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Abstract

:

Biochar (B) has shown promise in improving crop productivity. However, its interaction with inorganic nitrogen (N) in temperate soils is not well-studied. The objective of this paper was to compare the effect of fertilizer N-biochar-combinations (NBC) and N fertilizer (NF) on maize (Zea mays L.) grain yield, N uptake, and N use efficiency (NUE). Trials were conducted in 2018 and 2019 at Efaw and Lake Carl Blackwell (LCB) in Oklahoma, USA. A randomized complete block design with three replications and ten treatments consisting of 50, 100, and 150 kg N ha−1 and 5, 10, and 15 Mg B ha−1 was used. At LCB, yield, N uptake, and NUE under NBC increased by 25%, 28%, and 46%, respectively compared to NF. At Efaw, yield, N uptake, and NUE decreased under NBC by 5%, 7%, and 19%, respectively, compared to NF. Generally, results showed a significant response to NBC at ≥10 Mg B ha−1. While results were inconsistent across locations, the significant response to NBC was evident at LCB with sandy loam soil but not Efaw with silty clay loam. Biochar application with inorganic N could improve N use and the yield of maize cultivated on sandy soils with poor physical and chemical properties.
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1. Introduction


Nitrogen (N) fertilizer management is one of the most challenging tasks for cereal farmers around the world with agronomic, economic, and/or environmental complexities [1,2]. The increasing rate of nitrous oxide and other greenhouse gas emissions to the atmosphere, as a result of fertilizer N application, has called for numerous approaches to decrease the threat to the environment [3]. Current campaigns and strategies are geared toward reducing the emissions of greenhouse gases from agricultural fields alongside increasing crop yield [4,5,6]. The production of biochar is presently seen as a noble approach to lock carbon in a more stable form that can last in soil for an extended period of time [7,8]. Biochar is a stable carbon-rich and highly porous material formed through pyrolysis of bio-based or organic materials [9,10]. Generally, it is referred to as “biomass-derived black carbon” or “charcoal” with potential to act as a sink for atmospheric carbon dioxide over an extended period of time [11]. Due to recent interest in its use as a soil amendment, some researchers have referred to it as “agrichar” or charcoal for agricultural use [12,13,14]. Apparently, large-scale commercial application of biochar as a soil amendment is still limited mainly because it is not a very profitable soil-improving practice [15]. Earlier laboratory and/or greenhouse studies on the importance of biochar as a soil amendment have “set the stage” for field investigations with highly variable and hard-to-control environmental conditions.



Biochar is reported to offer immediate benefits to farmers by improving soil physical and chemical properties [11]. These include, among others, water retention capacity, cation exchange capacity, and soil pH that ultimately contribute to improved soil fertility [5,16]. These benefits directly translate to increased crop biomass and grain yield. For instance, Jeffery et al. [17], in a quantitative review, reported a 10% mean increase in crop yield in fields with applied biochar. The authors noted that the crop yield increase varied majorly depending on the type of soil and the materials used as pyrolysis feedstock. However, Asai et al. [18], while complementing the benefits of biochar as a soil amendment, noted that optimum crop grain yield can be achieved through application of biochar in combination with inorganic fertilizers. This is true, especially as N is always limited within the biochar fraction. Research conducted in the central great plain of China recorded increases in maize (Zea mays L.) grain yield of 8.8 and 12.1% when wheat straw biochar was applied at a rate of 20 and 40 Mg ha−1, respectively, in combination with a uniform rate of 300 kg N ha−1 [19]. In a four-year experiment, Major et al. [20] did not observe any significant yield increase within the first year when biochar was used as a sole source of soil amendment. At 20 Mg ha−1 of biochar, 20, 30, and 140% yield increases were observed in the second, third, and fourth years, respectively. The increases in crop yield have been generally attributed to improved soil fertilizer N uptake and N use efficiency (NUE). Omara et al. [21] recently estimated the NUE in cereal production to be low (35%). The low NUE is due to numerous loss pathways including leaching losses, run-off, volatilization, and denitrification among others. Biochar application to the soil is believed to greatly reduce N fertilizer loss because of its high sorption capacity [22]. In addition, biochar is also known to increase the anion exchange capacity of the soil due to the presence of pyridinium and oxonium groups, and the protonation of aromatic rings [23].



As much as biochar application to the soil contributes to crop grain yield increase, it is important to note that its ability to achieve the desired cereal crop grain yield in an intensive mono-cropping system is limited [18]. If biochar is a sole external crop nutrient source, one needs to apply unrealistically high rates to achieve certain desired yield levels. Some researchers have documented up to 100 Mg ha−1 of biochar application to obtain the desired optimum yield levels [17]. In the real world, no farmer will have time and resources to apply these rates while still expecting good returns on investments. Secondly, biochar is limited in the quality of nutrient content. The nature of the feedstock and pyrolysis parameters will largely dictate its plant nutrient status. Increasing process temperatures above 300 °C increases the availability of ash minerals like potassium, magnesium, and calcium, among others, while limiting volatile nutrients like nitrogen, chlorine, and sulfur within the biochar fraction [24,25]. Irrespective of pyrolysis conditions, and the type and nature of the feedstock, certain specific biochar properties responsible for improving crop productivity are compromised during its production. Hence, application of biochar alone as a soil amendment is not adequate to contribute to the improvement in crop production. Clare et al. [26] recommended that biochar research should shift away from on-farm production and application of pure biochar and toward a combined biochar-inorganic fertilizer product, as commercially produced biochar is uneconomical when used independently. In addition, use of pine-wood biochar as a soil amendment in temperate soils has not been widely investigated. Investigating different rates of fast-pyrolysis pine-wood biochar applied in combination with mineral fertilizer N could establish possible synergies from the two input sources. The objective of this study was to evaluate the effect of combined biochar-N fertilizer on maize grain yield, grain N uptake, and grain NUE.




2. Materials and Methods


2.1. Experimental Sites


Field trials were conducted for two years in the summer cropping season of 2018 and 2019 at two locations: Efaw Agronomy Research Station (36°08′12.6′′ N 97°06′25.8′′ W) and Lake Carl Blackwell research farm (36°08′58.0′′ N 97°17′19.3′′ W), all located near Stillwater, Oklahoma, USA. Efaw Agronomy Research Station is on an Ashport silty clay loam (fine-silty, mixed, superactive, thermic Fluventic Haplustoll) soil. Lake Carl Blackwell is situated on a Pulaski fine-sandy loam (coarse/loamy, mixed nonacid, thermic Udic Ustifluvent) soil [27]. Total rainfall and average air temperature at the experimental locations were computed for the maize growing period (April to September) using data obtained from The Oklahoma Mesonet, www.mesonet.org (Table 1). In addition, the 10 year-average (2008 to 2017) monthly rainfall and average temperature prior to the first year of the trial setup were compiled for both experimental sites.




2.2. Experimental Design


The study used a randomized complete block experimental design with three replications. The ten treatments used consisted of 3 levels of N fertilizers (50, 100, and 150 kg N ha−1) and three levels of biochar (5, 10, and 15 Mg B ha−1). Treatment 1 was a control; treatments 2, 3, and 4 consisted of 50, 100, and 150 kg N ha−1, respectively; treatment 5, 6, and 7 consisted of 5, 10, and 15 Mg B ha−1, respectively; treatment 8, 9, and 10 consisted of N-biochar-combinations 50, 100, and 150 kg N ha−1 and 5, 10, and 15 Mg B ha−1, respectively. Biochar was obtained from Wakefield Agricultural Carbon (Columbia, MO, USA), a USDA-certified biochar-producing company. Physical and chemical properties of the supplied soft wood (Southern Yellow Pine) biochar and the initial soil conditions are included in Table 2.



All the N and biochar treatments were applied prior to maize planting. Nitrogen was applied as urea ammonium nitrate—UAN (28:0:0). Following N application, biochar was surface-applied and incorporated into a 15 cm soil depth using a disc ripper. All N and biochar were applied pre-plant each year reported in this study. This incorporation ensured an in-depth mixing of the biochar-N fertilizer complex with soil materials for the respective treatment rates.




2.3. Experimental Management


Maize hybrid P1690AM (DuPont Pioneer, Johnston, IA, USA) was planted for all treatments with row and intra-row spacings of 0.76 and 0.17 m, respectively, using a John Deere MaxEmerge 2 Vacuum Planter (John Deere, Moline, IL, USA). Each plot consisted of four rows where the center 2 rows were harvested and the two outside were considered border rows. A uniform plot size for each treatment of 9 m2 was used across all replications and experimental sites. Post-emergence herbicide glyphosate was applied at a rate of 1.5 to 2 L as active ingredient and at 120 L ha−1 of solution, for each case depending on the weed pressure to suppress weed growth. At the V8 maize development stage, experimental plots were mechanically spot-weeded using a hand hoe.




2.4. Data Collection and Analysis


Maize grain was harvested from experimental plots at maturity using an 8-XP Kincaid Plot Combine (Kincaid, Haven, KS, USA). Grain yields were adjusted to 12.5% moisture content. Sub-samples, about ½ kg, were collected for each plot and dried in an oven at 65 °C for 48 h. Samples were ground to pass a 1 mm sieve size. Finely ground grain was achieved by rolling in a bottle with stainless-steel rods for 24 h before analysis for total N that was accomplished using dry combustion analysis [28]. A LECO Truspec CN dry combustion analyzer LECO CN628 (LECO Inc., St. Joseph, MI, USA) was used. In each case, 150 mg of the grain sample by treatment and replication was weighed, wrapped in aluminum foil, and combusted at 950 °C. Grain N uptake was determined by multiplying the percent grain N with the harvested grain yield according to Equation (1).


   Grain   N   uptake  =  Harvested   yield    ×  Percent   N   content   



(1)







Grain nitrogen use efficiency (NUE) was calculated according to Raun and Johnson [29]. The difference method was adopted as described by Equation (2).


  NUE =    Grain   N   uptake     (  fertilized  )  −  Grain   N   uptake     (  unfertilized  )     Total   fertilizer   N   applied      ×   100  



(2)








2.5. Statistical Analysis


The GLM procedure from the SAS package was used for analysis of variance [30]. For all response variables, the difference between treatment means from biochar (B), nitrogen-biochar combination (NBC), and nitrogen fertilizer (NF) was compared using single-degree-of-freedom orthogonal contrasts [31,32]. The standard error (SE) of means for each treatment and the coefficient of variation (CV) were used to indicate the precision of measurement and the extent of variability within and between groups, respectively. Charts, produced using MS Excel (2016), were used to show visual differences in percentage difference (PD) in all response variables between NBC and NF calculated according to Equation (3). A positive difference indicates an NBC advantage over NF while a negative difference indicates an NF advantage over NBC.


   PD    =   NBC − NF   NBC     ×   100  



(3)









3. Results


3.1. Maize Grain Yield


At Efaw, an analysis of variance for maize grain yield in 2018 showed an overall significant difference (p = 0.0023) between treatments (Table 3). However, differences between nitrogen-biochar-combination (NBC) and nitrogen fertilizer (NF) could not be established using orthogonal contrasts at each fertilizer rate. With N applied at 50 and 100 kg N ha−1, NBC increased the grain yield by 17 and 13%, respectively, when compared to the same rates under NF. At 150 kg N ha−1, grain yield was lower under NBC by 14% when compared to NF (Figure 1). Grain yield under both NBC and NF was significantly higher than observed at the control. The highest yield in 2018 of 7.3 Mg ha−1 was attained under NF at 150 kg N ha−1 and the lowest of 3.5 Mg ha−1 was obtained in the control plot with 0 kg N ha−1 and 0 kg biochar ha−1 applied.



In 2019, similar observations were made with an overall significant difference (p = 0.0124) in grain yield between treatments (Table 3). However, no difference could be established between NBC and NF using contrasts. At each fertilizer rate, NBC decreased the grain yield by 15, 14, and 19% at 50, 100, and 150 kg N ha−1, respectively (Figure 1). The grain yield under both NBC and NF was significantly higher than observed at the control. The highest yield in 2019 of 2.3 Mg ha−1 was harvested at 150 kg N ha−1 under NF while the lowest of 1.1 Mg ha−1 was achieved in the control plot. Overall, the observed grain yield in 2019 was lower than in 2018, and this is probably attributed to the water stress at the vegetative stage with up to 430 mm of rainfall in May of 2019 (Table 1). In addition, there was heavy precipitation with over 200 mm experienced in the month of August, which delayed harvest in 2019.



At the Lake Carl Blackwell (LCB) location, analysis of variance showed an overall significant difference (p < 0.0001) between treatments in 2018 (Table 3). Although contrasts did not result in observable differences (p = 0.327) between NBC and NF at 50 kg N ha−1, differences were observed at 100 kg N ha−1 (p = 0.0052) and 150 kg N ha−1 (p = 0.003). The differences at 100 and 150 kg N ha−1 correspond to yield benefits of 30 and 21%, respectively, under NBC compared to NF (Figure 1). While no significant difference was seen at 50 kg N ha−1, NBC still resulted in a yield advantage of 8% compared to NF. Generally, the yield increased with an increase in fertilizer rate where the highest of 5.0 Mg ha−1 was observed at 150 kg N ha−1 under NBC, while the least yield of 2.6 Mg ha−1 was harvested in the control plot and was significantly lower than observed under both NBC and NF.



In 2019, analysis of variance did not show an overall significant difference (p = 0.1264) in grain yield among treatments (Table 3). Contrast analysis did not show significant differences between NBC and NF at 50 kg N ha−1 (p = 0.4311) and 100 kg N ha−1 (p = 0.1544). However, a significant difference was observed at 150 kg N ha−1 (p = 0.0338). The observed differences correspond to yield benefits under an NBC of 21, 31, and 39% at 50, 100, and 150 kg N ha−1, respectively (Figure 1). As observed in 2018, grain yield increased with an increase in fertilizer rate where the highest yield of 2.2 Mg ha−1 was obtained at 150 kg N ha−1 under NBC. The lowest yield of 0.65 Mg ha−1 was obtained in the control plot and was significantly lower than the yield observed under both NBC and NF. Generally, yields at this location were lower in both years compared to Efaw. This is probably due to differences in soil type at the two locations.




3.2. Grain Nitrogen Uptake


At Efaw, an analysis of variance in 2018 for grain N uptake showed an overall significant difference (p = 0.0003) between treatments (Table 4). However, contrasts did not reveal significant differences between NBC and NF. Nonetheless, when compared to NF at 50 and 100 kg N ha−1, grain N uptake increased with NBC by 9 and 11%, respectively (Figure 2). Conversely, grain N uptake decreased by 23% at 150 kg N ha−1 under NBC compared to NF. The highest grain N uptake in 2018 of 102 kg ha−1 was attained under NF at 150 kg N ha−1 and the lowest of 41 kg ha−1 was obtained in the control plot.



The results in 2019 mirrored those of 2018 with an overall significant difference (p = 0.001) in grain N uptake between treatments (Table 4). At each fertilizer rate, the NBC decreased grain N uptake by 6, 23, and 12% at 50, 100, and 150 kg N ha−1, respectively (Figure 2). The highest grain N uptake of 30 kg ha−1 in 2019 was obtained at 150 kg N ha−1 under NF while the lowest of 12 kg ha−1 was achieved in the control plot and was significantly lower than observed under both NBC and NF. There was an overall low grain N uptake in 2019 compared to 2018, and this can be attributed to the low grain yield harvested in that year.



Analysis of variance at LCB showed an overall significant difference (p < 0.0001) in grain N uptake between treatments in 2018 (Table 4). Using contrasts, significant differences were observed at 100 kg N ha−1 (p = 0.0006) and 150 kg N ha−1 (p = 0.0016), and these correspond to a grain N uptake advantage under an NBC of 38 and 29%, respectively, compared to NF. Although no significant difference (p = 0.6927) was seen at 50 kg N ha−1, the observed benefits under NBC were 5% greater than those under NF (Figure 2). Generally, grain N uptake increased with the increase in fertilizer rate where the highest of 67 kg ha−1 was observed at 150 kg N ha−1 under NBC, while the least grain N uptake of 28 kg ha−1 was obtained at the control plot.



In 2019, an overall significant difference (p = 0.0395) in grain N uptake was seen between treatments (Table 4). The contrast between NBC and NF in 2019 also showed significant differences at 100 kg N ha−1 (p = 0.0258) and 150 kg N ha−1 (p = 0.0071). The observed differences corresponded to a grain N uptake advantage under NBC of 45 and 46% at 100 and 150 kg N ha−1, respectively (Figure 2). Although no significant difference was seen at 50 kg N ha−1 (p = 0.8195), the NBC advantage over NF was still evident with 6% grain N uptake. Like in 2018, grain N uptake increased with an increase in fertilizer rate where the highest of 28 kg ha−1 was obtained at 150 kg N ha−1 under NBC, while the lowest N uptake of 7 kg ha−1 was observed in the control plot. Generally, the grain N uptake at this location was lower in both years compared to Efaw.




3.3. Grain Nitrogen Use Efficiency


The analysis of variance for the experiment conducted at Efaw in 2018 did not show a significant difference (p = 0.07) in nitrogen use efficiency (NUE) between treatments (Table 5). At each fertilizer rate, the difference between NBC and NF showed a higher NUE under NBC compared to NF at 50 and 100 kg N ha−1 by 12 and 9%, respectively. However, NUE at 150 kg N ha−1 was lower under NBC by 13% compared to NF (Figure 3). The highest NUE of 59% was observed under NBC at 50 kg N ha−1 while the lowest of 28% was also observed under NBC at 150 kg N ha−1. This trend was expected as the absorption and utilization efficiency decrease with fertilizer rate.



Results for the 2019 experiment mirrored those of 2018 where no significant difference (p = 0.85) was observed between treatments (Table 5). At each fertilizer rate, the difference showed that NUE was higher under NF than NBC by 2, 4, and 2% at 50, 100, and 150 kg N ha−1, respectively (Figure 3). No trend for an increase in NUE with fertilizer rate was seen under both NBC and NF. The highest NUE of 12% was observed under NF at 150 kg N ha−1 while the lowest of 7% was observed under NBC at 100 kg N ha−1.



At LCB, results for 2018 showed an overall significant difference (p = 0.0105) in NUE between treatments (Table 5). Contrast analysis showed significant differences between NBC and NF at 100 kg N ha−1 (p = 0.0012) and 150 kg N ha−1 (p = 0.0298). The percentage difference between NBC and NF corresponded to a 22 and 13% higher NUE under NBC compared to NF at 100 and 150 kg N ha−1, respectively. At 50 kg N ha−1, no significant difference (p = 0.4768) was observed but NBC still had a NUE 4% higher than observed under NF (Figure 3). Nitrogen use efficiency was highest (32%) under NBC at 100 kg N ha−1, while the lowest (10%) was also observed at 100 kg N ha−1 under NF.



Results for the 2019 experiment were similar to those of 2018 where analysis of variance showed an overall significant difference (p = 0.0034) in NUE between treatments (Table 5). At each N rate, contrast analysis did not show a significant difference (p = 0.5282) between NUE under NBC and NF at 50 kg N ha−1. However, NBC still had a higher NUE than NF by 1%. Significant differences were observed between NBC and NF at 100 kg N ha−1 (p = 0.0041) and 150 kg N ha−1 (p = 0.0109). The percentage difference between NBC and NF showed a higher NUE under NBC than observed under NF by 10 and 8% at 100 and 150 kg N ha−1, respectively (Figure 3). There was a general trend for NUE to decrease as the N rate was increased under both NBC and NF. This would be expected as the uptake and utilization efficiency reduce with N fertilizer rate. The highest NUE (17%) was observed under NBC at 50 kg N ha−1, while the lowest (6%) was observed under NF at both 100 and 150 kg N ha−1.





4. Discussion


4.1. Maize Grain Yield


The results from this study demonstrate the significant effect of applying a combination of biochar and inorganic nitrogen fertilizer on maize grain yield. However, the yield advantage consequential to the addition of biochar was not consistent across experimental locations. Several reports have documented positive and negative effects of biochar addition on maize grain yield [20,33,34,35]. The disparities in results of the maize grain yield response to biochar addition are attributed to different application rates, soil characteristics, biochar feedstock, and process parameters. For instance, in a greenhouse study, Uzoma et al. [34] observed up to a 150% increase in maize grain yield with 15 Mg ha−1 of cow-manure biochar. Averaged over sites and years, biochar addition in this study led to a 9.8% increase in maize grain yield. A grain yield advantage under biochar amendment was seen with 10 and 15 Mg ha−1 of biochar in combination with 100 and 150 kg N ha−1, respectively, and was more pronounced in a comparatively low-yielding environment (LCB) dominated by sand. This was probably due to the improvement in soil chemical properties such as soil organic carbon and cation exchange capacity that eventually contribute to plant nutrient retention. Agegnehu et al. [35] concluded that the increase in maize grain yield following biochar application was due to improvement in soil nutrient and organic carbon content. The researchers observed that maize grain yield was significantly correlated with soil nutrients. In the same light, Cornelissen et al. [36] found that the base saturation increased by over 50% as a result of the addition of biochar and that impacted maize grain yield. Furthermore, observations by Major et al. [20], who documented 77–320% more available Ca and Mg in the biochar-amended soil, support that increased maize grain yield is due to better nutrient uptake. Therefore, it is probable that the maize grain yield increase from biochar addition in this study was associated with improved soil chemical properties. In addition to enhancing plant nutrients, some authors attribute the increase in crop yield from biochar addition to its ability to raise soil pH, which has an indirect effect on crop nutrient availability [37,38,39]. Such indirect increases in plant nutrients are related to the reduction in toxic Al3+ availability. Although no evidence is presented here to demonstrate the detrimental effect of low pH on maize grain yield in the study sites, biochar significantly increased pH by nearly 0.5 units. However, it is considered unlikely that the observed increase in yield was due to an increase in soil pH following biochar amendment. Besides, similar increases in pH were observed at the site that did not show a significant response in maize yield to biochar addition.




4.2. Grain Nitrogen Uptake


Maize grain N uptake in this study significantly increased after biochar addition. Like those observed with grain yield, these increases were not consistent across experimental sites. Averaged over sites and years, biochar amendments resulted in a 10.3% increase in grain N uptake. This is similar to reports by several authors that documented a positive impact of biochar application on grain N uptake [40,41,42,43]. The improved grain N uptake in this study could have been a result of the positive impact of biochar on the retention of both soil and applied N. In addition to increased N retention in the soil, Zheng et al. [44] added that biochar soil amendment can improve N bioavailability within the soil system. Huang et al. [42] reported that biochar soil amendment resulted in a 25% increase in fertilizer N uptake. The authors measured fertilizer loss and established that biochar addition reduced fertilizer loss by 9.5%. Using just 2.6 Mg ha−1 of biochar pyrolyzed at 300 °C, Rajkovich et al. [41] reported a maize N uptake of 15% under biochar treatment compared to the fully fertilized control. The authors observed a higher N uptake (15%) with just 2.6 Mg ha−1 of biochar than in the current study (10%) probably because their study was conducted under a controlled environment. Therefore, the significant impact of the addition of biochar on grain N uptake in this study is attributed to the improvement in N retention within the soil system similar to findings by other authors. Generally, grain N uptake in 2019 was lower than that observed in 2018, and this is probably attributed to the water stress during the vegetative stage with up to 430 mm of rainfall in May. In addition, the high rainfall could have influenced leaching losses of nitrate leading to low N uptake in 2019.




4.3. Grain Nitrogen Use Efficiency


The positive influence of NUE following biochar soil amendment was not consistent across experimental locations like the observation for grain yield and N uptake. Averaged across sites and years, applying biochar in combination with inorganic N improved NUE by 13.5%. This positive influence of biochar soil amendment on NUE is consistent with reports from several authors [13,44,45,46]. With the premise that increased N retention or decreased N loss with biochar soil amendment enhances crop N uptake, NUE would be expected to improve under such condition. Zheng et al. [44] offered a similar interpretation that increased NUE under biochar soil amendment is credited to the reduction in N leaching and increased N retention. Furthermore, linking improved crop N uptake to increased N bioavailability, as asserted by Zheng et al. [44], suggests adequate justification for improved NUE under biochar soil amendment. Yao et al. [13] expounded that the increased retention of N is attributed to the high sorption capacity of biochar. This offers good agronomic and environmental benefits such as reduced demand of fertilizer for maize growth. Therefore, evidence from the study to support the improvement in NUE under biochar soil amendment is likened to that in the scientific literature.





5. Conclusions


This study examined possible synergistic relationships between biochar and inorganic N fertilizer while trying to optimize maize grain yield, grain N uptake, and NUE under field conditions. Results averaged across experimental sites, N rate, and years showed a positive effect of application of biochar in combination with inorganic N fertilizer as compared to inorganic N as a sole input. This combination increased maize grain yield, grain N uptake, and NUE by 10%, 11%, and 14%, respectively. The positive result was only observed at the LCB site with sandy loam soil at ≥10 Mg B ha−1. Therefore, it is evident from this study that application of biochar in combination with inorganic N vis-a-vis the latter as a sole input could improve N retention, N uptake, and yield of maize cultivated on sandy soils with poor physical and chemical properties. Farmers cultivating small acreages with high proportions of sand could take advantage of the by-product of gasification of pinewood to sustain nutrient use and improve maize yield by applying 15 Mg B ha−1 with 150 kg N ha−1. As there was no biochar advantage on the silty clay loam soil, it is unclear if increasing the rate of biochar in the combination could lead to a significant effect on such soils. On fertile temperate soils, future research could use “designer biochar” with the right mix of feedstock, appropriate pyrolysis conditions, and at higher rates than used in this study.
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Figure 1. Percentage difference (PD) for maize grain yield between nitrogen-biochar combination (NBC) and nitrogen fertilizer (NF) in 2018 and 2019 at Efaw and Lake Carl Blackwell (LCB), Stillwater, Oklahoma, USA. Biochar rates were 5, 10, and 15 Mg ha−1 corresponding to application rates of 50, 100, and 150 kg N ha−1, respectively. Positive difference indicates NBC advantage over NF while negative difference indicates NF advantage over NBC. 
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Figure 2. Percentage difference (PD) for maize grain nitrogen uptake between nitrogen-biochar combination (NBC) and nitrogen fertilizer (NF) in 2018 and 2019 at Efaw and Lake Carl Blackwell (LCB), Stillwater, Oklahoma, USA. Biochar rates were 5, 10, and 15 Mg ha−1 corresponding to application rates of 50, 100, and 150 kg N ha−1, respectively. Positive difference indicates NBC advantage over NF while negative difference indicates NF advantage over NBC. 
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Figure 3. Percentage difference (PD) for nitrogen use efficiency between nitrogen-biochar combination (NBC) and nitrogen fertilizer (NF) in 2018 and 2019 at Efaw and Lake Carl Blackwell (LCB), Stillwater, Oklahoma, USA. Biochar rates were 5, 10, and 15 Mg ha−1 corresponding to application rates of 50, 100, and 150 kg N ha−1, respectively. Positive difference indicates NBC advantage over NF while negative difference indicates NF advantage over NBC. 
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Table 1. Total rainfall and average air temperature (April to September) in 2018 and 2019 at Lake Carl Blackwell (LCB) and Efaw Agronomy Research Station, Stillwater, Oklahoma.
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Month

	
Rainfall (mm)

	
Temperature (°C)




	
2018

	
2019

	
10 yr. avg *

	
2018

	
2019

	
10 yr. avg *






	

	

	

	
Stillwater

	

	

	




	
Apr

	
52.3

	
134.4

	
122.2

	
12.3

	
16.1

	
16.0




	
May

	
98.6

	
439.4

	
110.1

	
24.0

	
19.6

	
20.1




	
Jun

	
151.6

	
106.9

	
86.9

	
26.6

	
24.4

	
26.5




	
July

	
79.2

	
19.3

	
96.4

	
27.8

	
27.4

	
28.2




	
Aug

	
142.0

	
209.8

	
78.5

	
26.2

	
27.2

	
27.0




	

	

	

	
LCB

	

	

	




	
Apr

	
51.1

	
111.0

	
121.8

	
12.0

	
15.7

	
15.6




	
May

	
75.7

	
413.5

	
125.8

	
23.7

	
19.2

	
19.7




	
Jun

	
214.9

	
102.6

	
119.5

	
26.3

	
24.1

	
26.1




	
Jul

	
71.4

	
33.3

	
94.5

	
27.1

	
26.9

	
27.9




	
Aug

	
151.1

	
208.0

	
73.1

	
25.9

	
27.0

	
26.6




	
Sept

	
70.6

	
163.6

	
68.4

	
22.6

	
25.8

	
22.3








* 10 year average (2008–2017) prior to the first year of initiating experiment.













[image: Table] 





Table 2. Physical and chemical properties of soft wood (Southern Yellow Pine) biochar supplied by Wakefield Biochar, Columbia, Missouri; the initial soil chemical properties at Lake Carl Blackwell (LCB) and Efaw research sites, Stillwater, Oklahoma.
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Biochar/Site

	
pH

	
K

	
Ca

	
Mg

	
BD

	
TP

	
TN

	
TOC




	
mg kg−1

	
mg kg−1

	
mg kg−1

	
g cm−1

	
mg kg−1

	
g kg−1

	
g kg−1






	
Biochar

	
7.4

	
612

	
4128

	
1225

	
0.48

	
4.53

	
5.9

	
876.7




	
LCB

	
5.7

	
349

	
804

	
207

	
x

	
12

	
0.8

	
9.1




	
Efaw

	
5.6

	
153

	
1466

	
354

	
x

	
13

	
0.7

	
6.8








TP, Total phosphate; TN, Total nitrogen; TOC, Total organic carbon; BD, Bulk density; x, values not determined. Initial soil properties were determined prior to first-year biochar application.
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Table 3. Mean maize grain yield for treatments plus the associated contrasts between nitrogen fertilizer and biochar-nitrogen combinations at Efaw and LCB, Stillwater, Oklahoma, USA. 2018 and 2019.
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Treatment

	
N Rate (kg ha−1)

	
Biochar (Mg ha−1)

	
Grain Yield (Mg ha−1) at Efaw

	
Grain Yield (Mg ha−1) at LCB




	
2018

	
2019

	
2018

	
2019






	

	

	

	
mean

	
±S.E

	
mean

	
±S.E

	
mean

	
±S.E

	
mean

	
±S.E




	
1

	
0

	
0

	
3.48

	
0.74

	
1.08

	
0.04

	
2.59

	
0.15

	
0.65

	
0.21




	
2

	
50

	
0

	
4.76

	
0.32

	
1.59

	
0.22

	
3.18

	
0.06

	
1.09

	
0.3




	
3

	
100

	
0

	
5.84

	
0.51

	
1.88

	
0.21

	
3.55

	
0.21

	
1.18

	
0.27




	
4

	
150

	
0

	
7.3

	
0.5

	
2.29

	
0.28

	
3.95

	
0.07

	
1.34

	
0.2




	
5

	
0

	
5

	
3.51

	
0.28

	
1.4

	
0.2

	
3.25

	
0.06

	
1.4

	
0.42




	
6

	
0

	
10

	
3.62

	
0.09

	
1.65

	
0.31

	
3.49

	
0.11

	
1.05

	
0.56




	
7

	
0

	
15

	
3.85

	
0.95

	
1.13

	
0.16

	
4.18

	
0.09

	
1.08

	
0.22




	
8

	
50

	
5

	
5.71

	
0.69

	
1.39

	
0.09

	
3.46

	
0.2

	
1.38

	
0.24




	
9

	
100

	
10

	
6.68

	
1.12

	
1.65

	
0.13

	
4.49

	
0.34

	
1.72

	
0.23




	
10

	
150

	
15

	
6.43

	
0.76

	
1.92

	
0.24

	
4.97

	
0.14

	
2.19

	
0.25




	
Pr > F

	

	

	
0.0023

	

	
0.0124

	

	
<0.0001

	

	
0.1264

	




	
C.V, %

	

	

	
23.1

	

	
22

	

	
7.7

	

	
41

	




	
Contrasts

	

	

	
F

	
Pr > F

	
F

	
Pr > F

	
F

	
Pr > F

	
F

	
Pr > F




	
2 vs. 8

	

	

	
0.89

	
0.3649

	
0.5

	
0.4946

	
1.04

	
0.327

	
0.66

	
0.4311




	
3 vs. 9

	

	

	
0.69

	
0.4212

	
0.62

	
0.4449

	
11.59

	
0.0052

	
2.31

	
0.1544




	
4 vs. 10

	

	

	
0.75

	
0.402

	
1.58

	
0.2332

	
13.77

	
0.003

	
5.74

	
0.0338




	
2, 3, and 4 vs. 8, 9, and 10

	

	
0.27

	
0.6105

	
2.52

	
0.1384

	
22.07

	
0.0005

	
7.46

	
0.0182








C.V, Coefficient of variation between treatments; S.E, standard error for replicated means (±SE, n = 3). Nitrogen fertilizer was applied as urea ammonium nitrate—UAN (28:0:0). Biochar was applied immediately following UAN application and incorporated to a 15 cm depth.
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Table 4. Mean maize grain nitrogen (N) for treatments uptake plus the associated contrasts between N fertilizer and biochar-N combinations at Efaw and LCB, Stillwater, Oklahoma, USA. 2018 and 2019.
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Treatment

	
N Rate (kg ha−1)

	
Biochar (Mg ha−1)

	
Grain N Uptake (kg ha−1) at Efaw

	
Grain N Uptake (kg ha−1) at LCB




	
2018

	
2019

	
2018

	
2019






	

	

	

	
mean

	
±S.E

	
mean

	
±S.E

	
mean

	
±S.E

	
mean

	
±S.E




	
1

	
0

	
0

	
41.34

	
8.53

	
12.53

	
0.58

	
27.49

	
2.83

	
6.65

	
2.05




	
2

	
50

	
0

	
59.82

	
9.6

	
18.1

	
2.82

	
35.36

	
1.11

	
14.17

	
3.08




	
3

	
100

	
0

	
77.52

	
10.18

	
23.95

	
2

	
37.03

	
1.53

	
12.26

	
2.53




	
4

	
150

	
0

	
102.34

	
7.1

	
30.02

	
3.34

	
47.72

	
2.61

	
15.01

	
2.29




	
5

	
0

	
5

	
42.11

	
1.96

	
16.03

	
1.96

	
39.56

	
4.01

	
15.32

	
4.21




	
6

	
0

	
10

	
42.87

	
1.51

	
19.5

	
4.14

	
45.63

	
5.1

	
13.09

	
8.01




	
7

	
0

	
15

	
43.79

	
10.75

	
12.12

	
1.89

	
52.94

	
2.5

	
10.89

	
1.97




	
8

	
50

	
5

	
71.02

	
8.13

	
17.08

	
1.52

	
37.31

	
2.63

	
15.08

	
1.84




	
9

	
100

	
10

	
86.78

	
14.76

	
19.48

	
1.17

	
59.38

	
6.67

	
22.21

	
3.5




	
10

	
150

	
15

	
83.48

	
8.42

	
26.76

	
3.6

	
67.33

	
2.82

	
27.69

	
3.03




	
Pr > F

	

	

	
0.0003

	

	
0.001

	

	
<0.0001

	

	
0.0395

	




	
C.V, %

	

	

	
23.3

	

	
22.5

	

	
13.7

	

	
41.9

	




	
Contrasts

	

	

	
F

	
Pr > F

	
F

	
Pr > F

	
F

	
Pr > F

	
F

	
Pr > F




	
2 vs. 8

	

	

	
0.2

	
0.6646

	
0.08

	
0.7841

	
0.16

	
0.6927

	
0.05

	
0.8195




	
3 vs. 9

	

	

	
0.46

	
0.5124

	
1.51

	
0.2429

	
21.48

	
0.0006

	
6.47

	
0.0258




	
4 vs. 10

	

	

	
1.89

	
0.1947

	
0.8

	
0.3889

	
16.53

	
0.0016

	
10.49

	
0.0071




	
2, 3, and 4 vs. 8, 9, and 10

	

	
0.02

	
0.8859

	
1.92

	
0.1906

	
27.64

	
0.0002

	
12.06

	
0.0046








C.V, Coefficient of variation between treatments; S.E, standard error for replicated means (±SE, n = 3); Nitrogen fertilizer was applied as urea ammonium nitrate—UAN (28:0:0). Biochar was applied immediately following UAN and incorporated to a 15 cm depth.
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Table 5. Mean nitrogen use efficiency (NUE) for treatments plus the associated contrasts between N fertilizer and biochar-N combinations at Efaw and Lake Carl Blackwell, Stillwater, Oklahoma, USA. 2018 and 2019.
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Treatment

	
N Rate (kg ha−1)

	
Biochar (Mg ha−1)

	
Nitrogen Use Efficiency (%) at Efaw

	
Nitrogen Use Efficiency (%) at LCB




	
2018

	
2019

	
2018

	
2019






	

	

	

	
mean

	
±S.E

	
mean

	
±S.E

	
mean

	
±S.E

	
mean

	
±S.E




	
1

	
0

	
0

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
2

	
50

	
0

	
53.44

	
26.76

	
11.14

	
4.65

	
15.74

	
4.72

	
15.03

	
2.07




	
3

	
100

	
0

	
36.18

	
3.11

	
11.42

	
1.43

	
9.54

	
2.8

	
5.6

	
0.85




	
4

	
150

	
0

	
40.66

	
8.34

	
11.66

	
2.01

	
13.49

	
0.44

	
5.57

	
0.41




	
5

	
0

	
5

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
6

	
0

	
10

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
7

	
0

	
15

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
8

	
50

	
5

	
59.36

	
4.98

	
9.1

	
3.65

	
19.64

	
5.73

	
16.86

	
1.28




	
9

	
100

	
10

	
45.44

	
6.67

	
6.95

	
1.74

	
31.89

	
4.45

	
15.56

	
3.48




	
10

	
150

	
15

	
28.09

	
0.9

	
9.49

	
2.78

	
26.59

	
1.34

	
14.02

	
2.18




	
Pr > F

	

	

	
0.0707

	

	
0.8522

	

	
0.0105

	

	
0.0034

	




	
C.V, %

	

	

	
35.5

	

	
51.1

	

	
33.4

	

	
28.4

	




	
Contrasts

	

	

	
F

	
Pr > F

	
F

	
Pr > F

	
F

	
Pr > F

	
F

	
Pr > F




	
2 vs. 8

	

	

	
1.05

	
0.3268

	
0.24

	
0.6322

	
0.54

	
0.4768

	
0.42

	
0.5282




	
3 vs. 9

	

	

	
0.6

	
0.4525

	
1.16

	
0.3029

	
17.67

	
0.0012

	
12.54

	
0.0041




	
4 vs. 10

	

	

	
1.11

	
0.3131

	
0.27

	
0.611

	
6.07

	
0.0298

	
9.04

	
0.0109




	
2, 3, and 4 vs. 8, 9, and 10

	

	
0.19

	
0.6745

	
1.46

	
0.2508

	
18.26

	
0.0011

	
17.27

	
0.0013








C.V, Coefficient of variation between treatments; S.E, standard error for replicated means (±SE, n = 3); x, missing NUE value from plots with no fertilizer N applied. Nitrogen fertilizer was applied as urea ammonium nitrate—UAN (28:0:0). Biochar was applied immediately following UAN and incorporated to a depth of 15 cm.
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