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Abstract

:

There is no alternative to phosphorus (P) in agriculture as it is second most important plant nutrient after nitrogen. Mineral P fertilizers are derived from rock phosphate (RP) which is finite, non-renewable and geographically restricted to a few countries, thus its shortage likely affects agriculture in near future as the world population is growing at a greater pace. This could increase P inputs in agriculture in order to meet rising food demands which may result in the depletion of RP reserves. Furthermore, P losses from farmlands in case of mineral P fertilizers also demands the sustainable use of P not only because of its finite resources but also the environmental concerns associated with P fertilization such as eutrophication. The present study was designed to formulate biochar-based P fertilizer that would help in the sustainable use of P fertilizer. Biochar(s) were prepared using wheat straw at 350–400 °C pyrolytic temperature followed by enrichment with Di-ammonium phosphate (DAP) taking into account all possible combination of DAP to biochar on the w/w basis (0:100, 25:75, 50:50, 75:25 and 100:0). Enrichment was carried out using two different methods i.e., phosphorus enriched biochar (PEB1) by hot method and cold method (PEB2). An incubation experiment was performed to assess the impact of each biochar on selected properties of soil. The treatments were organized in factorial arrangement under complete randomized design (CRD) with three replications. Both the amendments were applied at rate of 1% of dry soil on a w/w basis. A significant increase in soil extractable P and total nitrogen (N) was recorded for the ratio 50:50 as compared to control as well of rest of treatments. Similarly, high organic contents were found for both PEB1 and PEB2 at the ratio 50:50. An incubation experiment was followed by pot trial using 50:50 for both PEB1 and PEB2 and split doses of recommended P were applied (0%, 25%, 50% and 100%) with a control under CRD with three replications using chickpea as test crop. Both PEB1 and PEB2 with 50% P have significantly improved crop growth, yield, nodulation, and plant physiological and chemical parameters as compared to a recommended dose of P alone. The result may imply that the integration of P-enriched biochar and chemical fertilizer could be an effective approach to improve chickpea production and soil properties.
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1. Introduction


The world’s population is increasing at an alarming rate and it has become a global challenge to feed 9 billion people by 2050 [1]. Phosphorus (P)—the second most important plant nutrient; exploited from the Earth’s crust as rock phosphate (RP)—is an essential reserve to ensure global food security as there is no alternative to P in agriculture. Since the world population is growing fast therefore food demand rises, thus more P is required in the near future to guarantee that global food resources will support the coming generations. This increase in P demand would result in the excavation of RP at much higher rates as 80% of RP is mined for the production of P fertilizer [2]. Additionally, deposits of RP are unevenly distributed geographically because 85% of its reserves are restricted to Morocco, China, US, Jordan and South Africa [3]. Since RP is non-renewable and finite, its shortage would be a great threat, particularly for the countries lacking RP reserves and depending on imports to fulfill their P requirements. The sustainable use of P is pressing issue not only because of its finite resources but also due to environmental concerns associated with its fertilization, as the green revolution has suggested the one-way flow of P from its mines to waste dumps or water bodies causing eutrophication that disturbs aquatic population, biodiversity and the aquatic food chain [4].



Furthermore, P applied in the form of mineral fertilizer is prone to losses in both acid and calcareous soils because of P fixation. When soluble P is added to the soil then it reacts with soil constituents to form less soluble phosphates. In the case of calcareous soils (high in Ca2+), the solubility of P will be reduced due to its reaction with Ca2+ [5] while in acid soils, its solubility is reduced due to the reaction of P with Fe and Al oxides [6]. Only a small portion of applied P is available to plants while its major chunk (80%) is prone to such fixations [7]. This fixed P could pollute underground water in case of leaching from farmlands or it could contaminate surface water in case of runoff since excess P in water increases the growth of algal blooms which will reduce the dissolved oxygen and block sunlight which in turn creates anoxic conditions in waters [8]. Thus, strategies should be devised to ensure the sustainable use of P.



Several technologies were developed to enhance P use efficiency: for example, the coating of P fertilizer with polymers [9,10], incorporation of P fertilizer into humic substances [11] and the incorporation of mineral P fertilizers into compost [12,13]. Recently, biochar—carbon-rich compound obtained through burning biomass in the absence or limited supply of oxygen [14]—has gained importance as a soil amendment which could be used for the same purpose. There is the possibility of producing biochar in the presence of mineral additives which has increased the bioavailability of nutrients [15]. However, biochar may contain polycyclic aromatic hydrocarbons (PAHs). For example, biochar made from coniferous residues contains 9113 μg/kg and wood residues contain 355,295 μg/kg PAHs [16]. The presence of PAHs in biochar may present a human health risk as they are carcinogenic [17] and they can be accumulated by vegetables when grown on soils amended with biochars containing PAHs in high amounts [18]. However, the concentration of PAHs in the biochar is highly dependent upon the type of feedstock [19] and temperature on which pyrolysis is carried out [20], thus one can minimize the impact of PAHs by opting suitable feedstock and pyrolytic temperature.



It is well established that the application of biochar with blended N fertilizer resulted in significant improvement in the yield of reddish [21]. Similarly, the application of biochar with mineral NPK fertilizer has significantly improved the yield of peanut, maize and cowpea [22]. Biochar enriched with animal urine was found to increase the yield of pumpkin [23]. Furthermore, biochar could also improve the physical, chemical and biological properties of soil as the addition of biochar has improved soil aeration, structure, nutrient retention, water holding capacity, and provides habitat to microbial population [24,25]. Thus, the enrichment of biochar with nutrients could be a satisfactory technique in order to enhance P use efficiency, however, this field remains to be fully explored and systematized studies should be conducted in order to determine the best way to carry out such enrichments.



In the current study, it was hypothesized that the effectiveness of mineral P fertilizer would be enhanced by impregnating a P source (Di-ammonium phosphate (DAP)) into biochar, and consequently, optimum crop yields would be obtained with minimum P inputs (mineral fertilizer). The specific objectives were to optimize the proper impregnation ratio (w/w) of the P source (DAP) to biochar; and to assess the effectiveness of phosphorus-enriched biochar through pot trial with a split dose of mineral P fertilizer.




2. Materials and Methods


2.1. Sampling and Analysis of Experimental Soil


For the determination of selected properties of soil (Supplementary Table S1), a soil sample was taken randomly from a field area, Institute of Soil and Environmental Sciences, University of Agriculture Faisalabad Pakistan, at a depth of 0–15 cm. The soil of this site belongs to the Lyallpur series with the great group Typic Calciargid (USDA taxonomic system). The sample was air dried and ground to pass through a <2 mm sieve prior to the analysis. Soil EC and pH were determined by making a 1:1 (w/v) suspension in distilled water. The saturation percentage of soil was determined by making a soil saturated paste. Extractable phosphorus (mg kg−1) was determined using a spectrophotometer at a wavelength of 882 nm [26]. Organic carbon was calculated through manual titration form which organic matter (%) was estimated, following the protocol described by [27]. Total nitrogen was determined using the method as described by Keeney and Nelson [28]; and Calcium carbonate was estimated following the protocol described by [29].




2.2. Chemical Analysis of Biochar Used for Enrichment


The electrical conductivity (EC) and pH of biochar were determined by making its solution in deionized water at a ratio of 1:20 (w/v) followed by shaking on a mechanical shaker for 90 min [30]. For the determination of a nutrient (P, K, Ca and Mg) concentration, extraction was done by digesting biochar in hydrogen peroxide (H2O2) and sulfuric acid (H2SO4) [31]. After digestion, calcium (Ca) and magnesium (mg) were determined in an atomic absorption spectrometer (AAnalyst, Perkinelmer, Norwalk, USA). Furthermore, potassium (K) was determined using a flame photometer (PFP7, Jenway, Essex, UK) while P was determined using a UV–visible spectrophotometer (UV-1201, Shimadzu, Tokyo, Japan). The N contents were determined using a carbon, hydrogen and nitrogen (CHN) elemental analyzer (Carlo-Erba NA-1500) (Supplementary Table S2).




2.3. Preparation and Enrichment of Biochar


Biochar was prepared using wheat straw. Physical impurities were removed, and feedstock was ground to a uniform size followed by oven drying. Pyrolysis was carried out in an automated furnace at a temperature of 350–400 °C with the resident time of 1 h and at constant heat rate of 10 °C min−1 [32]. DAP was used as a P source for the purpose of enrichment. Enrichment was carried out using two methods namely the hot method (PEB1) and cold method (PEB2). For each method, five types of enriched biochar (1 kg each) were made taking into account all possible ratios of DAP to biochar (0:100, 25:75, 50:50, 75:25 and 100:0) on a w/w basis. In the hot method, for the preparation of 0:100, 900 g hot biochar was poured into a bucket containing 100 g sterilized sand; for 25:75, 675 g hot biochar was added to a bucket containing 225 g ground DAP and 100 g sterilized sand; for 50:50, 450 g hot biochar was added to a bucket containing 450 g ground DAP and 100 g sterilized sand; for 75:25, 225 g hot biochar was added to a bucket containing 675 g ground DAP and 100 g sterilized sand; and for 100:0, 900 g DAP (heated below 100 °C) was added to a bucket containing 100 g sterilized sand. Warm distilled water was sprinkled over the mixture(s) for proper dissolution. After enrichment, the biochar(s) were oven dried and stored in airtight containers for further use. The same protocol was followed in the cold method; however, a requisite amount of DAP was added when the biochar(s) had been cooled to room temperature (25 °C).




2.4. Incubation Experiment


The incubation study was conducted over a period of 30 days at the Soil and Environmental Microbiology Laboratory, Institute of Soil and Environmental Science, University of Agriculture Faisalabad, Pakistan. The treatments were arranged factorially under complete randomized design (CRD) with three replications. The factors included biochar types (PEB1 and PEB2) and the impregnation ratio of DAP to biochar with the control (0, 0:100, 25:75, 50:50, 75:25, and 100:0). Commercial plastic cups with the capacity to hold 0.5 kg soil were used in the experiment. For each treatment, 1 kg of soil was taken in a plastic bag and its respective treatment at rate of 1% of dry soil on a w/w basis was added, and the amended soil was divided into two equal parts (0.5 kg each) and transferred to plastic cups in order to record data after 15 and 30 days, respectively. All the cups were incubated at 25 °C. Distilled water was used to maintain water contents and was applied on the basis of saturation percentage. The weight of each cup was recorded after every third day with the addition of water to maintain constant moisture contents (35.50%) during the whole experiment. Plastic cups were removed after 15 and 30 days, respectively, and data were recorded for EC and pH by making a 1:1 (w/w) suspension of soil. Extractable phosphorus (mg kg−1) was determined using the spectrophotometer at a wavelength of 882 nm [26]. Total nitrogen was determined using the method as described by Keeney and Nelson [28]. Organic matter (%) was estimated by titration method [27].




2.5. Pot Trial


A pot study was piloted at the wire house Institute of Soil and Environmental Science, University of Agriculture Faisalabad, Pakistan, using both enriched biochars (PEB1 and PEB2) with DAP to biochar ratio of 50:50. Biochar type 50:50 was selected because maximum extractable phosphorus was found at this ratio after 30 days of incubation. Treatments were arranged factorially under CRD with three replicates. The factors include a biochar type with the control (0, PEB1 and PEB2) and a split dose of recommended P with the control (0, 25%, 50% and 100%). Enriched biochar(s) were added to all treatments at a rate of 1% of dry soil on a w/w basis and mixed thoroughly before sowing. The recommended dose of nitrogen (15 kg ha−1) and potassium (60 kg ha−1) was added to all the treatments and the split dose (0%, 25%, 50%, and 100%) of recommended P (60 kg ha−1) was also added to its respective treatment at sowing. Chickpea (Cicer arietinum L.) was used as a test crop. Sowing was done manually, and plant density was maintained at six plants pot−1, after germination. All other agronomic practices were kept constant for all the treatments. Photosynthetic rate, transpiration rate and stomatal conductance were determined using CIRAS-3 (PP system, Amesbury, USA). Chlorophyll contents were measured using a chlorophyll content meter (CCM-200 PLUS, Opti-Sciences, Tyngsboro, Massachusetts). The total number of root nodules and nodule weight was calculated by harvesting two plants from each pot at flowering stage. At harvest, no of primary branches plant−1 were calculated by taking the average of three plants from each treatment randomly. The root/shoot length (cm) was determined using scale. Similarly, root and shoot fresh weight (g); root and shoot dry weight (g); and seed yield (g) was determined using digital balance. The total number of pods per plant−1 was determined by taking the average of three random plants from each treatment. Shoot P contents were measured using a spectrophotometer at wavelength 410 nm by taking 0.5 g shoot sample in 50 mL flask followed by the addition of 5 mL HNO3–HClO4 mixture [33]. Shoot nitrogen contents were estimated using the Kjeldahl apparatus [34].




2.6. Statistical Analysis


The data obtained (from an incubation experiment as well as pot trial) were subjected to statistical analysis through the analysis of variance in order to find difference among the mean of treatments. Mean of all the treatments were compared using a Tukey honestly significant difference (HSD) at a level of significance less than 5% [35] using computer-based software (Statistix version 8.1).





3. Results


3.1. Impact of P-Enriched Biochar on Selected Properties of Incubated Soil


On the 15th day of incubation, it was observed that both PEB1 and PEB2 have not shown any significant effect on soil P contents at the ratio 0:100 when compared with the control (0:0) as shown in (Table 1). However, after 30 days of incubation, the same treatments significantly increased the soil P contents (Table 2) as compared to the control. Furthermore, an increasing trend was recorded with the addition of DAP up to the ratio 75:25. Further increase in DAP did not yield any significant results, instead the available P was reduced to the ratio 100:0. At 15th day of incubation, maximum P contents were recorded for the ratio 75:25, however, it was not significantly higher than the ratio 50:50. Similarly, P contents were found to be highest at the ratio 75:25 after 30 days of incubation but not significantly higher than 50:50. Both biochar types, i.e., PEB1 and PEB2, did not yield any significant difference in terms of the soil available P contents.



For both PEB1 and PEB2, a little increase in soil total N was recorded where only biochar was used (0:100) as compared to the control (Table 1) after 15 days of incubation. An increasing trend was observed upon the addition of DAP up to the ratio (75:25) while further addition of DAP did not yield any significant difference, instead it decreased the total N at 100:0. Furthermore, statistically no significant difference was recorded between the ratios 50:50 and 75:25. The same observation was recorded after 30 days of incubation (Table 2), however, the soil total N was higher for all the treatments as compared to the values recorded after 15 days of incubation.



Organic matter was significantly improved by the amendment at the ratio 0:100 when compared with the control after 15 days of incubation as shown in (Table 1). Upon the addition of DAP, a decreasing trend in organic matter was recorded, and no improvement was found at the ratio 100:0 when compared with the control (0:0). With the increase in incubation period, no significant effect was recorded in terms of organic matter as a similar trend was observed after 30 days of incubation (Table 2). Similarly, both biochar types showed the same results.



Soil electrical conductivity (EC) was significantly increased by the biochar at 0:100 as compared to the control after 15 days of incubation (Table 1). An increasing trend in soil EC was recorded with the increase in DAP with the highest value recorded at the ratio 100:0. The incubation period had no significant effect on soil EC as the same observations were recorded after 30 days of incubation (Table 2). Similarly, biochar types (PEB1 and PEB2) did not yield any significant difference in terms of soil EC.



In the case of soil pH, a little reduction was observed at the ratio 0:100 after 15 days of incubation (Table 1). Upon the addition of DAP, an increasing trend was observed as compared to 0:100, however, the highest pH was recorded for the control (0:0). Similarly, after 30 days of incubation, a minor decrease in pH was recorded for all the treatments as compared to the control (0:0) as shown in Table 2. Both biochar types (PEB1 and PEB2) yielded a similar response.




3.2. Impact of P-Enriched Biochar on Growth, Yield and Nodulation of Chickpea


3.2.1. Crop Growth


Both PEB1 and PEB2 significantly improved plant height with a 0% recommended dose of P (RDP) when compared with 100% RDP as shown in (Table 3). No significant difference was recorded between the biochar types. Furthermore, plant height was recorded to be increased by the combined application of enriched biochar(s) and DAP, and the maximum value was observed at 100% RDP, however, no significant difference was found between 50% RDP and 100% RDP for both biochar types. In the case of number of primary branches per plant−1 (Table 3), the results revealed that no significant difference was recorded between the biochar types. Enriched biochar has improved the number of primary branches when compared with 100% RDP. Similarly, upon the combined application of enriched biochar(s) with DAP, the number of primary branches were increased and the maximum value was recorded at 100% RDP for both PEB1 and PEB2, however, statistically no difference was recorded between 50% RDP and 100% RDP with both PEB1 and PEB2.



In the case of shoot length, PEB1 and PEB2 have significantly increased shoot length (cm) at 0% RDP as compared to the control. Shoot length was increased with increasing P dose (25% RDP) and, it was found highest at 50% RDP for both PEB1 and PEB2. No significant difference was recorded in between PEB1 and PEB2. Furthermore, shoot length was not significantly increased at 100% RDP for both PEB1 and PEB2 as compared to 50% RDP. A similar trend was observed in the case of root length (cm) as shown in (Table 3). Both PEB1 and PEB2 have significantly improved root length (cm) at 50% RDP as compared to the control as well as rest of the treatments. In terms of shoot fresh weight (Table 3), a significant increase was recorded for both PEB1 and PEB2 as compared to the control (0% RDP). It was also found that shoot fresh weight was increased with the increase in RDP (25% RDP) for both types of biochar, and the highest value for shoot fresh weight was recorded at 50% RDP. Further rise in P dose did not show any significant improvement as compared to 50% RDP with both PEB1 and PEB2. A similar observation was recorded in the case of root fresh weight as shown in the significant improvement was recorded at 50% RDP for both PEB1 and PEB2, whereas PEB1 and PEB2 with 100% RDP have a similar impact on root fresh weight as compared to 100% RDP alone. Similarly, shoot dry weight and root dry weight were also recorded highest for 50% RDP for both biochar types while no significant difference was recorded in between biochar types as shown in Table 3.




3.2.2. Nodulation


P-enriched biochar(s), both PEB1 and PEB2, significantly increased the number of nodules per plant−1 as compared to the treatment where 100% RDP was applied, as shown in (Figure 1). Similarly, the number of nodules were significantly increased with the increase in RDP (25% RDP) with the highest value at 50% RDP, however, further increase in RDP (100% RDP) with PEB1 and PEB2 did not yield any significant increase as compared to 50% RDP with both PEB1 and PEB2. Furthermore, no significant difference was recorded between biochar types, i.e., PEB1 and PEB2.



The nodule weight was significantly improved upon the addition of biochar (PEB1 and PEB2) at 0% RDP (Figure 1). The highest value for nodule weight was recorded at 50% RDP with both PEB1 and PEB2. Further increase in RDP (100% RDP) with both PEB1 and PEB2 has not improved nodule weight as compared to 50% RDP. No significant difference was recorded in between biochar types.




3.2.3. Yield


PEB1 and PEB2 at 0% RDP have significantly improved the number of pods as compared to 100% RDP. A significant increase in the number of pods was recorded for both PEB1 and PEB2 with 50% RDP as compared to all other treatments as shown in (Figure 1). Furthermore, PEB1 and PEB2 with 100% RDP did not show significant improvement as compared to 50% RDP with PEB1 and PEB2 A similar trend was observed in the case of seed weight (g). It was recorded as the highest for both PEB1 and PEB2 at 50% RDP (Figure 1).





3.3. Impact of P-Enriched Biochar on Physiological Parameters


The data for photosynthetic rate, transpiration rate, chlorophyll contents and stomatal conductance are given in (Table 4). The results revealed that crop physiological parameters were significantly improved in the treatments where p-enriched biochar was applied without RDP as compared to the control. Similarly, a significant improvement was recorded in terms of physiological parameters in the case of the combined application of p-enriched biochar and split doses of P up to 50% RDP, however, further increase in RDP did not show any significant difference when compared to 50% RDP for both PEB1 and PEB2. Furthermore, both biochar types did not yield significant difference in terms of crop physiological parameters.




3.4. Impact of P-Enriched Biochar on Chemical Parameters


The application of PEB1 and PEB2 increased the shoot P contents at 0% RDP as compared to the control. The highest value for shoot P was recorded at 50% RDP for both PEB1 and PEB2, and further increase in RDP (100% RDP) with both PEB1 and PEB2 did not yield any significant difference. Similarly, no significant difference was recorded in between biochar types. A similar trend was observed in the case of shoot nitrogen (N) contents. It was found that the application of p-enriched biochar(s) significantly improved shoot N contents at 0% RDP as compared to the treatments where 100% RDP was applied alone. The highest shoot N contents were recorded at 50% RDP for both PEB1 and PEB2. Further increase in RDP did not yield any significance difference as compared to 50% RDP with both PEB1 and PEB2 (Table 4).




3.5. Impact of P-Enriched Biochar on Post-Harvest Soil Characters


The results showed the highest P contents for both PEB1 and PEB2 with 100% RDP, however, no statistical difference was recorded between 50% RDP and 100% RDP for both biochar types (Table 5). Similarly, both PEB1 and PEB2 with 0% RDP significantly improved the soil extractable P as compared to 0% RDP, 25% RDP, 50% RDP and 100% RDP. Both biochar types yield similar response.



Both PEB1 and PEB2 with 0% RDP significantly improved the soil organic matter as compared to 0% RDP, 25% RDP, 50% RDP and 100% RDP. However, no significant difference was recorded when both PEB1 and PEB2 with 0% RDP were compared with PEB1 + 25% RDP, PEB1 + 50% RDP, PEB1 + 100% RDP, PEB2 + 25% RDP, PEB2 + 50% RDP and PEB2+ 100% RDP. Both biochar types showed similar results and did not differ significantly from one another (Table 5).



For both PEB1 and PEB2, the total N contents of post-harvest soil was significantly improved where p-enriched biochar was used as compared to the control (Table 5). With the addition of split doses of P, the total soil N was increased up to 50% RDP, however, further addition in RDP (100% RDP) for both PEB1 and PEB2 did not yield any significant difference when compared with 50% RDP.



An increase in the soil EC was recorded for the treatments where both PEB1 and PEB2 were applied with 0% RDP as compared to control (Table 5). Further increase in soil EC was recorded for the treatments where both PEB1 and PEB2 were applied with mineral P fertilizer, with the highest value recorded at 100% RDP. Additionally, both biochar types (PEB1 and PEB2) revealed the same effects on soil EC and did not show any significant difference.



Soil pH was found to be highest at the 0% RDP when compared with the treatments where the combined application of DAP and biochar was done as shown in (Table 5). pH was slightly decreased upon the addition of both PEB1 and PEB2 as compared to 0% RDP, 25% RDP, 50% RDP and 100% RDP. Both biochar types (PEB1 and PEB2) showed the same results, as they do not have any a significant difference in the case of pH of post-harvest soil.





4. Discussion


In the present study, the soil used for both the incubation and pot study contain a very low level of extractable phosphorus (below 5 mg kg−1). With the application of p-enriched biochar(s), produced from wheat straw at low pyrolytic temperature (350–400 °C), an improvement in soil extractable P was recorded after both 15 and 30 days of incubation. The increase in soil P was probably due to the presence of P in biochar as pyrolysis would result in the retention of P contents within biochar [36] which would be present in the plant available form [37]. Secondly, the increase in P may be due to the reduction of P fixation in the soil as biochar can alter the adsorption and desorption equilibrium in soil [38,39]. Furthermore, with the incorporation of P source (DAP) into biochar, an increase in soil P was observed. The highest phosphorus contents were recorded for the treatments where DAP was incorporated into biochar after both 15 and 30 days of incubation (Table 1 and Table 2). This is probably due to the potential of biochar to enhance the availability of nutrients [40,41]. El Sharkawi et al. [42] also found better results for biochar-based ammonium phosphate slow release fertilizer as compared to the direct application of mineral fertilizer. Furthermore, available P was decreased where DAP alone (100:0) was applied after both 15 and 30 days of incubation. This decrease suggested that P got fixed (the solubility of P was reduced due to the formation of calcium phosphates in soil containing high amounts of Ca2+ [5] by P complexing metallic ions (Ca and Mg) as the experimental soil was of calcareous nature.



In case of the soil total N, the application of biochar alone did not significantly improve N contents when compared with the control after both 15 and 30 days of incubation (Table 1 and Table 2). This finding is in line with the previous study that no change was recorded for soil total N upon the addition of biochar as compared to the control [43]. This might be due to the formation of heterocyclic N compounds (cannot be easily solubilized) during pyrolysis, thus reducing the available N fraction in the biochar [44]. Furthermore, with the impregnation of DAP into biochar, the soil total N was recorded to be increased as compared to the control, however, the values recorded for N were higher after 30 days of incubation when compared with the values obtained after 15 days of incubation. This increase is probably due to the potential of biochar to reversibly hold the nutrients [45], and the higher values after 30 days of incubation were due to the ability of biochar to serve as slow-release fertilizer [46,47].



The post-harvest soil showed greater values for soil extractable P for the treatments where phosphorus-enriched biochar was used. This is because the enrichment of phosphorus (DAP) with biochar renders it to a low release fertilizer. Moreover, biochar helps to capture P complexing metallic ions, thus reducing the chances of P to become fixed. Mendes et al. [48] confirmed the presence of metal complexing organic acids secreted by certain microbes. In addition, biochar has the ability to alter the equilibrium of adsorption and desorption P, thus effecting the P dynamic in the soil [38,39]. The availability of P after crop harvest was not increased in this case, where DAP is applied directly (without enrichment). Same results were also investigated in previous studies that about 80–90% of phosphorus were lost when applied in mineral fertilizer form [49]. Similarly, soil total N contents were found to be higher for the treatments where p-enriched biochar was used (Table 5). This increase might be due to the attribute of biochar to reduce N losses from farmlands as it was reported in the previous studies that the NO3− leaching was reduced up to 75% upon the addition of biochar at a rate of 10 t ha−1 [50]. Secondly, the test crop was a legume, thus it has added nitrogen to the N pool of post-harvest soil through biological nitrogen fixation [51].



The organic matter of soil was assessed for incubated soil as well as post-harvest soil, it is obvious that biochar will improve soil organic matter as biochar is a product that is obtained through burning biomass with a little or no oxygen, which becomes a carbon-rich soil amendment. Similarly, results were also reported that biochar significantly increased soil organic carbon when applied as soil amendment [52]. Organic matter in the post-harvest soil was also high, probably because of the highly recalcitrant nature of biochar. It was also observed in the previous studies that Biochar is highly recalcitrant and remains in the soil for several hundreds of years if applied as soil amendment [53,54]. Similarly, numerous studies showed that the application of biochar to the soil improves soil organic carbon [24,55].



The soil electrical conductivity (EC dS m−1) of both incubated soil (Table 1 and Table 2) and post-harvest soil (Table 5) tends to increase with the application of biochar. This increase in the EC of soil is due to the release of loosely bound nutrients/elements to the soil solution when biochar is applied. Same results were observed in previous studies that biochar addition has increased soil EC [56,57]. Secondly, the biochar is derived from wheat straw which is rich in K contents (Supplementary Table S2) which might have contributed to increase EC levels of soil [58,59].



Data on the soil pH were recorded for incubation over 30 days as well as for post-harvest soil. A slight decrease in soil pH was observed where biochar was applied as compared to the control and the preparation of biochar at low pyrolytic temperature (350–400 °C). At lower pyrolytic temperatures, pH of biochar would not be as high to interfere with soil pH. With the higher pyrolytic temperature, the acidic functional groups were removed, tending the biochar to be more basic in nature [60,61]. The little reduction in pH was probably due to the release of acidic materials during the disintegration of biochar [62,63]. It was found that upon the slow disintegration of biochar in soil, pH was reduced due to release of carboxylic groups from the biochar [64,65].



Both PEB1 and PEB2 significantly improved the growth of chickpea in combination with 50% RDP. The improvement in crop growth was probably due to the availability of P throughout the crop stand as biochar is highly recalcitrant in nature. Phosphorus plays a vital role in the growth and development of plants as it was found to have promoted early root development; it is an important part of nucleic acid; it has a crucial role in cell division and in energy transfer [66]. Secondly, the improvement in crop growth might be due to the ability of biochar to improve the physico-chemical and biological properties of soil. In previous studies, it was found that the addition of biochar has improved the nutrient holding capacity of soil [67,68]; the water holding capacity of soil [67]; the water use efficiency of crops [69]; increased the cation exchange capacity of soil [70]; and increased the soil microbial activity [56]. It was found in this study that the enrichment technique (PEB1 and PEB2) did not yield any significant difference in terms of crop growth, however, Pandit et al., [71] demonstrated better crop growth in the case of hot nutrient enrichment. During the hot enrichment, biochar pores become wider and more flexible, which are supposed to increase water and nutrient penetration [72].



This significant impact on root nodulation was probably due to the potential of biochar to influence soil microbial communities. It was found that biochar application can influence microbial communities by increasing soil aeration; nutrient availability; reduction in the concentration of toxic chemicals; and by providing a suitable habitat [73]. Secondly, the incorporation of P (DAP) with biochar ensured the availability of P in sufficient quantities due to which nodulation was improved as the abundance of P supports the motility of bacteria—necessary for bacterial migration. Poor nodule growth was recorded in P-deficient soils due to the inability of bacteria to infect plant roots [74]. It was found in previous studies that almost 25% plant P would be distributed to nodule fraction [75,76].



Chickpea yield was recorded as the highest in the treatments where PEB1 and PEB2 were added with 50% RDP as compared to all other treatments (Figure 1). Since leguminous crops require more P as compared to other crops due to their involvement in biological nitrogen fixation, therefore the yield of chickpea was improved with the addition of p-enriched biochar as the impregnation of P (DAP) with biochar has increased P availability as compared to DAP alone (Table 2). A better yield for chickpea was also recorded in previous studies upon the addition of high dose of P fertilizers [77]. Similarly, Kumar and Sreenivasulu [78] noted a higher number of pods where P application was higher. Gruhn et al. [79] recorded more grain yield in the case of high P fertilizer dose. However, it is not a matter of fact that the impregnation of mineral fertilizer always results in yield increase as it was found that enriched biochar applied at a rate of 1.5 t ha−1 with and without compost did not show any significant improvements in terms of yield in a pot trial [80].



Crop physiological parameters were significantly improved where p-enriched biochar was used alone as well as in combination with the split doses of mineral P fertilizer (Table 4). The photosynthesis rate was significantly improved where p-enriched biochar was used with 50% RDP. This improvement might be due to the role of biochar and P in promoting stomatal conductance (Table 4) which in turn resulted in a greater flow of carbon dioxide to the leaf mesophyll cells. In previous studies, high photosynthetic rates were recorded with high P applications in groundnut [81] and in cluster bean [82]. Similarly, high transpiration rates were recorded upon the application of p-enriched biochar with 50% RDP, probably due to greater stomatal conductance. Furthermore, the chlorophyll contents were also found to be higher for the treatments where p-enriched biochar was used with 50% RDP. This was probably due to the effect of enriched biochar on plant nutritional status [83] as the increased uptake of C, N and P was found to have a significant impact on the chlorophyll contents [84]. Similarly, stomatal conductance was improved where p-enriched biochar was used with 50% RDP, due to two possible reasons. Firstly, stomatal conductance was recorded as higher for the crops grown in high moisture contents [85], since biochar can improve soil moisture retention and plant available water [67], so it has increased stomatal conductance. Secondly, the availability of P in abundance throughout the crop stand has resulted in higher stomatal conductance as it was increased with higher P rates due to its greater role in plant growth and anatomy [86,87,88].



The chemical parameters were also significantly improved by the p-enriched biochar (Table 5). The increase in shoot P contents might be due to the availability of P in the soil solution in bulk, and increased biological activity for P solubilization [89,90]. Shoot N contents were recorded low for the treatments where P was applied alone (0%, 25%, 50% and 100%) because N base dressing was kept low (15 kg ha−1) keeping in view the potential of chickpea to fix atmospheric nitrogen. Since the experimental soil was of calcareous nature (Supplementary Table S1), it reduced the availability of P where it was applied without p-enriched biochar due to the formation of calcium phosphates [5]. It is well established that phosphorus is required in larger quantities for legumes as it promotes biological nitrogen fixation, the partitioning of photosynthates, biomass production and nodulation [91]. In the case of P deficiency, the legume growth retards severely which results in a lower number of root nodules, hence lower will be the ability to fix nitrogen apart from overall growth [92]. Shoot N contents were maximum where p-enriched biochar was applied with 50% RDP, probably due to the development of a better rooting system which in turn supported biological nitrogen fixation and facilitated the uptake of nitrogen along with other nutrients from soil solution [93,94].




5. Conclusions


Based on the incubation experiment, for the formulation of biochar-based P fertilizer, the optimum impregnation ratio for DAP to biochar on a w/w basis is 50:50 as it had showed maximum plant available P contents after 30 days of incubation period. A significant improvement in growth, yield, nodulation and plant physiological and chemical parameters was recorded in the pot trial upon the addition of p-enriched biochar with a 50% recommended dose of P, however, the enrichment technique, i.e., the hot and cold methods, did not yield any significant difference in both the incubation experiment and pot trial, hence either the cold or hot method can be used for enrichment. Maximum crop growth and yield can be obtained through the incorporation of a mineral P source into biochar with minimum additional P inputs. It can minimize the input costs incurred on fertilizer and can reduce the P losses from farmlands. Additionally, this approach also partakes the role of recycling phosphorus as bio-waste (contains nutrients including P) which is used for the production of biochars. Thus, the incorporation of mineral fertilizer into biochar followed by its soil application is a win–win approach as it can promote crop growth with minimum nutrient input and it can also recycle nutrients. Further research should be conducted to assess the potential of phosphorus-enriched biochar to serve as a P reserve in soil through studying its residual effects as biochar is highly recalcitrant in nature and it can reversibly hold cations for a considerable time span as compared to other organic amendments.
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Figure 1. Effect of the combined application of p-enriched biochar and the split dose of recommended P on the number of nodules per plant−1, nodule weight (g), number of pods per plant−1 and seed weight (g); mean values are represented by columns whereas the standard error (S.E.) is represented by error bars (n = 3); columns having different letters are significantly different from one another at a level of significance < 5% (Tukey HSD test); PEB1, biochar enriched through the hot method; PEB2 biochar enriched through the cold method; RDP, recommended dose of phosphorus. 
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Table 1. Effect of p-enriched biochar (PEB1 and PEB2) on selected properties (mean ± standard deviation) of incubated soil after 15 days of incubation.
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DAP: Biochar (w/w)

	
Extractable Phosphorus (mgkg−1)

	
Nitrogen (%)

	
Organic Matter (%)

	
EC (dSm−1)

	
pH




	
PEB1

	
PEB2

	
PEB1

	
PEB2

	
PEB1

	
PEB2

	
PEB1

	
PEB2

	
PEB1

	
PEB2






	
0:0 (control)

	
3.81 ± 0.09 d

	
3.87 ± 0.09 d

	
0.07 ± 0.03 c

	
0.07 ± 0.02 d

	
0.55 ± 0.05 de

	
0.55 ± 0.07 de

	
0.58 ± 0.02 g

	
0.58 ± 0.01 g

	
8.09 ± 0.09 a

	
8.08 ± 0.03 a




	
0:100

	
3.92 ± 0.04 d

	
3.91 ± 0.09 d

	
0.11 ± 0.04 c

	
0.11 ± 0.05 c

	
1.07 ± 0.08 a

	
1.09 ± 0.03 a

	
0.72 ± 0.02 f

	
0.73 ± 0.02 f

	
7.81 ± 0.01 d

	
7.82 ± 0.02 d




	
25:75

	
5.41 ± 0.35 c

	
5.57 ± 0.12 bc

	
0.60 ± 0.03 b

	
0.61 ± 0.01 b

	
0.98 ± 0.01 ab

	
0.97 ± 0.01 ab

	
0.96 ± 0.03 e

	
0.91 ± 0.01 e

	
7.88 ± 0.01 b–d

	
7.87 ± 0.02 cd




	
50:50

	
7.87 ± 0.83 a

	
7.92 ± 0.09 a

	
0.94 ± 0.03 a

	
0.95 ± 0.03 a

	
0.84 ± 0.02 bc

	
0.85 ± 0.04 b

	
1.08 ± 0.02 d

	
1.07 ± 0.06 d

	
7.96 ± 0.03 bc

	
7.97 ± 0.03 bc




	
75:25

	
8.50 ± 0.33 a

	
8.30 ± 0.43 a

	
0.96 ± 0.02 a

	
0.96 ± 0.02 a

	
0.68 ± 0.06 cd

	
0.66 ± 0.08 de

	
1.27 ± 0.01 bc

	
1.22 ± 0.03 c

	
7.98 ± 0.01 b

	
7.97 ± 0.02 bc




	
100:0

	
6.54 ± 0.29 b

	
6.33 ± 0.22 bc

	
0.93 ± 0.03 a

	
0.93 ± 0.02 a

	
0.50 ± 0.06 e

	
0.52 ± 0.07 de

	
1.35 ± 0.04 a

	
1.37 ± 0.02 ab

	
7.97 ± 0.02 bc

	
7.97 ± 0.02 bc








Mean values having different letters (in superscript) are significantly different from one another at a level of significance <5% (Tukey HSD test); PEB1, biochar enriched through hot method; PEB2, biochar enriched through cold method; DAP, diammonium phosphate; EC, electrical conductivity
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Table 2. Effect of p-enriched biochar (PEB1 and PEB2) on selected properties (mean ± standard deviation) of incubated soil after 30 days of incubation.
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DAP: Biochar (w/w)

	
Extractable Phosphorus (mgkg−1)

	
Nitrogen (%)

	
Organic Matter (%)

	
EC (dS m−1)

	
pH




	
PEB1

	
PEB2

	
PEB1

	
PEB2

	
PEB1

	
PEB2

	
PEB1

	
PEB2

	
PEB1

	
PEB2






	
0:0 (control)

	
3.95 ± 0.02 e

	
3.96 ± 0.02 e

	
0.07 ± 0.03 c

	
0.07 ± 0.02 c

	
0.53 ± 0.10 de

	
0.52 ± 0.07 e

	
0.58 ± 0.07 f

	
0.56 ± 0.08 f

	
8.09 ± 0.09 a

	
8.08 ± 0.03 a




	
0:100

	
4.17 ± 0.05 d

	
4.18 ± 0.05 d

	
0.12 ± 0.05 c

	
0.11 ± 0.05 c

	
1.07 ± 0.03 a

	
1.00 ± 0.01 ab

	
0.72 ± 0.01 e

	
0.73 ± 0.02 e

	
7.81 ± 0.01 d

	
7.82 ± 0.02 d




	
25:75

	
6.01 ± 0.03 c

	
6.02 ± 0.03 c

	
0.80 ± 0.03 b

	
0.81 ± 0.01 b

	
0.91 ± 0.01 bc

	
0.93 ± 0.04 bc

	
0.91 ± 0.01 d

	
0.92 ± 0.01 d

	
7.88 ± 0.01 b–d

	
7.87 ± 0.02 cd




	
50:50 *

	
9.98 ± 0.02 a

	
9.99 ± 0.02 a

	
1.14 ± 0.03 a

	
1.15 ± 0.03 a

	
0.85 ± 0.02 c

	
0.84 ± 0.04 c

	
1.08 ± 0.03 c

	
1.08 ± 0.05 c

	
7.96 ± 0.03 bc

	
7.97 ± 0.03 bc




	
75:25

	
10.06 ± 0.04 a

	
10.05 ± 0.04 a

	
1.162 ± 0.02 a

	
1.16 ± 0.02 a

	
0.65 ± 0.03 de

	
0.66 ± 0.02 d

	
1.26 ± 0.02 b

	
1.22 ± 0.02 b

	
7.98 ± 0.01 b

	
7.97 ± 0.02 bc




	
100:0

	
8.13 ± 0.02 b

	
8.18 ± 0.02 b

	
1.13 ± 0.03 a

	
1.13 ± 0.02 a

	
0.53 ± 0.01 de

	
0.52 ± 0.02 de

	
1.39 ± 0.03 a

	
1.37 ± 0.02 a

	
7.97 ± 0.02 bc

	
7.97 ± 0.02 bc








Mean values having different letters (in superscript) are significantly different from one another at a level of significance <5% (Tukey HSD test); PEB1, biochar enriched through hot method; PEB2, biochar enriched through cold method; DAP, diammonium phosphate; EC, electrical conductivity; *, treatment selected for pot trial.
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Table 3. Effect of the combined application of p-enriched biochars (both PEB1 and PEB2) and split dose of mineral P fertilizer on growth (mean values ± standard deviation) of chickpea.
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Treatment

	
Plant Height (cm)

	
No. of Primary Branches

	
Length (cm)

	
Weight (g)




	
Root

	
Shoot

	
Fresh

	
Dry




	
Root

	
Shoot

	
Root

	
Shoot






	
0% RDP

	
21.60 ± 0.25 g

	
4 ± 0.04 d

	
12.33 ± 0.49 f

	
23.38 ± 0.32 g

	
2.63 ± 0.07 g

	
12.88 ± 0.05 g

	
1.05 ± 0.03 h

	
5.13 ± 0.10 g




	
25% RDP

	
23.31 ± 0.35 f

	
4 ± 0.13 cd

	
14.75 ± 0.10 e

	
25.73 ± 0.20 f

	
3.56 ± 0.43 f

	
15.10 ± 0.08 f

	
1.43 ± 0.17 g

	
6.13 ± 0.07 f




	
50% RDP

	
27.36 ± 0.46 e

	
5 ± 0.14 cd

	
18.20 ± 0.10 d

	
29.50 ± 0.45 e

	
4.50 ± 0.31 e

	
18.59 ± 0.33 e

	
1.80 ± 0.12 f

	
7.47 ± 0.11 e




	
100% RDP

	
29.80 ± 0.10 d

	
5 ± 0.03 c

	
20.57 ± 0.49 c

	
32.36 ± 0.45 d

	
5.22 ± 0.24 e

	
21.61 ± 0.41 d

	
2.61 ± 0.12 e

	
8.61 ± 0.15 d




	
0% RDP + PEB1

	
33.33 ± 0.49 c

	
6 ± 0.16 b

	
21.10 ± 0.10 c

	
33.38 ± 0.37 c

	
6.10 ± 0.07 d

	
24.11 ± 0.08 c

	
3.05 ± 0.03 d

	
9.65 ± 0.03 c




	
0% RDP + PEB2

	
33.43 ± 0.40 c

	
6 ± 0.40 b

	
21.18 ± 0.20 c

	
33.39 ± 0.33 c

	
6.06 ± 0.05 d

	
23.91 ± 0.07 c

	
3.03 ± 0.02 d

	
9.57 ± 0.11 c




	
25% RDP + PEB1

	
37.67 ± 0.20 b

	
7 ± 0.46 a

	
23.20 ± 0.20 b

	
39.47 ± 0.25 b

	
7.47 ± 0.44 c

	
26.26 ± 0.31 b

	
3.74 ± 0.22 c

	
10.51 ± 0.12 b




	
50% RDP + PEB1

	
42.36 ± 0.46 a

	
8 ± 0.53 a

	
27.61 ± 0.11 a

	
44.66 ± 0.15 a

	
9.94 ± 0.38 a

	
32.62 ± 0.47 a

	
4.63 ± 0.16 ab

	
12.71 ± 0.39 a




	
100% RDP + PEB1

	
42.59 ± 0.51 a

	
8 ± 0.17 a

	
27.20 ± 0.19 a

	
44.56 ± 0.38 a

	
9.16 ± 0.16 b

	
32.64 ± 0.28 a

	
4.57 ± 0.08 b

	
12.35 ± 0.55 a




	
25% RDP + PEB2

	
37.30 ± 0.26 b

	
7 ± 0.28 a

	
23.21 ± 0.28 b

	
39.61 ± 0.29 b

	
7.46 ± 0.21 c

	
25.38 ± 0.57 b

	
3.73 ± 0.10 c

	
10.39 ± 0.13 b




	
50% RDP + PEB2

	
42.23 ± 0.15 a

	
8 ± 0.22 a

	
27.34 ± 0.40 a

	
44.63 ± 0.20 a

	
9.84 ± 0.13 ab

	
33.17 ± 0.27 a

	
4.92 ± 0.06 a

	
12.27 ± 0.11 a




	
100% RDP + PEB2

	
42.58 ± 0.36 a

	
8 ± 0.21 a

	
27.21 ± 0.28 a

	
44.61 ± 0.29 a

	
9.17 ± 0.06 b

	
32.58 ± 0.37 a

	
4.59 ± 0.03 ab

	
12.44 ± 0.28 a








Mean values having different letters (in superscript) are significantly different from one another at a level of significance <5% (Tukey HSD test); RDP, recommended dose of P; PEB1, biochar enriched through hot method; PEB2, biochar enriched through cold method.
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Table 4. Effect of the combined application of p-enriched biochars (both PEB1 and PEB2) and a split dose of mineral P fertilizer on crop physiological and chemical parameters (mean values ± standard deviation).






Table 4. Effect of the combined application of p-enriched biochars (both PEB1 and PEB2) and a split dose of mineral P fertilizer on crop physiological and chemical parameters (mean values ± standard deviation).





	
Treatment

	
Physiological Parameters

	
Chemical Parameters




	
Photosynthetic Rate (µmol m−2 s−1)

	
Transpiration Rate (mmol m−2 s−1)

	
Chlorophyll Contents (mmol cm−2 s−1)

	
Stomatal Conductance (µMol m−2 s−1)

	
Shoot Nitrogen (%)

	
Shoot Phosphorus (%)






	
0% RDP

	
30.43 ± 0.41 g

	
5.13 ± 0.04 e

	
1.34 ± 0.04 f

	
220 ± 0.94 g

	
0.53 ± 0.03 g

	
0.65 ± 0.03 f




	
25% RDP

	
31.88 ± 0.61 f

	
5.24 ± 0.03 e

	
1.37 ± 0.02 ef

	
227 ± 0.90 f

	
0.64 ± 0.04 f

	
0.84 ± 0.03 e




	
50% RDP

	
34.22 ± 0.30 e

	
5.77 ± 0.10 d

	
1.45 ± 0.04 de

	
236 ± 0.75 e

	
0.75 ± 0.03 e

	
1.26 ± 0.02 d




	
100% RDP

	
38.54 ± 0.34 d

	
6.16 ± 0.13 c

	
1.55 ± 0.03 d

	
241 ± 0.88 d

	
0.85 ± 0.02 d

	
1.45 ± 0.04 c




	
0% RDP + PEB1

	
41.15 ± 0.26 c

	
7.16 ± 0.03 b

	
2.35 ± 0.03 c

	
258 ± 0.76 c

	
0.95 ± 0.02 c

	
1.65 ± 0.04 b




	
0% RDP + PEB2

	
41.21 ± 0.59 bc

	
7.12 ± 0.10 b

	
2.37 ± 0.02 c

	
258 ± 1.4 c

	
0.96 ± 0.03 bc

	
1.64 ± 0.03 b




	
25% RDP + PEB1

	
42.57 ± 0.28 b

	
7.32 ± 0.05 b

	
3.05 ± 0.03 b

	
264 ± 0.33 b

	
1.05 ± 0.03 b

	
1.73 ± 0.02 b




	
50% RDP + PEB1

	
44.34 ± 0.37 a

	
7.64 ± 0.04 a

	
3.34 ± 0.04 a

	
276 ± 1.02 a

	
1.36 ± 0.03 a

	
2.04 ± 0.03 a




	
100% RDP + PEB1

	
44.87 ± 0.67 a

	
7.76 ± 0.06 a

	
3.38 ± 0.05 a

	
277 ± 1.81 a

	
1.34 ± 0.03 a

	
2.05 ± 0.03 a




	
25% RDP + PEB2

	
42.40 ± 0.38 bc

	
7.32 ± 0.08 b

	
3.06 ± 0.02 b

	
264 ± 0.95 b

	
1.04 ± 0.03 bc

	
1.72 ± 0.02 b




	
50% RDP + PEB2

	
44.10 ± 0.10 a

	
7.63 ± 0.03 a

	
3.33 ± 0.03 a

	
275 ± 040 a

	
1.36 ± 0.02 a

	
2.05 ± 0.03 a




	
100% RDP + PEB2

	
45.09 ± 0.88 a

	
7.72 ± 0.08 a

	
3.43 ± 0.04 a

	
277 ± 2.08 a

	
1.34 ± 0.03 a

	
2.06 ± 0.03 a








Mean values having different letters (in superscript) are significantly different from one another at a level of significance <5% (Tukey HSD test); RDP, recommended dose of P; PEB1, biochar enriched through hot method; PEB2, biochar enriched through cold method.
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Table 5. Effect of the combined application of p-enriched biochars (both PEB1 and PEB2) and a split dose of mineral P fertilizer on selected properties (mean values ± standard deviation) of post-harvest soil.
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	Treatments
	Extractable Phosphorus (mgkg−1)
	Nitrogen (%)
	Organic Matter (%)
	EC (dSm−1)
	pH





	0% RDP
	4.07 ± 0.05 f
	0.22 ± 0.03 e
	0.53 ± 0.10 b
	0.95 ± 0.02 h
	8.17 ± 0.09 a



	25% RDP
	4.55 ± 0.28 ef
	0.28 ± 0.02 e
	0.52 ± 0.07 b
	1.25 ± 0.04 g
	8.13 ± 0.19 ab



	50% RDP
	5.15 ± 0.12 de
	0.79 ± 0.05 d
	0.58 ± 0.02 b
	1.44 ± 0.02 f
	8.14 ± 0.40 a



	100% RDP
	5.43 ± 0.16 d
	0.89 ± 0.04 cd
	0.56 ± 0.03 b
	1.64 ± 0.03 e
	8.14 ± 0.18 a



	0% RDP + PEB1
	7.12 ± 0.04 c
	1.00 ± 0.05 bc
	0.94 ± 0.03 a
	1.84 ± 0.03 d
	7.98 ± 0.04 bc



	0% RDP + PEB2
	7.27 ± 0.18 c
	0.99 ± 0.04 bc
	0.93 ± 0.02 a
	1.85 ± 0.02 d
	7.97 ± 0.06 cd



	25% RDP + PEB1
	8.36 ± 0.16 b
	1.10 ± 0.04 b
	0.94 ± 0.02 a
	2.24 ± 0.03 c
	7.97 ± 0.09 cd



	50% RDP + PEB1
	9.35 ± 0.22 a
	1.99 ± 0.04 a
	0.96 ± 0.02 a
	2.85 ± 0.02 b
	7.82 ± 0.06 d



	100% RDP + PEB1
	9.43 ± 0.41 a
	2.08 ± 0.05 a
	0.95 ± 0.03 a
	3.15 ± 0.04 a
	7.87 ± 0.06 cd



	25% RDP + PEB2
	8.28 ± 0.14 b
	1.09 ± 0.04 b
	0.97 ± 0.01 a
	2.25 ± 0.03 c
	7.97 ± 0.09 cd



	50% RDP + PEB2
	9.34 ± 0.48 a
	2.01 ± 0.04 a
	0.96 ± 0.03 a
	2.86 ± 0.04 b
	7.97 ± 0.06 cd



	100% RDP + PEB2
	9.53 ± 0.42 a
	2.07 ± 0.03 a
	0.95 ± 0.04 a
	3.17 ± 0.01 a
	7.97 ± 0.06 cd







Mean values having different letters (in superscript) are significantly different from one another at level of significance <5% (Tukey HSD test); RDP, recommended dose of P; PEB1, biochar enriched through hot method; PEB2, biochar enriched through cold method.
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