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Abstract

:

The present investigation was conducted to understand the role of enriched biochar on soil nitrogen and carbon dynamics, leaching losses of nutrients, and growth attributes of wheat. Buffalo slurry (BS) was used to enrich the biochar for 24 h and 2% biochar (SB) or enriched biochar (SEB) was used. Enrichment of biochar with BS as SEB improved the C and N contents of biochar by 33–310% and 41–286% respectively. The application of biochar (SB) and enriched biochar (SEB) reduced the net nitrification by 81% and 94%, ammonification by 48% and 74%, and carbon dioxide by 50% and 92% respectively as compared to control. The leaching losses minerals i.e., C (by 30%), N (by 125%), P (by 50%), K (by 82%), Na (by 9%), Ca (by 24%), and Mg (by 12%) was decreased in SEB treatments compared to control. The soil enzyme activities, microbial biomass (MBC and MBN), wheat agronomy, soil bulk density and soil pore density, mineral uptake from the soil, and mineral contents in the plant body were improved in the SEB as compared to SB and control treatments. Our results revealed that the biochar enrichment process could improve the C and N storage in the soil reservoir and lower the environmental risks to soil and water.
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1. Introduction


Animal manures (AM) can improve soil fertility and productivity to fulfill the future food requirements for the growing population [1]. Due to continuous soil cultivation, disturbance in the soil ecological functions has led to soil degradation and hence, a decrease in soil nutrient availability. Therefore, organic amendments might be the most feasible option to increase soil fertility and productivity [2]. Moreover, the release of humic compounds and organic anions from the organic materials lower the soil pH and increase the charges sites which hold more nutrients and water in their pore spaces [3]. So, the application of organic amendments is considered low-cost input for arid soil management [3]. However, the pH of the soils of Pakistan is usually >7.0 which is the major constraint for the sole application of organic amendments such as biochar to the soils.



It has been noted that low soil fertility can negatively affect seed germination and root growth and development. The addition of AM improves the concentration of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) in the plant body [4]. However, direct application of AM may lead to ammonia volatilization and nitrate runoff resulting in N loading of lakes [5]. Thus, AM should be passed through some process that can slow down or inhibit the loss of N in the form of NH3 or NO3 through leaching from soil [6].



The pyrolysis can decrease the mass of AM by 60% of its original state, which is easy to apply at a large scale [7]. However, the application of biochar alone to the soil increases the soil pH which is not feasible in Pakistani soils where soil pH is already high. While, the application of animal manure biochar (AMB) improves the availability of nutrients, water holding capacity and decreases the soil bulk density [8]. Past studies have found that application of AMB at 5–20 g kg−1 soil improved the soil organic carbon contents, electrical conductivity (EC), cation exchange capacity (CEC), nutrient sorption sites, C, N, P, and K dynamics, and soil physicochemical properties i.e., total carbon (TC), total nitrogen (TN), soil pore density (SPD) and soil pore volume (SPV) [9]. Above stated review of the literature indicated that application of N enriched-biochar to the soils may overcome the issue related to N and P volatilization and immobilization. Hence, scientists are focusing on the enrichment techniques of AMB before the application to soils.



Buffalo slurry (BS) (liquid portion i.e., slurry) consists of organic matter, ash, and moisture contents. It is considered a waste product and is not being used as fertilizer in Pakistan. Using BS to enrich biochar could be an integrative and innovative solution Although a lot of work about the biochar application to the soils has been done but very limited or no study has reported the preparation of enriched biochar with BS and its subsequent application into the soils for enhancing the biochar benefits in improving soil fertility and productivity and reducing the possible environmental risks.



Based on this discussion, the present study was designed to test the hypothesis that enriched biochar could reduce the N and C gaseous fluxes from soil and improve soil productivity. The objective of the current study was to determine the influence of enriched biochar on the emission of ammonia, nitrate, and carbon losses from the soil, enzymes activities, and the availability of micro-and macro-nutrients in soil.




2. Materials and Methods


2.1. Biochar Material Collection and Formation


In the present study, date palm (DP) residues including leaves, small twigs, and small branches were used as feedstock for biochar (BC) production. The DP residues were collected from the local nursery at Vehari-Punjab, Pakistan, and brought to the laboratory. The DP residues were washed with tap water and chopped to 2–3 cm pieces and dried in the open air under sunlight (temperature approx. 40 °C). The dried and chopped DP material was pyrolyzed for BC production by the slow pyrolysis at 300 °C for 4 h [1]. The date palm biochar (DPB) was prepared at the COMSATS University Islamabad (CUI), Vehari Campus in a locally manufactured system designed with an electrical heating system. Low-temperature pyrolysis was used because the resulting biochar has higher bioavailable carbon, greater N-mobilization, and ultimately, more microbial activity in the soil as compared to that observed with the application of biochar pyrolyzed at higher temperature [2]. Hence, this was the potential source for efficient utilization of excess mineral N by adsorption and immobilization from the manure effluents. Before and after pyrolysis, no chemical was added. In addition, no steam was provided externally, although some steam was produced during the process. The DPB material was pass through the 2 mm sieve after cooling at room temperature. The DPB samples were taken and analyze for pH, EC, CEC, total carbon contents (TC), and total nitrogen contents (TN) of biochar before application to soil by following the standard methods [3].




2.2. Manure Source and Biochar Enrichment


BS was collected from a local farm at District Vehari, Punjab-Pakistan. The slurry has been rarely used as fertilizer into the soil in Pakistan and is mostly considered as waste material. The BC enrichment was performed by following the method of Sarkhot et al. [4]. The manure was centrifuged at 10,000 rpm and filtered through the filter paper (0.45 µm). The 2% (w/w) DPB was added to filtered manure and shaken for 24 h. After the shaking, the mixture was centrifuged and filtered. Before using for the incubation experiment, the nutrients enriched biochar was placed in the hot air oven for drying. After this whole process, the nutrients enriched biochar is called enriched biochar (EB) as compared to non-enriched biochar. The EB were subjected to proximate analysis, TC, and TN.




2.3. Soil Source and Analysis


The soil samples (0–20 cm) were collected from the experimental site of COMSATS University Vehari campus and mixed thoroughly until a homogenous mixture was formed. The samples were brought to the laboratory, dried, and sieved (2 mm). Before filling the pots, the soil samples were subjected to different physicochemical analyses, i.e., pH, electrical conductivity (EC), cation exchange capacity (CEC), total organic carbon, CaCO3, mineral nitrogen, available phosphorous (P), available potassium (K), NH4, and NO3 (Table S1). The organic matter was measured by following the method of Nelson and Sommers [5] while pH and EC were measured by pH meter (EZDO 6011) and EC meter (LovibondSenso Direct Con110), respectively. The soil-water mixture was prepared by preparation of the suspension (1:2.5; soil:water) and then equilibrated for 30 min. at room temperature and this mixture is used for the determination of EC and pH. EC meter was standardized with KCl solution (0.01 N) at 25 °C [6]. The same soil filtrate was used to determine the soil Na and K using the Flame photometer [7]. The CaCO3 was measured by following the method of Loeppert and Suarez [8]. The soil carbon contents were determined by wet oxidation of soil samples using hydrogen peroxides, sulfuric acid, and chromic acid [9]. Soil N was determined by subtracting organic N contents from total N contents [10]. Total N concentrations from soil and plant were analyzed by the Kjeldahl digestion method [11]. Soil mineral NO3-N contents were calculated by subtracting NH4+-N from total N. NH4+-N in the soil was measured through extraction methods using 40 g soil with 200 mL KCl (2 M). The mixture was passed through steam distillation and then titration process. Available P and K from the soil were measured by following the process as stated by Houba et al. [12].




2.4. Incubation Experiment


The main objective of the incubation experiment was to determine the ammonium and nitrate contents in the soil. In the incubation study, only three treatments, i.e., soil (S), soil + 2% biochar (SB; non-enriched biochar), soil + 2% enriched biochar (SEB; soil + enriched biochar) were used (20 g oven-dried biochar either non-enriched or enriched biochar per kg oven-dry weight soil). The incubation experiment was designed by following the method of Hart et al. [13] with some minor modifications. All the treatments with or without biochar were prepared at field moisture level (~25%) and then passed through a 2-mm sieve. The soil with biochar and without biochar (20 g oven-dry weight) was added to small plastic jars (v. 120 mL) and incubated at room temperature for more than 8 weeks (60-d). The days of incubation were counted on the day of mixing of the biochar with soil which was counted as day 0. Soil samples were collected on a specific period as described i.e., days 1, 5, 10, 20, 28, 35, 42, 49, 60. In each sampling time, four replications were analyzed (4 × 9 = 36 samples per treatment). The concentration of NH4 and NO3 in soil was measured by following the KCl extraction techniques [13]. For this purpose, 10 g soil was shaken on an electric shaker with 50 mL KCl (2 mol L−1) in the volumetric flask (250 mL; closed with stopper) for 1 h. Then, the liquid material was filtered (Whatman filter paper No. 1; pre-leached) and then NO3 and NH4 contents were measured by using the standard methods [14]. The pre-leaching of filter paper was performed by 50 mL KCl (2 mol L−1; 4 times), followed by 50 mL deionized water (6 times), and then oven-dried at 50 °C. The soil sample was weighed after each weak. If the weight of the sample was less than 5%, then the moisture was maintained through the addition of the de-ionized water (using dropper) and then, shaked the sample well gently. Net NO3 and NH4 contents were recorded as the difference between NO3-N and NH4-N after 28 d and 0 d, respectively. The specific duration of 28 d was selected because it is a widely used duration to determine the N mineralization in the field and laboratory conditions [14,15,16] while the net mineralization was measured through the addition of the total inorganic N (NH4-N + NO3-N) on 28-d and the total inorganic N on 0-d [17].



Three days before each sampling time i.e., days 1, 5, 10, 20, 28, 35, 42, 49, 60, the corresponding cup was sealed with the butyl rubber septum. The air samples were collected using the two-way eclipse syringes and then used for the analysis of CO2 with help of a gas chromatograph [17]. Cumulative CO2 was calculated by plotting the values against times and then measuring the values from the curve of the graph.




2.5. Leaching Experiment


The setup of the leaching experiment was done as described by Neff and Hooper [18] with some modifications. For this purpose, locally manufactured Nalgene filter units (V. 250 mL) were used with Whatman glass filter papers (pore size 0.7-μm), and each compartment was separated with glass wool. Same treatments were used as described in experiment 1 i.e., three treatments i.e., soil (S), soil + 2% biochar (SB; non-enriched biochar), soil + 2% enriched biochar (SEB; soil + enriched biochar) were used. The upper compartment of the Nalgene filter units was filled with soil or soil biochar mixture or soil and enriched biochar (20 g over dry) and then covered with thin glass plastic film. As in the incubation experiment, the measurement of NO3-N and NH4-N was performed through destructive sampling (using KCl) of soils for each sampling time, while in the leaching experiment, the same sample was used throughout the study in each treatment.



The leachates were collected from the leaching experiment with the same interval (i.e., days 1, 5, 10, 20, 28, 35, 42, 49, 60) as was done in the incubation experiment. For the leaching experiment, deionized water (100 mL) was used after every 10 min interval with the help of a pipette (V. 10 mL). Before taking the leachate samples, the soil was allowed to drain. The leachates were collected and filtered (0.45 μm) and preserved at the laboratory for other various cations, anions, and TN and TC contents using the standard procedures. The cumulative concentration of different ions for the leaching experiment was noted by integrating the concentration under the curve over the 60-d study.




2.6. Wheat Experiment


To justify the results of the incubation experiment, a pot trial was carried out with the same treatments as used in the incubation experiment with positive and negative fertilizer control. The experiment was laid out in a completely randomized design (CRD) in a greenhouse under natural sunlight and replicated four times. The study was comprised of five treatments i.e., feedstock alone (FS), soil (S) + no fertilizer (unfertilized control; SUFC), S + fertilizer control (SFC; recommended fertilizer; RF) soil + non enriched biochar (2%; NEBC) + RF, soil + EBC (2%; SEB) + RF. The plant nutrients requirement was fulfilled from NEBC/EBC and then the remaining requirement was fulfilled by the application of synthetic fertilizers. The recommended dose of synthetic fertilizers NPK in the form of Urea (46% N), Diammonium phosphate (DAP; 18% N, 46% P2O5), and potassium (K2O; 50% K2O) at the rate of 41 mg kg−1 soil (Nitrogen; 230 kg N ha−1), 30 mg kg−1 soil (P2O5; 120 kg P ha−1) and 21 mg kg−1 soil (K; 60 kg K ha−1), respectively were added. The mixture of soil and FS/DPB was spread on 590 g soil (sieved to 2 mm) and formed a homogeneous mixture. The total volume of soil and FS or DPB was 6 kg and poured into 7 kg earthen pot (pots (top of pot diameter × base of pot diameter × pot height = 280 mm × 155 mm × 200 mm). The FC treatments received the fertilizers (230 kg N ha−1, 120 kg P ha−1 and 60 kg K ha−1) while the UFC received no fertilizers or DPB. Approved and certified wheat seed was taken from the local grain market of District Vehari, Punjab, Pakistan. The seeds (10 seeds in each pot) of Wheat (Triticum aestivum L. cultivar Shafaq-2006) were sown manually after treating with fungicide (Benlate; 2.5 g kg−1 of seed) at the depth of 3 cm in each pot. The seed treatment process was completed by shaking of seed in a plastic drum. The nutrient uptake (mg pot−1) by wheat plants was calculated from the elemental analysis and the weight of dry matter.



The soil moisture was maintained to 80% field capacity with the help of a speedy moisture meter on daily basis during the whole period of study. The pots were placed in wirehouse sunlight (D/N 10/14), temperature (22–27 °C), and humidity (70–75%). After seedling emergence, three healthy seedlings were maintained in each pot for the remaining period of the experiment. The position of pots was changed after two weeks to reduce the effects of microclimate on the wheat seedlings. The wheat crop was sown on 15 November 2019, and harvested on 2 May 2020.



2.6.1. Microbial Biomass C and N


The fumigation extraction method is used to determine the microbial biomass carbon (MBC) and nitrogen (MBN) after the 60-d soil incubation [19,20]. The soil sample (10 g) was taken and divided into two halves (5 g each). Soil sample (5 g) was placed into a petri plate and put into a vacuum desiccator. Ethanol-free CHCl3 (25 mL) was added to the soil to fumigate the soil for 24 h (25 °C). After the fumigation process, the soil sample was placed into a hot water bath (80 °C) to remove the fumes and then added the K2SO4 (20 mL; 0.5 M) to extract the C and N contents from the fumigated and non-fumigated soil samples. The extracted mixtures were shaken on an electric reciprocal shaker (GFL 3018-Germany) for 30 min and then filtered through Whatman filter paper (No 42). The filtrate was analyzed by using the TOC analyzer (Shimadzu, Japan) and Kjeldahl digestion to determine the total carbon (TC) and total nitrogen (TN). MBC and MBN was calculated by using the following equation;


   MBC   or   MBN  =    TCfu   or   TNfu  −  TCnfu   or   TNnfu     KEC   or   KEN     



(1)




where TCfu and TCnfu exhibited that total carbon (TC) in the fumigated and non-fumigated soils while TNfu and TNnfu total nitrogen (TN) in the fumigated and non-fumigates oils respectively. KEC is the coefficient (0.45) used for MBC calculation [21] and KEN is the coefficient (0.54) used for MBN calculation [22].




2.6.2. Growth and Biomass Attributes


Various growth attributes of wheat plants, i.e., plant height (PH), leaf area index (LAI), fresh (BY), and dry (DY) biomass per pot were measured. Leaf area was measured by using IMAJ J software [23]. Ten independent measurements from ten different wheat plants were made and an average was taken.



After 60-d of wheat emergence, PH of ten plants was taken using the meter tape from the ten different plants and then averaged. Biomass (BY and DY) was recorded by harvesting and weighing above ground all wheat plant parts from each pot after drying in a hot air oven at 70 °C until a constant weight was achieved.




2.6.3. Nutrients Analysis


The aboveground wheat plant biomass was cut and weighed and placed into a hot air oven at 60 °C. The dry matter was receded as the constant weight was achieved. The dry wheat biomass was ground and wet digestion (HClO3 and HNO3, 2:1 rations) materials for the determination of macro and micronutrients analysis.




2.6.4. Phosphorus Use Efficiency


Phosphorus use efficiency (PUE) was, then, calculated using the following formula described by Fageria et al. [24];


   PUE     ( % )  =    P   Uptake   unfertilized   plot     (     g   kg    − 1    )  −  P   uptake   in   control   plant     (     kg   ha    − 1    )     Total   P   applied     (     kg   ha    − 1    )     



(2)








2.6.5. Apparent Nitrogen Recovery


Wheat nitrogen (N) uptake in enriched biochar pots was recorded by multiplying the wheat N contents at harvest (both in vegetative and reproductive portions) with its dry biomass. Apparent nitrogen recovery (ANR) was measured by using the following formula


  ANR    ( % )  =    (  Nm × DMm  )  −  (  Nc × DMc  )    TN   × 100  



(3)




where Nm indicates the N contents (g N 100 g−1 DM) present in wheat dry matter in enriched biochar pots, DMm shows wheat dry biomass (kg ha−1) in enriched biochar pots, Nc exhibits the N contents (g N 100 g−1 DM) present in wheat dry matter in nonenriched biochar pots, DMc signifies wheat dry biomass (kg ha−1) in non-enriched biochar pots and TN is the total N applied (kg ha−1).




2.6.6. Soil Enzymes Determination


The soil enzymes were determined after the wheat plant harvesting and analyzed within a week to avoid any change in the enzyme activities. The soil samples were stored at 4 °C. The soil enzymes activities, i.e., β-glucosidase [25], acid phosphate [25], catalase [26], dehydrogenase [27], and phosphomonoestrase [28], and urease [29], while the other parameters like bulk density, total porosity [30], and soil organic carbon [9] were measured.



To determine the urease activity, the soil sample (1 g) was incubated into the flask containing the urease solution (0.5 mL) and borate buffer (4 mL; pH 10.0) for 2 h at 37 °C. Then added the KCl (6 mL; 1 M) into the flask and unattended for 30 min to complete the reaction named as A solution. The NH4+ contents were measured from the mixture (A solution + NaOH + sodium dichloroisocyanurate) at 690 nm. Acid phosphate (ACP) and β-glucosidase (βGS) were measured using 1 g soil into p-nitrophenyl-β-D-glucopyranoside and nitrophenyl phosphate (pH 4.0) respectively. The catalase (CAT) activities were determined after the incubation of soil (5 g) into H2O2 (25 mL; 3%) for 30 min. at 4 °C. After the incubation of the soil mixture, H2SO4 (25 mL; 1 M) was mixed and filtered the solution. Moreover, some more amount of H2SO4 (20 mL; 0.5 M) was added into a 5 mL solution and then titrated against KMnO4 (5 mM) to measure the unreacted H2O2.





2.7. Statistical Analysis


Statistical analysis was performed using statistics software (V. 8.1; Analytical Software, Tallahassee, FL, USA) package. The values of the results were the average of four replication and the number after the ± was the standard error. One-way analysis of variance (ANOVA) was used in the analysis of experiment 1 and experiment data where soil and plant characteristics were analyzed. Two-way analysis of variance (ANOVA) was used to analyze the data from experiment 2 where DBCs treatments, duration of incubation, and their interactive effects on the water retention were analyzed. Treatments means of data of all three experiments were considered significantly different at α = 0.05 by using Duncan’s Multiple Range test [31].





3. Results


3.1. Treatments Analysis


Proximate analysis of the applied treatments indicated that moisture contents, volatile matter, ash, and fixed carbon contents of the biochar were 3.78 ± 0.78%, 22.79 ± 2.56%, 19.11 ± 0.36%, and 58.69 ± 5.36%, respectively (Table S1). The total carbon (TC) and total nitrogen (TN) of the treatments were given in Table 1. Moreover, the enrichment of biochar with filtered buffalo’s manure for 24 h was increased TC and TN by 11 and 21%, respectively. Moreover, the application of 2% biochar to the soil increased the TC from 1.81 to 11.69 in the biochar and 11.69 mg g−1 in the enriched biochar treatments. The TN was increased from 0.21 to 0.61 in the biochar and 0.81 mg g−1 (Table 1).




3.2. Experiment I: An Incubation Experiment


The soil inorganic N (NH4-N and NO3-N) was significantly reduced in the SEB and SB treatments as compared to alone soil treatments (Figure 1A,B). Moreover, the decrease in KCl extractable NH4 and NO3 was more prominent within the treatment especially in NH4 (Figure 1A,B). The net ammonification was reduced to 1.50 times in SF (soil + feedstock) treatments and this reduction was increased by 15% in the SB (soil + biochar) treatments but the maximum reduction was noted in the SEB treatments and it was 2.82 times more as compared to alone soil treatments (Figure 2A). Almost similar results were noted in the case of net NO3 but the variability within the treatment was reduced in SB (by 86% as compared to SF) and SEB (by 2.15 times as compared to SB) by 4.83 times as compared to S treatments. The negative net ammonification for SEB, SB, and SF exhibited that the rate of NO3 was higher than the rate of N mineralization to NH4 (Figure 2A–C).



The addition of biochar (SB) and enriched biochar (SEB) to soil was resulted in a significant reduction of carbon dioxide fluxes as compared to alone soil treatments (S; Figure 3; (mg CO2 g−1 C d−1)) during the specific duration (days 1, 5, 10, 20, 28, 35, 42, 49, 60). The CO2 emission was significantly reduced in SF, SB, and SEB treatments by 61, 74, and 95% respectively over to alone S treatments.




3.3. Leaching Experiment


The losses of cation bases during the leaching experiment in the S, SB, and SEB treatments were recorded in Table 2. The addition of SEB to soil decreased the cation losses in the leachates as compared to SB and control (S) treatments. Moreover, it was noted that a higher concentration of some minerals was found in the leachates during initial sampling periods i.e., N, P, and Na on day 1, Ca and Mg on day 5, and the K on day 28. However, at the end of the experiment, we found no significant difference in the cumulative leaching losses because of the short duration of the experiment. During the study, it was recorded that the effect of SEB on the leaching losses was more compared to SB or alone S treatments. Furthermore, the C/N ratio was lower in SB (39.9) and alone in S treatment (by 33.5) but higher for SEB treatments (by 42.4). Additionally, it was indicated that lower loss of water-soluble C or higher loss of N from the SEB treatments.




3.4. Wheat Experiment


Enriched biochar (EB) improved the wheat plant growth, nutrients uptake, relative water (RW), and organic matter (OM) contents as compared to control and other treatments (Table 3; p < 0.05). EB enhanced the physiological characteristics of wheat as PH (by 46%), LAI (by 35%), FBY (by 40%), and WDM (by 54%) over the control (Table 3). Likewise, the maximum macro-nutrients [N (by 80%), P (by 88%), K (by 86%), Ca (by 90%)] uptake was recorded with the EB treatments as compared to control. Moreover, EB treatments increased the availability of micronutrients i.e., Mg (by 69%) and Zn (by 85%) which are appeared in the form of higher uptake than all UFC (control). However, the application of organic amendments improved the RW (by 91%) and OM (0.73%) while it lowered the pH of the soil (6.81) significantly. Higher pH (8.32) is one of the big problems in the soils of Pakistan (Table 3).



The increase in enzymes activities was noted in the SEB, SB, and SF treatments but the maximum was achieved in the enriched biochar treatments (SEB; Table 4). The soil enzymes activities i.e., β-glucosidase (βGS), acid phosphate (APH), catalase (CL), dehydrogenase (DHG), phosphomonoestrase (PHE), and urease (UE) in the enriched biochar treatments was significantly increased ranging from 48.69 to 74.94%, 46.10 to 66.39% 60.71 to 86.42%, 14.29 to 68.19%, 11.76 to 92.65% and 24.06 to 65.29% respectively in contrary to control (SUFC; p < 0.05). Although the significant improvement of soil enzymes activities was recorded in the SB alone treatments. So, the alone SB treatments proved effective to increase βGS (by 67%), APH (by63%), CL (by 83%), DHG (by 69%), PHE (by 27%), and UE (by 51%), and over the SUFC (control) as noted in our study.



The soil chemical (total carbon, TC; total nitrogen, TN), microbial biomasses (MBC and MBN), and soil physical properties (SBD and SPD) was increased upon the application of enriched biochar as compared to SBC, SF, SFC, and SUFC (Table 5; p < 0.05). During our study, the SEB was found the most effective in improving different soil characteristics from 0.51 to 1.41% (TC), 0.11 to 0.45% (TN), 141 to 286 µg g−1 (MBC), 31 to 131 µg g−1 (MBN), 1.14 to 142 mg m−3 (SBD) and 47.23 to 38.33% (SPD). Moreover, a significant difference with the decrease of 11% (TC), 20% (TN), 13% (MBC), 23% (MBN), 15% (SBD), 9% (SPD) was observed between the BC alone and enriched BC.



The minimum values of soil chemical, soil microbial biomasses, and soil physical properties were recorded in the SUFC (control). The concentration of macro-nutrients (N, P, K, Mg, and Ca; mg kg−1) ranged from 2.01 to 12.18, 0.91 to 5.14, 0.81 to 4.11, 1.01 to 2.96, and 1.00 to 2.34, respectively while that of the micronutrients such as Fe, Mn, Cu, and Zn ranged from 6.48 to 21.78, 2.01 to 5.11, 1.01 to 2.08 and 11.59 to 26.78, respectively (Table 6). Surprisingly, the macro and micro-nutrients concentrations were improved with the application of SEB or SB, or SF as compared to SUFC. Moreover, the increment in data numbers was variable in different soil amendment treatments. However, the application of SEB increased the concentration of macronutrients such as N, P, K, Mg and Ca by 11, 24, 27, 28, and 14%, respectively in wheat plant biomass compared to SB alone treatment (Table 6).



The data in Figure 4 indicated that phosphorus use efficiency (PUE; %) was improved over the application of soil amendments than no amendment pots. Furthermore, the promising increase in PUE was recorded in SEB than all other amendments or non-amendment treatments (p ≤ 0.05). The apparent nitrogen recovery (ANR; %) was enhanced with the application of soil amendments and the maximum was measured in the SEB than all other soil amendments or non-soil amendments. The maximum ANR was calculated in SEB treatments (by 55%), followed by SB alone treatments (by 44%) and SF treatments (by 42%). The statistically minimum ANR was noted in the SUFC treatments (by 20%).





4. Discussion


In the present study, date palm biochar (DPB) was enriched with buffalo slurry. The soil amendments were added to the soil at the rate of 2% and significantly reduced the gaseous flux of nitrogen (N) and carbon (C) from the soil during the time duration of 60 days. Additionally, we noted that biochar and feedstock were not statistically different in terms of N and C emission from each other. This was might be due to less available soil inorganic N and hence low denigration rate in the soil. However, the process of emission of carbon and nitrogen was greatly controlled by the presence of soil inorganic N and soil organic C [32] through enrichment with N source in the present study. Dissolved organic C into soil provided the electron donor to denitrification process along with loss of oxygen during this process and produced the CO2 [33]. The acceleration in the denitrification process in the SEB treatments might be due to higher water-filled pore spaces (WPS) and organic carbon present in the soils (Figure 2 and Figure 3). This increase in WPS in the SEB treatments provided anaerobic environment among the soil pores which enhanced the denitrification process and decreased microbial respiration. Moreover, literature exhibited that denitrification is very much sensitive to WPS environment in the soil. Jahangir et al. [34] support our findings that the WPS (60–80%) increased the N2O emission by 30-fold as compared to control. Moreover, higher mineralization of N into NH4+ during the present study increased inorganic N concentration after the application of enriched biochar (Figure 1, Figure 2 and Figure 3). Remarkably, less production of gaseous flux in the SF treatment was recorded in the early days, however, the vigorous increase was noted after 25 days which was statistically non-significant from SB treatments (Figure 2 and Figure 3).



The concentration of net ammonification and net nitrification from the soil in SEB treatment was lower than the control treatment during the 60 days of study. It might be due to the application of enriched biochar to soil which resulted in a decrease of 50 and 66% in NH4-N and NO3-N, respectively than that of non-enriched biochar treatments (Figure 1). The adding of carbon biomass increased the NO3 depletion by increasing the denitrification [34] which was very worthwhile in the tropical environment of Pakistan where high soil temperature and less C reservoir accelerated the C loss from the soil [35].



Soil enriched biochar application increased the soil adsorption capacity to retain the nutrients [36,37], higher at the beginning of the experiment and much slower at the end of the experiment, over to SB and SUFC treatments during the study periods of 60-d (Table 1). The lower soil pH of the SEB treatments (6.91) improved nutrient retention [38,39]. These results are in close agreement with those of Kizito et al. [40], Whitman, et al. [41] who stated that pH ranged from 6.5–7.00 improved the availability and retention of the nutrients. Our outcomes are in line with other studies which found that biochar application to the soil at 2% significantly affected the volume of the leachates than low or no biochar application column [35,42]. Additionally, biochar improved soil aggregation and soil structure.



Enriched biochar enhanced wheat agronomy, soil microbial mass, soil enzyme activities, and soil mineral contents during the study. Nutrient fixation and low availability of nutrients are some of the extreme restraints to world food security especially in zones of arid to semi-arid areas [43]. SEB treatments expressively improve mineral concentrations of plants. Additionally, it reduced the shock of nutrients in the soil. The soil pH and EC were increased with the application of SB treatments. SUFC decreased PH, LAI, fresh biomass pot−1 and wheat dry matter yield by 13%, 21%, 54%, 73% and 79%. The maximum pH and EC in soil were observed in control, followed by SUFC and SB. The application of enriched biochar (SEB) caused the maximum improvement in plant mineral contents and growth attributes [44]. Higher plant mineral contents were due to improvemen in the soil organic matter contets (SOM). The (SOM) increased from 0.50 to 0.70% with the application of soil amendments as compared to control. Additionally, the plant minerals concentration was also significantly affected under different biochar treatments e.g., concentration of P in the plant biomass was significantly increased after the application of biochar.



Enzymes activities in the soil had a key role in degrading the organic compounds including the plant biomass and animal manures. In our study, a positive correlation between biochar and enzyme activities was seen [45,46]. The concentration of enzymes regulated the activities of soil microbes [47]. Higher β-glucosidase, APH, CL, PHE, and UE activities in the SEB treatments were strongly correlated to organic compound cycling [48,49]. The higher volatile compounds in the biochar treatments may enhance the activities of the enzymes in the soil [50,51]. Moreover, it was noted that SEB treatments were improved the concentration of phosphatase catalase which involved in the hydrolysis of anhydrides and esters in the soil. The UE activities that were increased in biochar treatment could be associated with an increase in specific enzymes availability and related to N utilization in soil. These results are in line with those of Bhaduri et al. [52] and Huang et al. [46]. Moreover, biochar increased the N transformation which was might be due to UE activities [53,54].



In summary, the results of the current study indicated that enriched biochar application to soil may lower the gaseous emission of N and C from soil and therefore, the reduction in carbon footprints associated with agricultural practice especially fertilizer pollution. The results of this study would help the farming community of South East Asia where considerable farming community involved in animal farming and further the application of its manure to their agricultural lands




5. Conclusions


Enriched biochar was proved a more stable organic product which reduced the gaseous fluxes of C and N and further its mineralization in the soil. Generally, the soil enzymes activities and microbial biomass were increased in the biochar treatments as compared to UFC and control treatments. Incubation of SEB improved its feature and increased the plant growth and nutrients uptake, soil enzymes activities, soil microbial biomasses, plant mineral concentrations that showed the sustainable availability of nutrients in the soil. Enriched biochar should be applied on large scale at the field level under different climatic conditions and soil types to understand its behavior under different regimes before its final recommendation.
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Figure 1. Influence of biochar amendments on soil ammonium and nitrate (KCl extractable). The measurement of NH4 and NO3 was done on days 1, 5, 10, 20, 28, 35, 42, 49, 60, and was statistically different at a 5% probability level. The abbreviations of treatment are S, soil; SF, soil + feedstock; SB, soil + 2% biochar; SEB, soil + 2% enriched biochar (n = 4). 
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Figure 2. The influence of biochar amendments on net ammonification (NH4-N), net nitrification (NO3-N), and net mineralization was measured by following the method of Robertson et al. [17]. The different letters on the bars are indicated the significant difference among the treatments at 5% probability levels. The abbreviations of treatment are S, soil; SF, soil + feedstock; SB, soil + 2% biochar; SEB, soil + 2% enriched biochar (n = 4). 
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Figure 3. Influence of biochar amendments on CO2 flux. The measurement of NH4 and NO3 was done on days 1, 5, 10, 20, 28, 35, 42, 49, 60, and was statistically different at a 5% probability level. The abbreviations of treatment are S, soil; SF, soil + feedstock; SB, soil + 2% biochar; SEB, soil + 2% enriched biochar (n = 4). 
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Figure 4. Influence of biochar amendments on apparent nitrogen recovery (ANR; %) and phosphorus use efficiency (PU; %). Values shows mean ± SD (n = 4). Bars sharing the same letters are statistically at par with each other at the significance level of 5% (p ≤ 0.05). The abbreviations of treatment are S, soil; SF, soil + feedstock; SB, soil + 2% biochar; SEB, soil + 2% enriched biochar (n = 4). 
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Table 1. Total carbon (TC) and total nitrogen (TN) contents of the treatments.
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	Treatments
	TC (mg g−1)
	TN (mg g−1)





	Soil
	1.81 ± 0.13 f
	0.21 ± 0.002 d



	Feedstock
	681.12 ± 4.23 c
	2.93 ± 0.11 b



	Biochar
	729.35 ± 8.46 b
	3.28 ± 0.31 b



	Enriched biochar
	751.64 ± 4.29 a
	3.96 ± 0.16 a



	Soil + biochar
	11.69 ± 1.36 e
	0.64 ± 0.002 d



	Soil + enriched biochar
	18.57 ± 2.79 d
	0.81 ± 0.002 c



	CV (%)
	1.65
	0.02







The values are the means (n = 4) and values after the sign ± are the standard errors (SE). The different letters along the right side of SE show the significance at a 5% probability level (p < 0.05).
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Table 2. Influence of biochar amendments on the cumulative leaching losses of mineral contents during 60-days of the experiment.
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	S (mg g−1)
	SB (mg g−1)
	SEB (mg g−1)





	C
	2.41 ± 0.711
	2.11 ± 1.121
	1.86 ± 0.816



	N
	0.09 ± 0.002
	0.07 ± 0.002
	0.04 ± 0.001



	P
	0.06 ± 0.005
	0.06 ± 0.004
	0.04 ± 0.003



	K
	0.20 ± 0.004
	0.15 ± 0.006
	0.11 ± 0.002



	Na
	2.01 ± 0.601
	2.21 ± 0.414
	1.86 ± 0.216



	Ca
	0.51 ± 0.812
	0.59 ± 0.05
	0.41 ± 0.614



	Mg
	0.18 ± 0.001
	0.21 ± 0.001
	0.16 ± 0.002



	CV (%)
	0.82
	0.66
	0.31







The values are the means (n = 4) and values after the sign ± are the standard errors (SE). Abbreviation; S, soil; SB, soil + biochar; SEB, soil + enriched biochar.
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Table 3. Effects of soil amendments on growth and yield, soil properties, and nutrient uptake in wheat plants.
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	SFS
	SUFC
	SFC
	SB
	SEB
	CV (%)





	pH
	7.41 ± 0.61 d
	8.12 ± 0.88 a
	7.98 ± 0.91 c
	7.68 ± 0.69 bc
	6.91 ± 0.94 e
	1.21



	Organic matter (%)
	0.53 ± 0.06 c
	0.43 ± 0.06 d
	0.55 ± 0.10 c
	0.62 ± 0.05 b
	0.73 ± 0.07 a
	1.48



	Plant height (cm)
	95.11 ± 3.18 c
	67.67 ± 3.54 d
	96.91 ± 2.24 c
	101.34 ± 3.06 b
	126.34 ± 2.52 a
	8.79



	Leaf area index
	4.08 ± 0.22 c
	3.07 ± 0.26 d
	4.01 ± 0.14 c
	4.31 ± 0.11 b
	4.72 ± 0.16 a
	8.46



	Fresh biomass yield (g pot−1)
	194.48 ± 5.02 c
	144.45 ± 9.17 d
	202.05 ± 5.74 bc
	210.67 ± 7.47 b
	240.14 ± 6.36 a
	12.39



	Dry matter yield (g pot −1)
	50.38 ± 3.78 c
	31.24± 4.36 d
	54.89 ± 4.69 c
	60.10 ± 5.37 b
	68.06 ± 2.48 a
	10.38



	Relative water contents (%)
	70.45 ± 4.15 c
	62.25± 7.69 d
	76.74± 4.21 c
	82.56± 7.39 b
	90.69± 10.10 a
	12.36



	N (mg pot−1)
	366.03 ± 3.81 c
	161.15 ± 28.91 e
	302.61 ± 23.81 d
	212.14 ± 32.61 b
	412.78 ± 65.31 a
	14.56



	P (mg pot−1)
	23.74 ± 3.45 bc
	3.45 ± 0.14 e
	16.69 ± 1.15 d
	21.48 ± 0.96 c
	28.69 ± 1.23 a
	10.36



	K (mg pot−1)
	155.69 ± 16.79 bc
	31.69 ± 2.45 d
	131.94 ± 9.47 c
	186.21 ± 11.69 b
	231.56 ± 16.89 a
	9.11



	Ca (mg pot−1)
	81.69 ± 2.48 b
	11.59 ± 2.71 d
	51.48 ± 3.49 c
	91.78 ± 2.57 b
	111.23 ± 3.48 a
	10.01



	Mg (mg pot−1)
	26.96 ± 2.58 d
	6.49 ± 0.99 e
	33.14 ± 1.68 cd
	41.69 ± 3.14 b
	61.79 ± 2.41 a
	12.46



	Zn (mg pot−1)
	61.05 ± 4.56 bc
	11.69 ± 1.79 d
	58.79 ± 2.48 c
	55.37 ± 1.89 c
	78.36 ± 3.48 a
	8.67







The values are the means of four replications (n = 4). The different letters along the right side of SE show the significance at a 5% probability level (p < 0.05). Where SFS = soil + feedstock, SUFC = soil + unfertilized control, SFC = soil+ fertilizer control, SB = soil+ biochar, and SEB = soil + enriched biochar.
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Table 4. Effects of soil amendments on soil enzyme activities after the crop harvesting.






Table 4. Effects of soil amendments on soil enzyme activities after the crop harvesting.





	Treatments
	βGS
	APH
	CL
	DHG
	PHE
	UE





	SF
	1.91 ± 0.28 c
	21.69 ± 2.01 d
	0.28 ± 0.02 c
	0.21 ± 0.01 d
	1.19 ± 0.14 b
	1.33 ± 0.31 c



	SUFC
	0.98 ± 0.01 d
	11.69 ± 1.55 e
	0.11 ± 0.03 d
	0.18 ± 0.02 d
	1.05 ± 0.22 c
	1.01 ± 0.11 d



	SF
	2.41 ± 0.61 c
	28.79 ± 1.89 c
	0.37 ± 0.01 c
	0.44 ± 0.01 c
	1.24 ± 0.24 b
	1.58 ± 0.03 c



	SB
	3.01 ± 0.34 b
	31.58 ± 3.14 b
	0.66 ± 0.02 b
	0.58 ± 0.01 b
	1.44 ± 0.11 a
	2.06 ± 0.02 b



	SEB
	3.91 ± 0.11 a
	34.78 ± 4.26 a
	0.81 ± 0.02 a
	0.66 ± 0.01 a
	1.68 ± 0.41 a
	2.91 ± 0.01 a



	CV(%)
	0.76
	2.61
	0.11
	0.09
	0.13
	0.37







The different letters along the right side of SE show the significance at a 5% probability level (p < 0.05). Where SFS = soil + feedstock, SUFC = soil + unfertilized control, SFC = soil + fertilizer control, SB = soil + biochar, and SEB = soil + enriched biochar. βGS, β-glucosidase (mol PNF g−1 h−1); APH, acid phosphate (µg p-NP g−1 24 h−1); CL, catalase (Vol. of KMNO4 g−1 soil); DHG, dehydrogenase (µg TFP g−1 h−1); UE, Urease (µgN-NH4 kg−1 h−1).
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Table 5. Effects of soil amendments on soil chemical, soil microbial biomass, and soil physical properties.
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	TC (%)
	TN (%)
	MBC (µg g−1)
	MBN (µg g−1)
	SBD (mg m−3)
	SPD (%)





	SF
	0.88 ± 0.35 c
	0.21 ± 0.03 d
	191 ± 8.91 d
	68 ± 1.05 c
	1.30 ± 0.15 c
	40.67 ± 4.51 c



	SUFC
	0.51 ± 0.03 d
	0.11 ± 0.11 e
	141 ± 6.48 e
	31 ± 3.47 d
	1.42 ± 0.05 a
	47.23 ± 6.11 a



	SFC
	1.01 ± 0.13 c
	0.28 ± 0.09 c
	221 ± 4.56 c
	92 ± 1.26 b
	1.36 ± 0.05 b
	43.31 ± 4.04 b



	SB
	1.26 ± 0.05 b
	0.36 ± 0.11 b
	251 ± 3.11 b
	101 ± 4.11 b
	1.31 ± 0.10 c
	39.67 ± 4.51 c



	SEB
	1.41 ± 0.08 a
	0.45 ± 0.31 a
	286 ± 6.78 a
	131 ± 5.32 a
	1.14 ± 0.07 d
	38.33 ± 3.06 d



	CV (%)
	0.06
	0.08
	13.45
	11.89
	0.03
	9.78







Mean values within each column sharing the same letters are not significantly different from each other (p = 0.05). The values are the means of four replications. The abbreviations are TC, total carbon; TN, total nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; SBD, soil bulk density and SPD, soil porosity (%). Where SFS = soil + feedstock, SUFC = soil + unfertilized control, SFC = soil + fertilizer control, SB = soil + biochar, and SEB = soil + enriched biochar.
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Table 6. Effects of soil amendments on the nutritional status of the wheat plant.
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Macronutrients (mg kg−1 DW)

	
Micronutrients (mg kg−1 DW)




	

	
N

	
P

	
K

	
Mg

	
Ca

	
Fe

	
Mn

	
Cu

	
Zn






	
SF

	
6.21 ± 0.91 d

	
2.01± 0.61 c

	
1.71 ± 0.63 d

	
1.41 ± 0.14 c

	
1.91 ± 0.79 d

	
11.89 ± 1.45 c

	
2.89 ± 0.63 d

	
1.21 ± 0.31

	
16.78 ± 2.36 c




	
SUFC

	
2.01 ± 0.22 e

	
0.91 ± 0.12 d

	
0.81 ± 0.41 e

	
1.01 ± 0.48 d

	
1.0 ± 0.326 e

	
6.48 ± 0.88 d

	
2.01 ± 0.33 e

	
1.01 ± 0.49 d

	
11.59 ± 1.02 d




	
SFC

	
8.12 ± 0.11 c

	
3.41 ± 0.64 b

	
2.66 ± 0.65 c

	
1.81 ± 0.36 b

	
1.97 ± 0.46 c

	
16.39 ± 1.23 b

	
3.46 ± 0.15 cd

	
1.53 ± 0.11 b

	
22.78 ± 0.88 b




	
SB

	
10.88 ± 1.23 b

	
3.89 ± 0.33 b

	
3.02 ± 0.74 bc

	
2.01 ± 0.49 b

	
2.01 ± 0.11 bc

	
19.36 ± 0.91 a

	
4.01 ± 0.45 b

	
1.73 ± 0.13 b

	
25.01 ± 0.36 a




	
SEB

	
12.18 ± 1.05 a

	
5.14 ± 0.18 a

	
4.11 ± 0.18 a

	
2.96 ± 0.51 a

	
2.34 ± 0.13 a

	
21.78 ± 2.13 a

	
5.11 ± 0.11 a

	
2.08 ± 0.31 a

	
26.78 ± 1.36 a




	
CV (%)

	
1.21

	
0.91

	
0.66

	
0.23

	
0.16

	
2.48

	
0.31

	
0.16

	
2.63








Mean values within each column sharing the same letters are not significantly differed from each other (p = 0.05). The values are the means of four replications. Where SFS = soil + feedstock, SUFC = soil + unfertilized control, SFC = soil + fertilizer control, SB = soil + biochar, and SEB = soil + enriched biochar.
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