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Abstract

:

The indiscriminate use of chemical fertilizers can deteriorate soil, grain, and environmental quality; still, these can be restored if integrated nutrient management options with inclusion of legumes in the cropping system are adopted. A long-term (19 year) rice-wheat system experiment was examined to find out the best nutrient management practices (BNMP) through recommended dose of fertilizers (RDF), integrated plant nutrition system (IPNS), soil test crop response (STCR), farmyard manure (FYM), along with the inclusion of pulses (berseem and cowpea). Seven nutrient management practices were applied in combination of organic and chemical fertilizer in the rice-wheat system. Results showed that a significant variation was seen in phosphorus (P) fractions among the treatments and soil depths. The results showed a significantly (p < 0.05) higher contribution to phosphorus availability by Residual-P followed by NaHCO3-Po > NaOH-Pi > NaOH-Po > HCl-P > NaHCO3-Pi > available P and lowest in WSP under different long-term management options in rice-wheat system after completing 19 crop cycles. Variations in soil P-fractions with depth were compared to different treatment combination, and a considerable increase in all the major P-fractions was noticed. The continuous application of various IPNS options as organic farming (OF), RDF, STCR, and the inclusion of pulses (berseem and cowpea) significantly improved all P fractions in the soil system and offered an added benefit in terms of sustainability of production and soil health compared to the solo application of chemical fertilizers. Overall, results showed that IPNS options (berseem and cowpea) showed its superiority over the rest of the treatment. This study suggests that the inclusion of pulses would increase P-availability in soil system.
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1. Introduction


Phosphorus (P) is an essential macronutrient for sustainable food production system classified by the European Commission [1]. P is the second most essential plant nutrient after nitrogen (N); it plays key roles in metabolism, structure, and energy in plant system. The P-fractions in soil system and nutrient cycling in agroecosystems are of increased curiosity due to its involvement to the global environmental issues [2,3]. Changes in the P concentration affect the P-cycle; long-term experiments could help to understand the P dynamics in soil-plant system. Sustainable management of P is crucial for both global food security and conservation of aquatic ecosystems [4,5,6]. Global food security is a priority for the forthcoming growth agenda of the United Nations (UN). Because of the major requirement of the sustainable food production on the uninterrupted supply of phosphatic-fertilizers to attain UN-Sustainable Development Goals (SDGs). P is a non-renewable natural resource [7,8]. Sustainable food production is crucial for achieving zero hunger and malnutrition by 2030 [9,10]. Nonetheless, agricultural activities are also negatively affecting the resilience of our planet as it is the major non-point source of pollution, mainly due to the indiscriminate use chemical fertilizers [11].



P has low efficiency (8 to 33%); applied P will fix with aluminum, iron, and manganese in acidic soils and with calcium in calcareous soils [5,12,13]. However, indiscriminate use of chemical fertilizer has led to decline in productivity, profitability, soil degradation, and environment pollution [14,15]. Therefore, the efficient management of P in agricultural soils is needed to lessen the environmental pollution induced by P and support food production [16,17]. The P management through mineral fertilizer is also unsustainable because of excessive price of phosphatic fertilizers. Systematic representation of P dynamics is presented in Figure 1.



The increased price of chemical fertilizers was among the reasons of the global food price shock in August 2007 [18]. According to Minemakers Limited [19], the global phosphate rock (PR) price showed a 400% increase (US$ 50 to 200 per ton) during 2007; diammonium phosphate (DAP) price increased from US$ 265 to 1040 per ton in 2008 [20]. Due to the sudden rise in DAP and other chemical fertilizer prices, in 2008, fertilizer riots were seen in developing nations [21]. Results suggested that the judicious application of organic manure and chemical fertilizers improved P dynamics in agricultural soils [21,22]. When a high responsiveness of P in the soil system is achieved, the management of the P in soils is difficult compared to other nutrients. The issue is not of P-reserves in soil system, but of its availability to the plant system. One viable way to mobilize these residual P compounds and to conserve the most valuable natural soil system for sustainable food production is the use of organic amendment, balanced fertilization, and inclusion of pulses in cropping system; P is the second most important soil fertility problem throughout the world [23].



P availability improved with the judicious application of organic manure and chemical fertilizers [24,25]. Yet the plants mainly depend upon inorganic P forms for their P requirements. Mineral applications had significant impact on concentration, forms, and availability of P to soil-plant systems [4]. Results concerning the distribution of different forms of P and their dynamics in soil help to evaluate the long-term availability of P. Long term studies have revealed that application of inorganic fertilizer could have a risk of environmental pollution [25]. Hence finding a suitable management strategy that limit both agricultural loss of P to waterways and support crop yield is important for sustainability of agricultural production. Efficient nutrient management is the key to high yield, long-term sustainability, and reduced environmental pollution [26,27].



Balanced fertilizer application will help to develop sustainable food production system for feeding the global population [25,28,29,30]. The soil system has very less concentration of available P, as well as decreased crop productivity and increased soil degradation. So, there is a burning issue to try to find a sustainable strategy by which P fertilizers can be used more efficiently in rice-wheat system. Current long-term field experiment was started with the aim to find out the best nutrient management practices for sustainable food production system and soil sustainability. The supposition set for our study was that the accumulation of different fractions of phosphorous might be affected by the various IPNS options in the rice-wheat system. To assess this hypothesis, the aims of this study were (i) to quantify the IPNS and soil depths on phosphorous pools, (ii) to assess the best nutrient supply options and quantitative phosphorous status, as well as the relationship between the two, compared to unfertilized plot in long-run with a broad view to assess best doses of P vis-à-vis environmental pollution risk.




2. Materials and Methods


2.1. Site Descriptions


Ongoing long-term field experiment (starting year 1998) site of ICAR-Indian Institute of Farming Systems Research (29°4′ N, 77°46′ E, 237 m above sea level) was selected (Figure 2). The average monthly minimum (7.2 °C) and maximum (20.1 °C) temperatures in January and corresponding temperatures in May minimum (24.2 °C) and maximum (39.8 °C) with annual rainfall of 823 mm were recorded.




2.2. Treatments and Experimental Design


The long-term cropping system experiment involving different nutrient supply options under rice-wheat rotation is shown below (Table 1). The experiment was conducted in large plots (individual plot area 1000 m2). All treatments were Randomized Block Design (RBD) and four replications. Total seven nutrient supply options treatment were imposed in the long-term cropping system experiment as T1: control i.e., no chemical fertilizer or organic manure; T2: recommended fertilizer dose to rice and wheat; T3: soil-test based fertilizer application in both crops; T4: 75% of recommended N, P, and K through fertilizers +25% substitution of recommended N through FYM in rice and RDF in wheat crop; T5: 75% of recommended N, P, and K through fertilizers + 25% substitution of recommended N through FYM + every third wheat substituted with berseem for rice and RDF for wheat crop; T6: 75% of recommended N, P, and K through fertilizers + 25% substitution of recommended N through FYM + every third rice substituted with cowpea for rice and RDF for wheat crop; T7: 100% of recommended N, P, and K through organic manures (FYM) in both crops.




2.3. Collection, Processing, and Analysis of Soil Samples


After the completion of 19 cropping cycles at ICAR-IIFSR, Modipuram, Meerut four sets of four replicated samples of both surface (0–15 cm) and sub-surface (15–30 cm) soil layers were collected from all treatments during May 2016 after the harvesting of wheat crop with a core sampler (with a core of 3.9 cm diameter and 179.2 cm3 volume). The first set with four replications was used to measure soil bulk density. From the second set with four replications of undisturbed soil samples, a set of sub-samples with four replications was taken for determination of microbial biomass carbon. The soil samples of the third set were air-dried, ground in a wooden mortar and pestle, and sieved to pass through a 2 mm sieve. For analysis of different phosphorous fractions, sub-samples with four replications were taken and further sieved through a 0.2 mm sieve.




2.4. Modified Hedley Fractionation Method of Phosphorus


Sequential fractionation procedures have been used to characterize lability of soil and manure P based on susceptibility to extraction by a series of chemical compounds by adopted modified Hedley fractionation [31] (Figure 3). The soil P fractions are measured in sequence: (i) solution P, by shaking 0.5 g soil (0.2 mm) in 30 mL of deionized water for 16 h, centrifuging, filtering and measuring P in the filtrate; (ii) NaHCO3-P, by shaking the residue from (i) in 30 mL 0.5 M NaHCO3 for 16 h, centrifuging, filtering and measuring P in the filtrate; (iii) NaHCO3-Po, by digesting 5 mL of the filtrate from (ii) in 6 mL of concentrate H2SO4 for 1 h, cooling, adding 5 mL of H2O2 and reheating until the residue becomes white, determining P in the digest and subtracting the NaOH-Pi from it; (iv) NaOH-Pi, by shaking the residue from (ii) in 30 mL 0.1 M NaOH for 16 h, centrifuging, filtering and measuring P in the filtrate after acidifying with 5 mL concentrate HCl; (v) NaOH-Po, by digesting 5 mL of the filtrate from (iv) in 6 mL of concentrate H2SO4 for 1 h, cooling, adding 5 mL of H2O2 and reheating until the residue becomes white, determining P in the digest and subtracting the NaOH-Pi from it; (vi) acid-P, by shaking the residue from (iv) in 30 mL of 1 M HCl, centrifuging, filtering and measuring P in the filtrate; (vii) residual-P, by fluxing the soil residue from (vi) in 6 mL of a 5:2 mixture of concentrated HNO3 and HClO4 and determining P from the digest (0.1 g soil to 1 g, few drops of 18 N H2SO4 then add 1 mL of HClO4, 5 mL HF (48%). Teflon crucible 70% covered place on sand bath at 200–250 °C, evaporates to dryness 1 to 1.5 h then cooling. Repeat all the steps 2–3 times. Add a few drops of H2SO4 to make volume 5 mL 6 N HCl, adding boiling water for 0.5 h. Yellowish solution is final color filter with Whatman Filter Paper number-42 final volume 100 mL (1000 times dilution). All P was figured out colorimetrically after neutralization, when necessary, with dilute HCl and NaOH and the neutral pH indicated by the slight yellowish colour of the solution in the presence of p-nitrophenol indicator. Absorbance of P was figured out at a wavelength 712 nm by spectrophotometer.




2.5. Statistical Analysis


The generated data were processed for analysis of variance (ANOVA) and Duncan’s multiple range test (DMRT) was used to compare the differences between the means using as applicable to randomized block design to assess differences among the treatment means as described by Gomez and Gomez [32]. Correlation coefficients were computed using SPSS programme (SPSS version 16) (SPSS 1990).





3. Result and Discussion


3.1. Effect of Long-Term Nutrients Supply Options on Soil Available Phosphorus


Results showed that the effect of long-term fertilization on soil available-P in the 0–15 and 15–30 cm soil layer of rice-wheat system significantly (p < 0.05) influenced the availability of P-availability in 0–15 and 15–30 cm soil layer (Figure 4). Plot with the treatment with NPK and STCR showed significant (p < 0.05) superiority over the rest of the treatment with the availability of 20.04 mg kg−1 available-P in 0–15 cm soil layer followed by the OF (17.89 mg kg−1), IPNS (17.31 mg kg−1), IPNS + C (15.90 mg kg−1), IPNS + B (14.61 mg kg−1), and the significant (p < 0.05) as well as lowest (7.01 mg kg−1) phosphorous availability was observed in the control plot; it was ~36% lower in comparison to the NPK- and STCR-treated plots (Figure 4).



Similarly, in case of 15–30 cm soil layers, results suggested that the plot with NPK treatment found maximum (12.23 mg kg−1) available-P; it was on par with the STCR (12.00 mg kg−1) followed by the IPNS (9.10 mg kg−1), OF (6.79 mg kg−1), IPNS + C (5.05 mg kg−1), IPNS + B (4.96 mg kg−1), and the lowest (4.36 mg kg−1) was recorded in the control plot. The plot treated with NPK showed significant (p < 0.05) superiority by 35.65% over the control treatment (Figure 4). It could be due to the P-solubilization by native efficient rhizosphere microbes [33], and pulses naturally promote to improving soil system [34].




3.2. Effect of Long-Term Nutrients Supply Options on Water Soluble Phosphorous (WSP)


Results observed that the long-term nutrient management practices significantly (p < 0.05) influenced the P-pools in 0–15 and 15–30 cm soil layers under the rice-wheat system (Table 2 and Table 3). The availability of water soluble phosphorous (WSP) was significantly (p < 0.05) influenced by the long-term nutrient management options. WSP also acts as extremely sensitive indicators that reflect the availability of phosphorous in soil system. However, the WSP content of P-pools vary considerably. WSP was ordinarily estimated to have ~7% of P-pools. WSP significantly (p < 0.05) varied from 4.64 to 8.95 mg P kg−1 under different nutrient management options in the 0–15 cm soil layer. Maximum (8.95 mg P kg−1) WSP contain was observed under IPNS + B plot followed by the IPNS (8.67 mg P kg−1), IPNS + C (8.50 mg P kg−1), STCR (5.57 mg P kg−1), OF (5.02 mg P kg−1); however, the significantly (p < 0.05) lowest (4.64 mg P kg−1) WSP was recorded in the control treatment. The treatment with IPNS + B showed its significant (p < 0.05) superiority by ~ 52% over the untreated control plot of rice-what system under long-term nutrient supply options (Table 2). Similarly, in the 15–30 cm soil layer, WSP varied from 3.45 to 7.44 mg P kg−1 among different treatment combination. Maximum WSP was recorded in IPNS + C (7.44 mg P kg−1) treated plot followed by IPNS (6.01 mg P kg−1) > IPNS + B (5.91 mg P kg−1) > STCR (5.19 mg P kg−1) > OF (4.87 mg P kg−1) > NPK (4.57 mg P kg−1) and control (3.45 mg P kg−1) treatment (Table 3). It was observed that a significant (p < 0.05) improvement in WSP and other P-pools by integrated nutrient management [35].




3.3. Effect of Long-Term Nutrients Supply Options on NaHCO3-Pi


In the case of the sodium bicarbonate inorganic soluble phosphorous (NaHCO3-Pi), it was significantly (p < 0.05) varied from 8.71 to 37.20 mg P kg−1 among the long-term different nutrient management practices (Table 2 and Table 3). The significantly (p < 0.05) highest (37.20 mg P kg−1) NaHCO3-Pi was recorded under the organic farming (OF) management practices; this treatment combination showed its significant (p < 0.05) superiority over the rest of the treatment combination. The availability of NaHCO3-Pi was recorded in the following order OF (37.20 mg P kg−1) > IPNS + C (28.49 mg P kg−1) > IPNS + B (23.43 mg P kg−1) > IPNS (20.89 mg P kg−1) > NPK (17.73 mg P kg−1) > STCR (17.41 mg P kg−1) and control (8.71 mg P kg−1) treated plots. However, in the case of 15–30 cm soil layer, the amount of NaHCO3-Pi was significantly (p < 0.05) varied from 6.33 to 18.58 mg P kg−1 among different nutrient management in the rice-wheat system (Table 2). Significantly (p < 0.05) highest NaHCO3-Pi was recorded in IPNS + C (18.58 mg P kg−1) treated plot followed by IPNS (16.94 mg P kg−1) > IPNS + B (15.51 mg P kg−1) > OF (11.23 mg P kg−1) > STCR (11.09 mg P kg−1) > NPK (9.50 mg P kg−1) and control (6.33 mg P kg−1) treatment. Plot with IPNS + C showed its significant (p < 0.05) superiority over the rest of the treatment; it was ~34% higher in comparison to the untreated control plot (Table 3). The use of organic manure and IPNS options were also able to fix (Al-P, Ca-P, Fe-P) and to improve and prevent soil fixation, during the decomposition of organic matter and release of different acids that would help to release the P from a fixed form [36].




3.4. Effect of Long-Term Nutrients Supply Options on NaHCO3-Po


Results showed that the availability of sodium soluble bicarbonate organic phosphorous (NaHCO3-Po) significantly (p < 0.05) varied from 53.07 to 130.16 under different long-term nutrient supply options (Table 2 and Table 3). The significantly (p < 0.05) highest NaHCO3-Po was reported with the OF (130.16 mg P kg−1) followed by the IPNS + C (101.26 mg P kg−1), IPNS + B (83.80 mg P kg−1), IPNS (74.56 mg P kg−1), STCR (70.60 mg P kg−1), NPK (69.87 mg P kg−1), and the lowest (53.07 mg P kg−1) was recorded with untreated control plot under long-term nutrient management options. The plot with organic farming (OF) management significantly (p < 0.05) showed superiority by ~41% over the untreated control treatment (Table 2).



Nevertheless, in case of 15–30 cm soil layer, amount of NaHCO3-Po was significantly (p < 0.05) varied from 48.83 to 83.76 mg P kg−1 among different long-term nutrient supply options under rice-wheat system. Maximum NaHCO3-Po was recorded in IPNS + C (83.76 mg P kg−1) followed by IPNS + B (83.36 mg P kg−1) > IPNS (68.81 mg P kg−1) > OF (64.55 mg P kg−1) > NPK (62.30 mg P kg−1) > STCR (59.67 mg P kg−1) and the significantly (p < 0.05) lowest (48.83 mg P kg−1) amount of NaHCO3-Po was found under the control plot. Plot with IPNS + C showed its significant (p < 0.05) superiority (+58%) over the control plot (Table 3). The significantly (p < 0.05) lowest value of NaHCO3-Po observed under control plot, which might be due to continuous removal of P from soil P reserve without any replenishment through fertilizers [37].




3.5. Effect of Long-Term Nutrients Supply Options on NaOH-Pi


Data revealed that the fraction of sodium hydroxide inorganic soluble phosphorous (NaOH-Pi) significantly (p < 0.05) varied from 31.13 to 88.22 mg P kg−1 among different nutrient management practices under long-term rice-wheat system (Table 2 and Table 3). The significantly (p < 0.05) highest (88.22 mg P kg−1) NaOH-Pi was observed in organic farming (OF) management treatment followed by the IPNS + B (76.76 mg P kg−1), IPNS + C (70.40 mg P kg−1), IPNS (64.58 mg P kg−1), STCR (53.13 mg P kg−1), NPK (52.22 mg P kg−1) and control (31.13 mg P kg−1) plots. The plot with OF management showed its significant (p < 0.05) superiority over the rest of the treatment combination under long-run of rice-wheat system (Table 2).



Meanwhile, in case of 15–30 cm soil layer results showed that the concentration of NaOH-Pi ranged from 8.04 to 25.85 mg P kg−1 under different nutrient management. Significantly (p < 0.05) highest NaOH-Pi was recorded in IPNS + C (25.85 mg P kg−1) followed by IPNS + B (24.76 mg P kg−1) > IPNS (21.31 mg P kg−1) > OF (18.40 mg P kg−1) > NPK (9.95 mg P kg−1) > STCR (9.13 mg P kg−1), while the significant (p < 0.05) lowest amount of NaOH-Pi was recorded in the control (8.04 mg P kg−1) treatment. One treatment (IPNS + C) showed its significant (p < 0.05) superiority over the rest of the treatments; it was ~31% higher as compared to control treatment (Table 3). This reflection could be credited to the differences in the native efficient rhizospheric microbes in relation to different nutrient supply options [21].




3.6. Effect of Long-Term Nutrients Supply Options on NaOH-Po


In the case of sodium hydroxide organic soluble phosphorous (NaOH-Po), the significantly (p < 0.05) highest (57.84 mg P kg−1) was observed in the untreated control plot; it showed its significant superiority of the rest of the treatment combination (Table 2 and Table 3). NaOH-Po fractions significant (p < 0.05) varied from 48.33 to 57.84 mg P kg−1 among different nutrient management practices under long-term rice-wheat system. Data testified that NaOH-Po fraction was observed in following order control > NPK > STCR > IPNS > IPNS + C, IPNS + B, and the lowest was recorded in the OF management portions (Table 2).



Nevertheless, in the case of 15–30 cm soil layer, the concentration of NaOH-Po significantly varied from 68.70 to 83.68 mg P kg−1 among different nutrient supply options in rice-wheat system (Table 3). Significantly (p < 0.05) higher NaOH-Po content was recorded with IPNS + C (83.68 mg P kg−1) treated plots, followed by IPNS + B (78.05 mg P kg−1) > IPNS (73.41 mg P kg−1) > OF (72.39 mg P kg−1) > NPK (75.12 mg P kg−1) > STCR (74.94 mg P kg−1), and the significantly lower (68.70 mg P kg−1) value of NaOH-Po was reported with control plot. Plot with IPNS + C showed its significant (p < 0.05) superiority over the rest of treatment combination under long-term rice-wheat system over the periods. Some of the soil inorganic-P removed by crops was probably converted to organic-P in decomposed [38,39,40].




3.7. Effect of Long-Term Nutrients Supply Options on HCl-P


Data revealed that the hydrochloric acid soluble phosphorous (HCl-P) significantly (p < 0.05) varied from 29.28 to 50.08 mg P kg−1 among the different nutrient supply options under long-run of rice-wheat system (Table 2 and Table 3). Significantly (p < 0.05) highest HCl-P was observed in the OF (50.08 mg P kg−1) management practiced followed by the IPNS + B (46.74 mg P kg−1), IPNS + C (44.69 mg P kg−1), IPNS (44.49 mg P kg−1), NPK (37.47 mg P kg−1), STCR (36.41 mg P kg−1), and control (29.28 mg P kg−1) plot. OF showed its significant superiority by ~ 58% over the untreated control plot. However, in the case of 15–30 cm soil layer, the concentration of HCl-P significantly (p < 0.05) varied from 27.20 to 55.41 mg P kg−1 under different management practices (Table 2). Maximum concentration of HCl-P was observed under IPNS + B (55.41 mg P kg−1) treated plots, followed by IPNS + C (53.94 mg P kg−1) > IPNS (53.19 mg P kg−1) > OF (48.95 mg P kg−1) > NPK (46.44 mg P kg−1) > STCR (44.67 mg P kg−1) and lowest (27.20 mg P kg−1) value of HCl-P was reported in the control plot. The plot with IPNS + C showed its significant superiority over the rest of treatment combination under long-term rice-wheat system over the periods; it was ~49% higher concentration over the control plot (Table 3). The HCl-P fraction included (Ca-P) similarly residual-P incused occluded P [36]. Comparable results also reported by De Schrijver et al. [41] and Haokip et al. [40].




3.8. Effect of Long-Term Nutrients Supply Options on Residual Phosphorous


The case of the residual-P is the largest fraction contribution among all P-pools. It was significantly (p < 0.05) varying among the different long-run treatment options ranged 252.30 to 312.04 mg P kg−1 (Table 2 and Table 3). Residual-P was influenced significantly by different nutrient supply options, and it was reported in following order IPNS + C (312.04 mg P kg−1) > OF (304.69 mg P kg−1) > STCR (301.01 mg P kg−1) > IPNS + B (288.14 mg P kg−1) > IPNS (275.74 mg P kg−1) > NPK (267.38 mg P kg−1) and control (252.30 mg P kg−1). Similarly, in the 15–30 cm soil layer, the soil significantly (p < 0.05) varied from 231.16 to 299.17 mg P kg−1 among different treatment combination (Table 3). Maximum residual-P was recorded in IPNS + C (299.17 mg P kg−1) treated plot followed by OF (287.22 mg P kg−1) > IPNS + B (272.52 mg P kg−1) > IPNS (256.43 mg P kg−1) > STCR (253.63 mg P kg−1) > NPK (246.78 mg P kg−1) and significantly lowest (231.16 mg P kg−1) amount of residual-P was recorded with control treatment. It was ~ 22% higher as compared to control treatment (Table 3). The impact of residual-P compared to other fractions significantly (p < 0.05) varied among the treatment due to acidification under rhizospheric conditions [42].




3.9. Effect of Long-Term Nutrients Supply Options on Soil Phosphorus Fractions Contribution


Results showed that highest residual-P was recorded in the control (57%), followed by STCR (54%), NPK (51%), IPNS, IPNS + B and IPNS + C (49% each) and lowest was reported in OF (45%). Similarly, second most dominated P fractions was NaHCO3-Po and it was recoded in following order OF > IPNS > IPNS + C > IPNS + B > NPK ≥ STCR > control (Figure 5).



Meanwhile, in the case of 15–30 cm soil layer, it was seen that residual-P was the dominant P-fractions and reported in following order control (58%) > OF (56%) > STCR (54%) > NPK (53%) > IPNS + C (52%) > IPNS (51%) > IPNS (50%) (Figure 6). However, the second most dominant P fraction was NaHCO3-Po; it was reported in the following order: IPNS + C ≥ IPNS + B > IPNS > OF ≥STCR ≥ NPK > control (Figure 6).



Data showed that residual phosphorus and NaHCO3-Po were the dominant P-fractions in both soil layer after the completing 19 system cycles (Figure 7). In the case of 0–15 cm soil layer the maximum (45%) contributed by residual-P followed by the NaHCO3-Po (19%), NaOH-Pi (13%), both HCl-P and NaOH-Po (7%), NaHCO3-Pi > AP (3%) and lowest contribution by WSP (1%) under different long-term nutrient supply options of rice-wheat system over the periods (Figure 7). Nevertheless, in the case of 15–30 cm soil layers, it was reported in following order residual-P (53%) > NaOH-Po (15%) > NaHCO3-Po (14%) > HCl-P (9%) > NaOH-Pi (3%) ≥ NaHCO3 (3%), > AP (2%) and lowest contribution by WSP (1%) under different nutrient management practices (Figure 7). An average phosphorous fraction contribution in 0–15 cm soil layer was registered in the following order: residual-P (45%) > NaHCO3-Po (19%) > NaOH-Pi (13%) > NaOH-Po and HCl-P (7% each) > NaHCO3-Pi (5%) > AP (3%) and lowest contribution by WSP (1%) (Figure 7). However, in the case of 15–30 cm soil layer, it was reported in following order: residual-P > NaOH-Po > NaHCO3-Po > HCl-P > NaHCO3-Pi ≥ NaOH-Pi > AP > WSP (Figure 7). These results correspond with those presented by Henríquez and Killorn [43]. IPNS options improve nutrient availabilities [44,45,46].




3.10. Relationship between P-Fractions


Relationship between different P fractions significantly influenced by different IPNS options (Table 4). NaHCO3-Pi fraction had a significant positive relationship with NaHCO3-Po (r = 0.985 **), NaHCO3-Pi (r = 0.946 *), HCl-P (r = 0.915 **), residual-P (r = 0.784 *), meanwhile with NaOH-Po has significantly negative relationship (r = −0.946 **). The case of NaHCO3-Po significantly correlated with NaOH-Pi (r = 0.892 **), HCl-P (r = 0.844 *), residual-P (r = 0.760 *); however, NaOH-Po had significantly negative correlations (r = −0.892 **). Similarly, NaOH-Pi significant positive correlated with NaOH-Po (r = 1.00 **) and HCl-P (r = 0.986 **). However, NaOH-Po had significant negative relationship (r = −0.986 **). The results corroborate the findings of Haokip et al. [40], Subehia et al. [46] and Chowdhury et al. [47].





4. Conclusions and Recommendations


Results suggested that integrated plant nutrition system strategies have the potential to improve P-availability, and that the co-management of integrated plant nutrition system and organic farming options led to higher P-availability (+12%) as compared to soil test crop response (STCR) in rice-wheat system after completing 19 cropping cycles. The reduction in P-availability in control and recommended dose of fertilizer (RDF) were lower than that of IPNS + berseem and cowpea (IPNS + B and IPNS + C). Better strategies for best nutrient management practices and other innovative IPNS management strategies need to be developed and applied to improve the P-availability in soil systems. The contributions to phosphorus availability were shown to be residual-P (49%) followed by NaHCO3-Po (19%), NaOH-Pi (13%), NaOH-Po and HCl-P (7%), Na-HCO3-Pi (5%), available-P (3%), and WSP (1%). In the case of 15–30 cm soil layers, it was shown to be residual-P (53%), NaOH-Po (15%), NaHCO3-Po (14%), HCl-P (9%), NaHCO3-Pi and NaOH-Pi (3%), available-P (2%), and WSP (1%) under different long-term nutrient supply options of rice-wheat system after the completion of 19 cropping cycles.



Overall results suggested that STCR, organic farming, integrated plant nutrition system + berseem, and cowpea have the potential to support P dynamics. When legumes (cowpea and berseem) were grown every three years, nutrient availabilities to plants were positive in both integrated plant nutrition system options. Concerning legume integration, higher P-availability (+12%) was found as compared to the control plot after the completion of 19 cropping cycles.
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Figure 1. Phosphorous cycling in soil: (a) soil organic matter quantity and quality, (b) crop choice and cropping system design, (c) mycorrhiza symbiosis, and (d) biological and biochemical mineralization rates. In addition to soil test P concentrations, these factors should be considered when making fertility recommendations. 
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Figure 2. Experimental site of long-term rice-wheat system. 
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Figure 3. Phosphorus pools analysis by adopted modified Hedley fractionation method. 
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Figure 4. Effect of long-term fertilization on soil available-P in the 0–15 and 15–30 cm soil layer of rice-wheat system. Means of different treatments followed by the different lower-case letter (a–d) are significantly different at p < 0.05 level of significance according to DMRT. 
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Figure 5. Effect of different nutrient management options on soil phosphorous fractions contribution in the 0–15 cm soil layer after completing 19 cropping cycle of rice-wheat system. 
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Figure 6. Effect of different nutrient management options on soil phosphorous fractions contribution in the 15–30 cm soil layer after completing 19 cropping cycle of rice-wheat system. 
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Figure 7. An average phosphorous fractions contribution affected by different nutrient management options in the 0–15 and 15–30 cm soil layer after completing 19 cropping cycle of rice-wheat system. 
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Table 1. Experimental setup and treatments details for different nutrient supply options.
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Treatment

	
Treatment Details




	
Code

	
Kharif (Rice)

	
Rabi (Wheat)






	
T1

	
Control

	
No chemical fertilizer or organic manure

	
No chemical fertilizer or organic manure




	
T2

	
NPK

	
Recommended N, P and K through fertilizers

	
Recommended N, P and K through fertilizers




	
T3

	
STCR

	
Soil-test based fertilizer application

	
Soil-test based fertilizer application




	
T4

	
IPNS

	
75% of recommended N, P and K through fertilizers + 25% substitution of recommended N through FYM

	
Recommended N, P and K through fertilizers




	
T5

	
IPNS + B

	
75% of recommended N, P and K through fertilizers + 25% substitution of recommended N through FYM + every third wheat substituted with berseem

	
Recommended N, P and K through fertilizers




	
T6

	
IPNS + C

	
75% of recommended N, P and K through fertilizers + 25% substitution of recommended N through FYM + every third rice substituted with cowpea

	
Recommended N, P and K through fertilizers




	
T7

	
OF

	
100% of recommended N, P and K through organic manures (FYM)

	
100% of recommended N, P and K through organic manures (FYM)
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Table 2. Effect of long-term nutrient supply on soil P-pools in the 0–15 cm soil layer of rice-wheat system (Means of different treatments followed by the different lower-case letter (a–f) are significantly different at p < 0.05 level of significance according to DMRT).
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Treatments

	
WSP

	
NaHCO3-Pi

	
NaHCO3-Po

	
NaOH-Pi

	
NaOH-Po

	
HCl-P

	
Residual-P




	
mg P kg−1






	
Control

	
4.64 c

	
8.71 e

	
53.07 e

	
31.13 e

	
57.84 a

	
29.28 e

	
252.30 f




	
NPK

	
5.43 bc

	
17.73 d

	
69.87 d

	
52.22 d

	
54.33 b

	
37.47 d

	
268.38 e




	
STCR

	
5.57 b

	
17.41 d

	
70.60 d

	
53.13 d

	
54.18 b

	
36.41 d

	
301.01 b




	
IPNS

	
8.67 a

	
20.89 c

	
74.56 cd

	
64.58 c

	
52.27 c

	
44.49 c

	
275.74 d




	
IPNS + B

	
8.95 a

	
23.43 c

	
83.80 c

	
76.76 b

	
50.24 d

	
46.74 b

	
288.14 c




	
IPNS + C

	
8.50 a

	
28.49 b

	
101.26 b

	
70.40 c

	
51.30 c

	
44.69 c

	
312.04 a




	
OF

	
5.02 bc

	
37.20 a

	
130.16 a

	
88.22 a

	
48.33 e

	
50.08 a

	
304.69 b
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Table 3. Effect of long-term nutrient supply on soil phosphorus fractions in the 15–30 cm soil layer of rice-wheat system (Means of different treatments followed by the different lower-case letter (a–f) are significantly different at p < 0.05 level of significance according to DMRT.).
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Treatments

	
WSP

	
NaHCO3-Pi

	
NaHCO3-Po

	
NaOH-Pi

	
NaOH-Po

	
HCl-P

	
Residual-P




	
mg P kg−1






	
Control

	
3.45 d

	
6.33 d

	
48.83 c

	
8.04 d

	
68.70 d

	
27.20 e

	
231.16 f




	
NPK

	
4.57 c

	
9.50 c

	
62.30 b

	
8.95 d

	
75.12 c

	
46.44 d

	
246.78 e




	
STCR

	
5.19 c

	
11.09 c

	
59.67 bc

	
9.13 d

	
74.94 c

	
44.67 d

	
252.63 d




	
IPNS

	
6.01 b

	
16.94 ab

	
68.81 b

	
21.31 bc

	
73.41 c

	
53.19 b

	
256.43 d




	
IPNS + B

	
5.91 b

	
15.51 b

	
83.36 a

	
24.76 ab

	
78.05 b

	
55.41 a

	
272.52 c




	
IPNS + C

	
7.44 a

	
18.58 a

	
83.76 a

	
25.85 a

	
83.68 a

	
53.94 ab

	
299.17 a




	
OF

	
4.87 c

	
11.23 c

	
64.55 b

	
18.40 c

	
72.39 c

	
48.95 c

	
287.22 b











[image: Table] 





Table 4. Relationship (R-values) between P-fractions under rice-wheat system.
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	P-Fractions
	WSP
	NaHCO3-Pi
	NaHCO3-Po
	NaOH-Pi
	NaOH-Po
	HCl-P
	Residual-P





	Available-P
	0.096 NS
	0.443 NS
	0.352 NS
	0.462 NS
	−0.462 NS
	0.441 NS
	0.530 NS



	WSP
	1
	0.241 NS
	0.107 NS
	0.442 NS
	−0.442 NS
	0.542 NS
	0.300 NS



	NaHCO3-Pi
	
	1
	0.985 **
	0.946 **
	−0.946 **
	0.915 **
	0.784 *



	NaHCO3-Pi
	
	
	1
	0.892 **
	−0.892 **
	0.844 *
	0.760 *



	NaOH-Pi
	
	
	
	1
	−1.000 **
	0.986 **
	0.737 NS



	NaOH-Po
	
	
	
	
	1
	−0.986 **
	−0.737 NS



	HCl-P
	
	
	
	
	
	1
	0.674 NS







** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed); NS—Non significant.
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