the study period (150 days), the total K release from rice straw in Karnal and Samastipur was recorded as 43.4 kg ha−1 and 55.2 kg ha−1, respectively.

By 90 days, N release increased to 11.3 kg ha−1 and 49.9 kg ha−1 for wheat and maize residues in Karnal, and 12.5 kg ha−1 and 38.3 kg ha−1 for wheat and maize residues in Samastipur. Ultimately, at the end of the 150 days, N release from wheat and maize residues was observed at 13.5 kg ha−1 and 65.7 kg ha−1 in Karnal, and 15.1 kg ha−1 and 59.3 kg ha−1 in Samastipur, respectively (Table 4). Ultimate differences in the potassium over time can be compared in Figure 4.

Potassium (K) release from rice and wheat straw was higher in Samastipur than in Karnal, with both sites showing an increasing trend in residue decomposition throughout the sampling period. For maize residue, initial decomposition was higher in Samastipur, but from 60 days onward, it was higher in Karnal. Potassium release was faster compared to other nutrients, likely due to its presence in the cell fluid as a non-structural component (Christensen, 1985), with similar findings by Rezig et al. (2014) and Mubarak et al. (2002). Unlike N and P, K release from rice, wheat, and maize residues was sufficient to support the growth of the succeeding crop. While conservation agriculture (CA) offers significant economic, agronomic, and environmental benefits in South Asia, including improved soil quality, the adoption of residue management remains slow (Sapkota et al., 2015; Fagodiya et al., 2024). Hence, adoption of the conservational practices (Jat et al., 2018), reusing crop residue (Devi et al., 2017) can be an energy saving and sustainable options under the existing circumstances for improving the soil quality and reducing the greenhouse gas emissions.




4 Conclusion

The study revealed that crop residue decomposition rates and nutrient release patterns differ significantly depending on the crop establishment method and location, particularly between Karnal and Samastipur. Zero tillage systems promoted faster residue decomposition, especially in rice and wheat straw, while slower rates were observed in permanent bed systems, notably in wheat and maize straw. Nitrogen release from residues initially occurred at a slower pace, accelerating later, particularly in maize residues, which proved insufficient to meet early crop nutrient demands. Phosphorus and potassium releases followed different patterns, with potassium being released more quickly and in amounts sufficient to support subsequent crop growth. These differences can largely be attributed to climatic factors, notably temperature variations modeled through degree-days. While crop residues contribute valuable nutrients and improve soil health, optimizing their timing and release for maximum benefit is crucial for sustainable agriculture. Continuous cropping systems, such as conservation agriculture, show potential for enhancing nutrient cycling and soil fertility but need further refinement in management practices. The findings reinforce the importance of residue management in sustainable farming and align with previous research on residue decomposition and nutrient dynamics. The future research should focus on optimizing residue management practices under conservation agriculture to enhance nutrient synchronization with crop uptake. This will help reduce fertilizer dependency, improve soil health, and promote sustainable agricultural practices in South Asia, considering site-specific decomposition dynamics and nutrient release pattern.
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