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Abstract

:

The irrational use of nitrogen (N) fertilizer has become a major threat to soil quality and food security, resulting in serious ecological and environmental problems. Holistic approaches to N fertilizer application are required to maintain a high N utilization efficiency (NUE) and sustainable agriculture development. Biochar is an efficient carbon-rich material for amending soil quality and promoting crop N uptake, but knowledge pertaining to the promoting effects of biochar application on N fertilizers is still limited. In this study, a field plot experiment was designed to detect the combined effects of biochar (0, 15 and 30 t ha−1) and N fertilizer (204, 240 and 276 kg N ha−1) on the soil nutrient levels, NUE, plant growth performance and crop production of maize. The results demonstrated that the combined application of N fertilizer and biochar can significantly decrease the soil pH and increase the contents of soil organic carbon, mineral N, available phosphorus and potassium. The crop N uptake and N content were largely promoted by the addition of N fertilizer and biochar, resulting in higher leaf photosynthetic efficiency, dry matter accumulation and grain yields. The highest yields (14,928 kg ha−1) were achieved using 276 kg N ha−1 N fertilizer in combination with 15 t ha−1 biochar, and the highest NUE value (46.3%) was reached with 204 kg N ha−1 N of fertilizer blended with 30 t ha−1 of biochar. According to structural equation modeling, the beneficial effects of N fertilizer and biochar on the plant biomass of maize were attributed to the direct effects related to soil chemical properties and plant growth parameters. In conclusion, N fertilizer combined with biochar application is an effective strategy to enhance the utilization of N fertilizer and crop production for maize by increasing soil fertility, improving plant crop uptake and promoting plant growth.
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1. Introduction


Nitrogen (N) is one of the most indispensable nutrients for plant growth and crop productivity due to its unique role in plant genetic and metabolic processes [1,2]. Up until now, various forms of N fertilizers (e.g., urea, ammonium nitrogen and nitrate nitrogen) have been applied to farmlands to satisfy the high crop demands for N. Although sufficient N fertilizer application can meet the increasing demand of plants [3], the applied fertilizers that can be consumed by plants are less than 50% [4]. Studies have shown that as much as 50–70% of fertilizer N is lost from agricultural systems [5], resulting in a series of ecological and environmental problems [6], such as soil acidification [7], biodiversity reduction [8], water eutrophication [9] and nitrogenous gas emissions [10]. Additionally, the excessive application of N fertilizer and a high loss of N may cause a low N use efficiency (NUE) [11]. It has been reported that the NUE of conventional mineral N fertilizers is only 30–40% [12]. To enhance NUE and decrease the threats to plant health due to improper N fertilizer addition, sustainable agricultural approaches, such as optimizing the N fertilizer application rate, adding slow-releasing N fertilizer and using organic amendments need to be developed [13].



As a carbonaceous material produced via the pyrolysis of organic substances under anaerobic conditions [14], biochar has been widely utilized to amend soil quality [15], promote nutrient uptake [16], remediate organic and inorganic contaminants [17,18], alleviate the adverse effects of environmental stresses [19,20] and improve crop yields [21]. The combined application of N fertilizer and biochar has received considerable attention for its distinct advantages in increasing soil N content and enhancing NUE [22]. The mechanisms by which biochar promotes soil N retention capacity and prevents N loss are presented as follows: (i) a source of N nutrient release from the applied biochar [23]; (ii) improved electrostatic adsorption and retention of NH4+−N due to biochar’s high cation exchange capacity (CEC), rich pores, large surface areas and negatively charged surface [24]; (iii) reduced leaching of NO3−−N due to increased soil water holding capacity and reduced soil moisture infiltration [25]; (iv) inhibited volatilization of N2O and NH3 by suppressing the enzyme activities of urease, nitrate reductase and nitrite reductase and the microbial activity of denitrifying bacteria [26]; and (v) increased N immobilization of soil microorganisms by providing labile carbon and a life habitat [27]. The advantages of biochar for N adsorption and retention prevent N losses through volatilization and leaching, causing the gradual release of N for plant uptake and use [28] and resulting in high NUE and crop yields [29]. A recent meta-analysis showed that biochar application enhances NUE by 12.0% and rice yields by 10.7% [30]. Similarly, studies on wheat [31], maize [32], soybean [33] and barley [34] have also revealed the beneficial effects of biochar on the improvement of N fertilizer utilization and crop productivity.



Although studies have demonstrated that treating soil with a combination of N fertilizer and biochar is a useful approach for enhancing soil quality and N available for plants [35,36], the effects are not always consistent [37]. For example, meta-analysis results from 124 published articles pointed out that the addition of biochar has an adverse effect on soil N retention and reduces the contents of available N by 11–12% [38]. In a 6-year field experiment, the application of biochar at 3.0 ton ha−1 per year caused a 10.5% decrease in rice yields due to lower soil available N content and poor soil structure [39]. The contrasting results depended on the soil type and initial nutrient levels, N fertilizer application rate, biochar feedstock, pyrolysis temperature and application rate [40]. Thus, optimizing N fertilizer and biochar application and management practices is important for crop production and environmental safety. This study was conducted on maize to (i) detect the potential effects of biochar on soil retention; (ii) investigate the improving effects of N fertilizer combined with biochar on maize yield, N uptake and NUE; and (iii) explore the optimal biochar and N fertilizer application rate for the cultivation of maize. Our findings will be helpful for formulating effective and sustainable management policies for N fertilizer and biochar use in agricultural production.




2. Materials and Methods


2.1. Experimental Site and Material Preparation


The plot experiments were conducted on farmland (36°10′ N, 117°08′ E) located in Tai’an City, Shandong Province, China. The experimental site has a warm, subtropical climate with four distinct seasons. The annual average temperature and precipitation are approximately 9 °C and 697 mm, respectively. The soil is classified as an Alfisol. The physio-chemical properties of soil before the start of experiment are shown in Table 1.



Maize seeds (c.v. Jinyu No. 1) were purchased from a local market. Biochar was produced from the pyrolysis of corn straw at 500 °C for 2 h under oxygen-limited conditions. The biochar morphology and surface functional groups are presented in Figures S1 and S2 and the physio-chemical properties are given in Table 1. The biochar was ground into powder and filtered through a 2 mm sieve before being applied to the soil.




2.2. Experimental Design


The field experiment consisted of 40 plots arranged as a complete randomized block design. Ten treatments, including N0BC0 (no N fertilization or biochar input), N1BC0 (N fertilization at 204 kg N ha−1, no biochar input), N1BC15 (N fertilization at 204 kg N ha−1, biochar at 15 ton ha−1), N1BC30 (N fertilization at 204 kg N ha−1, biochar at 30 ton ha−1), N2BC0 (N fertilization at 240 kg N ha−1, no biochar input), N2BC15 (N fertilization at 240 kg N ha−1, biochar at 15 ton ha−1), N2BC30 (N fertilization at 240 kg N ha−1, biochar at 30 ton ha−1), N3BC0 (N fertilization at 276 kg N ha−1, no biochar input), N3BC15 (N fertilization at 276 kg N ha−1, biochar at 15 ton ha−1), and N3BC30 (N fertilization at 276 kg N ha−1, biochar at 30 ton ha−1), were designed. Each treatment was repeated four times. An application rate for N fertilization of 240 kg N ha−1 is most conventionally utilized by local farmers. Superphosphate and potassium sulphate fertilizers were utilized to avoid nutrient deficiency, and the application rates were 150 kg P2O5 ha−1 and 75 kg K2O ha−1, respectively. The area of each plot was 21 m2 (5.0 m × 4.2 m), and the plots were spaced 0.5 m apart. The plant population of maize was maintained at 65,000 ha−1. The daily mean temperature and daily precipitation during the period of maize growth are shown in Figure S3.




2.3. Soil and Plant Sampling


In the harvest stage of maize, the plants were harvested, washed with deionized water and divided into roots, stems, leaves and spikes. Then, these fresh plant tissues were oven-dried at 105 °C for 30 min followed by 75 °C for 2 days to obtain a constant weight. After the dry weight (DW) was recorded, these dried plant tissues were ground in a pulverizer and sieved through a 2.5 mm sieve to determine the plant N content. Five soil samples were collected from each plot at the 0–20 cm soil depth, thoroughly mixed, sieved through a 0.15 mm sieve and divided into two parts. The first part was air-dried to determine soil pH and the contents of soil organic carbon (SOC), AP and AK. The second part were stored at −20 °C to determine the contents of mineral N (MN).




2.4. Soil Chemical Analysis


Soil pH was measured in deionized water at a soil:water ratio of 1:5 with a pH meter (PHSJ−3F, Leizi, Shanghai, China). The SOC was determined using the K2Cr2O7-volumetric method described by Olmo et al. [41]. The Olsen method was selected to measure AP [42], while AK was measured using flame emission spectrometry [43]. Fresh soil samples were extracted with 1 M KCl to determine MN using the protocol described by Arnold et al. [44].




2.5. Plant Growth Parameters, Yield and Nitrogen Contents


Before plants were harvested, four plants were randomly selected in each plot to conduct the measurements of plant height (PH) using a ruler with 1.0 mm accuracy. Leaf area (LA) was measured using a leaf area meter (LI-3100, LI-COR, Lincon, NE, USA). Specific leaf area (SLA) was calculated by determining the ratio of LA to leaf dry mass [45]. The measurements of leaf SPAD values and gas exchange parameters were conducted at the flowering stage of maize. A portable SPAD-502 Chlorophyll Metre (SPAD-502, Minolta, Japan) was applied to the leaf Chl measurements. A CIRAS-3 portable photosynthesis system (PP-systems International, Hitchin, Hertfordshire, UK) was used to conduct the measurements of the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), transpiration rate (Tr) and water use efficiency (WUE). The determination of maize grain yield in each plot was conducted when the grain moisture content reached 12% according to Likhayo et al. [46]. The grains per ear and 100-grain weights were recorded. The obtained grains were weighed and expressed as kg ha−1. The dried samples of maize were digested in a H2SO4 and H2O2 mixture, and then, the total N content in the root (RN), stem (SN), leaf (LN) and grain (GN) were analyzed using a continuous flow auto-analyzer (AAIII, SEAL Analytical, Norderstedt, Germany).




2.6. Statistical Analysis


The mean with standard deviation (± SD) is shown for each treatment. SPSS 22.0 software (IBM, Chicago, IL, USA) was employed to conduct the two-way ANOVA, and Duncan’s multiple test was selected for multiple comparisons. Principal component analysis (PCA) was conducted using Origin 2021 software (Origin Lab, Northampton, MA, USA). A 3D color map graph, which set the N fertilizer application rate as the x-axis, biochar application rate as the y-axis and grain yield of maize as the z-axis, was generated using Origin 2021 software. Correlation analysis, expressed as a heatmap, was carried out using the R program. SmartPLS 3.0 software was applied for building structural equation modeling (SEM) to evaluate the potential effects of biochar and N fertilizer on soil quality, NUE, plant growth and maize crop production.



The following formulas described by Arif et al. [47] were applied to calculate the NUE:


   Plant   N   untake     (     kg   ha    − 1    )  =    Plant   N   content     (     kg   ha    − 1    )  ×  Plantdryweight     (     kg   ha    − 1    )    1000    



(1)






  NUE =    N   uptake   in   fertilized   plot     (     kg   ha    − 1    )  −  N   uptake   in   control   plot     (     kg   ha    − 1    )     Total   N   applied     (     kg   ha    − 1    )     



(2)









3. Results


3.1. Soil pH and Nutrients


The changes in soil pH, SOC, MN, AP and AK in the different N fertilizer and biochar treatment groups are shown in Table 2. Under the same N fertilizer application conditions, 0.01–0.07 units of soil pH were increased with the addition of biochar. However, the application of N fertilizer caused a significant decrease in soil pH. Under different biochar application conditions, compared to that with the N1 treatment, the soil pH decreased by 0.05–0.07 units with the N2 treatment and by 0.14–0.19 units with the N3 treatment. The addition of N fertilizer and biochar remarkably improved the contents of SOC, MN, AP and AK. Compared to those in the N1BC0 treatment group, the contents of SOC, MN, AP and AK increased by 5.7~57.1%, 49.6~112.2%, 1.3~8.5% and 0.6~20.8%, respectively, in the other N fertilizer and biochar treatment groups. Compared to those with the N3BC0 and N3BC15 treatments, the contents of SOC, MN, AP and AK were markedly reduced with the N3BC30 treatment. Based on the results of two-way ANOVA, the soil pH and four nutrients were significantly affected (p < 0.01) by different N fertilizer or biochar treatments. The interactive effect of the N fertilizer treatments and biochar treatments on pH and AP was not significant (p > 0.05), while it had a notable effect (p < 0.01) on SOC, MN and AK.




3.2. Plant Nitrogen Contents


The total N contents in the roots, leaves, stems and grains of maize in the different N fertilizer and biochar treatment groups are shown in Table 3. The RN, LN, SN and GN were enhanced by the application of N fertilizer and increased with an increasing application rate. However, under the same N fertilizer application-rate conditions, the effects of different biochar treatments on the plant N contents were varied. At 204 kg N ha−1 (N1) and 240 kg N ha−1 (N2), compared to those with BC0, the RN, LN, SN and GN were increased by 6.2–17.8%, 3.4–15.9%, 14.1–25.0% and 9.1–18.9% with BC15 and BC30, respectively. At 276 kg N ha−1 (N3), the LN and SN in the three biochar treatment groups showed no significant differences. For RN and GN, there were no remarkable differences among BC0, BC15 and BC30. Among all N fertilizer and biochar treatment groups, the highest values of RN (4.52 mg g−1), LN (13.10 mg g−1) and SN (13.38 mg g−1) were achieved with the N3BC15 treatment, and N2BC30 resulted in the highest RN (12.64 mg g−1).




3.3. Plant Growth Parameters


The effects of combined N fertilizer and biochar on the PH, LA, SLA and SPAD of maize are presented in Figure 1. With the addition of N fertilizer, the PH, LA and SPAD increased with an increasing application rate, while SLA showed the opposite trend. At 204 kg N ha−1 (N1), compared to those with B0, the application of biochar significantly increased the PH, LA and SPAD by 3.2–3.3%, 1.6–4.7% and 9.1–14.5%, respectively, and decreased the SLA by 19.1~28.3%. At 240 kg N ha−1 (N2), the PH, LA and SPAD were increased by 1.1–2.0%, 0.7–3.9% and 7.6–10.7%, respectively, and the SLA was decreased by 7.2–14.4% with BC15 and BC30 compared to those with B0. At 276 kg N ha−1 (N3), the PH in the BC0 group was much higher than that in the BC15 and BC30 groups. For LA and SPAD, the highest values were obtained for the BC15 treatment: 889.5 cm2 and 58.8 m, respectively. For SLA, there were no remarkable differences among the different biochar treatment groups.




3.4. Leaf Photosynthesis


As shown in Figure 2, the changes in leaf gas exchange parameters scaled with the amount of N fertilizer and biochar addition. In the same biochar treatment groups, compared to those with N1, both N2 and N3 significantly increased the Pn, Gs and Tr and caused a reduction in Ci but had no noticeable effect on WUE. Under N1 conditions, Pn, Gs, Tr and WUE were increased by 53.4–68.3%, 22.3–30.0%, 14.0–23.3% and 32.7–36.7%, respectively, and Ci was decreased by 17.5–29.3% with BC15 and BC30 compared to those with B0. The impact of biochar addition on leaf gas exchange parameters (with the exception of WUE) under N2 conditions were similar to those under N1 conditions. Compared to those with BC0, BC15 and BC30 increased the Pn, Gs and Tr by 7.0–14.2%, 10.1–16.4% and 8.5–12.8%, respectively, and reduced Ci by 14.0–33.6%. Under N3 conditions, compared to those with BC0, soils treated with BC15 and BC30 showed an improvement in the Pn by 12.1% and 3.3% and WUE by 11.7% and 15.0%, respectively. For Gs and Tr, BC15 caused significant enhancement, while BC30 resulted in a remarkable reduction compared to that with BC0. Simultaneously, the Ci in the BC30 treatment group was much higher than that in the BC0 and BC15 treatment groups.




3.5. Plant Biomass and Yield of Maize


The differences in plant biomass of maize are shown in Figure 3. The DW of roots, stems, leaves and spikes was significantly affected by N fertilizer and biochar application, and a significant enhancement was observed after the addition of higher amounts of biochar at the same N fertilizer application level and with higher N fertilizer application rates under the same biochar addition conditions. Compared with that with N1BC0, the total DW of maize increased by 5.5–56.3% with the other combined N fertilizer and biochar treatments. In addition, the highest value (616.42 g plant−1) of plant total DW was obtained with the N3BC15 treatment.



Changes in grains per ear, 100-grain weight and grain yields of maize with different N fertilizer and biochar treatments are shown in Table 4. Different N fertilizers and biochar treatments significantly affected the grains per ear and grain yields but had no remarkable effect on the 100-grain weight. The grains per ear and grain yields of maize were enhanced by the application of N fertilizer and increased with an increasing application rate. The grains per ear and grain yield increased by 1.3% and 1.2% with the N1BC15 treatment compared with 5.6% and 7.4%, respectively, with the N1BC0 treatment. At an N fertilizer application rate of 240 kg N ha−1 (N2), compared to those in the treatment group without biochar application, the grains per ear increased by 6.6–10.4%, and the grain yield increased by 7.3–13.6% after the application of 15–30 t ha−1 biochar. At an N fertilizer application rate of 276 kg N ha−1 (N3), the addition of biochar had no effect on maize production. The grains per ear, 100-grain weight and grain yields were not significantly different among the N3BC0, N3BC15 and N3BC30 treatment groups.




3.6. Nitrogen Utilization Efficiency


The NUE of maize with different treatments was calculated; the results are shown in Figure 4. In soils treated with 0 t ha−1 (BC0) and 15 t ha−1 (BC15) biochar, NUE with different N fertilizer treatments showed no significant differences. When the biochar application rate was 30 t ha−1 (BC30), NUE with the N3 treatment was lower than that in the N1 and N2 treatments. A significant enhancement of NUE was observed after the addition of higher amounts of biochar at the same N fertilizer application level. Under the three N fertilizer conditions, compared to that with B0, NUE increased 9.6–11.3% with BC15 and 9.8–24.7% with BC30.




3.7. Correlation between Plant Parameters and Soil Chemical Properties


A heatmap was built to reflect the relationships between plant parameters and soil chemical properties. As illustrated in Figure 5, the soil chemical properties, including pH, SOC, MN, AP and AK, had significant relationships (p < 0.05) with most of the plant parameters. Furthermore, in addition to pH, SLA and Ci, the other parameters showed positive interrelationships. The N contents in the roots, leaves, stems and spikes of maize were found to be highly and positively related to MN. The grain yield was negatively related to SLA and Ci and positively correlated with the grains per ear, Pn, Gs, Tr and leaf N content.




3.8. Principal Component Analysis and Structural Equation Modeling Analysis


A PCA approach was employed to detect the variations in plant parameters and soil chemical properties among different N fertilizer and biochar treatment groups. As shown in Figure 6 and Figure S4, two principal components (PCs) that accounted for 75.4% of the total variance were extracted from the original datasets. Most of the variables were positioned in PC1, suggesting that it contained more useful information than the other PCs. According to the biplot, with the exception of Ci, pH and SLA, which fell along the negative axis of PC1, the other 24 parameters were weighted on the positive axis. Additionally, the clustering of plant and soil samples with different N fertilizer treatments showed no significant differences between the N1 treatment and the N2 treatment groups, while the N3 treatment groups were clearly separated.



SEM is a useful approach to predict the potential effects of soil chemical properties and plant growth parameters on plant biomass, crop yield and N of maize among all treatment groups. The SEM results showed that the plant growth parameters were directly affected by both N fertilizer and biochar application, while the soil chemical properties were directly affected by the addition of N fertilizer but indirectly influenced by biochar (Figure 7). The soil chemical properties and plant growth parameters notably influenced the plant biomass of maize, and the path coefficients were 0.419 and 0.557, respectively. There were no direct effects of soil chemical properties and plant parameters on NUE and crop yields of maize, and only 12% of NUE and 66% of the crop yield were explained. Furthermore, soil chemical properties exhibited a significant and positive effect on plant growth parameters (path coefficient = 0.678), suggesting the promoting effect of soil quality on plant growth.





4. Discussion


4.1. Soil Chemical Properties


The chemical properties of soil, especially nutrient contents, are the basis of soil fertility, which not only reflects soil quality but also has a direct effect on crop growth and production [48]. The results of the present study confirm the effectiveness of combined N fertilizer and biochar in improving soil chemical properties (Table 2), which is consistent with the research of Ullah et al. [49]. In soils without biochar addition, an increased N fertilizer application rate induced a noticeable reduction in soil pH, consistent with the findings of Song et al. [50] and Dong et al. [51]. In the case of N fertilizer application, the soil pH is increased with biochar addition, suggesting that biochar is a liming material in neutralizing the released protons [52] owing to its alkaline nature and high buffering capacity for soil pH. Relative to those with treatment with only N fertilizer or biochar, their combined application improved not only MN but also SOC AP, and AP. Similar results were obtained in studies by Song et al. [53] and Wu et al. [54], who reported that combined N fertilizer and biochar caused higher levels of SOC, total, and AK than N fertilizer or biochar applied alone. The significant enhancement of soil nutrients could be attributed to a soil-conditioning effect on microbe and plant growth [29], the strong adsorption and ion exchange capacity of biochar [37], increased activities of soil enzymes associated with C, N, P and K cycling [55] and abundant nutrients supplied by biochar and N fertilizer [54].




4.2. Nitrogen Absorption


In our study, the total N contents in the roots, leaves, stems and grains of maize were increased due to the combination of N fertilizer and biochar compared to those with either N fertilizer or biochar alone (Table 3), which is in agreement with the studies of Ibrahim et al. [56] and Xia et al. [6]. These results suggested that N fertilizer combined with biochar promotes plant N adsorption and assimilation and could effectively serve as an N-releaser for providing adequate substrates during plant growth [49]. The enhancement of plant N contents was attributed to biochar amendment increasing N availability to plants [35] and providing suitable conditions for root growth by improving soil physicochemical properties, such as water-holding ability and bulk density [57]. Subsequently, more available N from indigenous soil and N fertilizer is assimilated by the well-developed root system and transported to the plant shoot [58]. However, biochar application is not always beneficial for plant N uptake. For example, the urea–N uptake of maize from the silking stage to the physiological maturity stage is seriously inhibited by the application of biochar, resulting in a low plant N content [59]. Similar results were also obtained in the studies of Zhang at al., who reported that wheat straw biochar caused a significant decrease in the N content in the grain, straw and root of rice [15]. The reduction in plant N content may be attributed to the adsorption and immobilization of soil N mediated by biochar, resulting in a reduction in soil available N for plant root uptake [60].




4.3. Plant Growth of Maize


The increased soil nutrients and plant N content promoted maize growth and dry matter accumulation, resulting in a greater amount of biomass in N fertilizer-applied soils amended with biochar than in the corresponding N fertilizer-only treatment groups (Figure 3). Similar results were also reported in several previous studies. For example, 1% biochar application increased the belowground biomass of maize by 7.0–14.6% compared to that with only N fertilizer treatment [59]. Xia et al. also found that peanut shell biochar significantly increased the root biomass and shoot biomass of maize by 44.5% and 89.6%, respectively, under urea–N fertilizer (0.2 g kg−1) application conditions [22]. These results suggested that a more beneficial effect on improving plant biomass was activated with the use of N fertilizer combined with biochar. PH and LA are two of the most widely employed physiological parameters reflecting the status of plant growth. In the present study, increased application rates of N fertilizer and biochar significantly enhanced PH and LA (Figure 1A,B), indicating their beneficial effects on plant growth. SLA is an important leaf morphological and functional trait for estimating the responses of plants to environmental changes [61]. In this study, we discovered that maize SLA was decreased by increasing the application of N fertilizer and biochar (Figure 1C), indicating that large amounts of organic substances accumulated and higher dry mass was acquired in the leaves of maize. The close relationship between PH and stem N content and the high correlation of LA and SLA with leaf N content (Figure 5) may explain the changes in PH, LA and SLA with different N fertilizer and biochar treatments.



Leaf N content, which is highly related to chloroplast activity and chlorophyll production, has vital roles in leaf photosynthesis and grain filling [45]. It has been reported that 57% of leaf N is contained in the chloroplasts and utilized to synthesize photosynthetic components and allied enzymes [36]. Adequate N supply for plant leaves would promote the biosynthesis of leaf pigments, retard leaf senescence and increase plant photosynthetic efficiency, resulting in high biomass production and grain yields [62]. The increased soil N availability and N content in maize leaves caused by N fertilizer and biochar application are expected to result in a higher leaf chlorophyll content and photosynthetic rate [63]. In the current study, the leaf SPAD and Pn were enhanced by the addition of N fertilizer and biochar, which was consistent with studies conducted on rice [49], Brassica juncea L. [64], and wheat [65]. The other gas exchange parameters, such as Gs and Tr, exhibited similar changes with Pn, while Ci showed the opposite result (Figure 2). The increase in Gs and Tr may be attributed to the application of biochar enhancing the soil water-holding capacity to provide more water for the leaves [66]. WUE exhibited no remarkable changes with different N fertilizer and biochar treatments (Figure 2E), as the changes in Pn and Tr followed the same pattern and the ratio of Pn and Tr had a relatively constant value. Furthermore, the positive relationship between Gs and Pn and the negative correlation between Tr and Pn (Figure 2 and Figure 5) indicated that nonstomatal limitations other than stomatal limitations have dominant roles in regulating the photosynthetic metabolism of maize [67]. Similar conclusions have also been reached in studies by Song et al. [62]. Overall, these results suggest that N fertilizer supplied adequate N for maintaining a high photosynthetic efficiency, and the beneficial effects were strengthened with the application of biochar, through activation of the availability of soil nutrients, an increase in leaf N absorption, the promotion of chlorophyll synthesis and enhancing water evaporation in leaves.




4.4. Maize Yield and Nitrogen Utilization Efficiency


Our results showed that the maize grain yield increased with increasing amounts of N fertilizer applied to biochar-amended soils (Table 4), which was in agreement with studies on Chinese cabbage [68], rice [69] and wheat [51]. The grains per ear and 100-grain weight are two basic parameters used to calculate the maize gain yield. In our present study, the grains per ear were significantly affected by the application of N fertilizer and biochar, while the 100-grain weight showed no differences with different treatments. The results suggested that the grain numbers had a dominant role in determining the maize grain yield. Based on the two-way ANOVA, both grains per ear and grain yield were significantly influenced by biochar (p < 0.01), while N fertilizer alone and the interaction between N fertilizer and biochar had no significant effect on them (p > 0.05). The results of variance analysis showed that biochar had a more important role in improving the maize grain yield at different N application levels. The beneficial effects of biochar on enhancing crop production are attributed to (i) improving soil physicochemical properties (e.g., pH, CEC, water hold capacity, bulk density and biological activity) [27]; (ii) providing SOC and mineral elements for plant growth [70]; (iii) enhancing soil nutrient availability, as well as plant nutrient uptake, transformation and utilization efficiency [71]; (iv) offering comfortable environments for soil microbial growth and populations [22]; and (v) increasing the leaf photosynthetic rate [72]. To further explore the effect of N fertilizer combined with biochar on maize grain yields, a 3D color map graph was built. The 3D color map surface in Figure 8 shows that biochar combined with nitrogen fertilizer is beneficial for increasing crop yields. A higher grain yield was observed with 15–30 t ha−1 biochar and 240–276 kg ha−1 N fertilizer. On the other hand, several studies have revealed that excessive biochar application is not helpful for improving crop yields [73,74]. A meta-analysis showed that the yields of cereal and legume crops declined when the biochar application rate exceeded 20 t ha−1 [75]. Gao et al. determined that 10.1–20 t ha−1 biochar was the most suitable application rate [76]. Our results showed similar results in that the increased rate of maize yields tended to be gradual as biochar and nitrogen fertilizer were increased, while excessive applications of biochar and nitrogen fertilizer had no promoting effect on crop yields.



NUE not only reflects the capacity of the plant to utilize N fertilizer but also is an important index for assessing N fertilizer management [77,78]. In the present study, the NUE after treatment with N fertilizer application rates of 204, 240 and 276 kg N ha−1 without biochar (N1BC0) was 21.6%, 22.8% and 21.6%, respectively (Figure 4). The results suggested that the application of N fertilizer is not an efficient strategy for enhancing NUE. Generally, if biochar improves N availability and crop yield, it will also increase NUE. Under N1 and N2 conditions, the NUE of maize increased to 31.9–46.3% with the addition of 15–30 t ha−1 biochar, respectively. Similar results were reported by Xia et al. [22], Taghizadeh-Toosi et al. [79] and Ismaili et al. [80]. The promoting effect of biochar on NUE could be explained by the following mechanisms: (i) biochar can bind N to form an agglomerated particle to prevent N from quick release and N2O emission [12] and (ii) biochar can supply adequate N during plant growth to enhance crop grain yields by increasing CEC [81]. On the other hand, the maize NUE was pronouncedly decreased by biochar when N fertilizer was applied at the level of 276 kg N ha−1. The results reflected the restriction of biochar in N fertilizer utilization when excess N fertilizer was applied to soils.




4.5. Comprehensive Analysis


To better and comprehensively analyze the potential effects of N fertilizer and biochar on the soil chemical properties and the growth of maize plants, principal component analysis (PCA) and structural equation modeling analysis (SEM) were performed. The results of PCA in Figure 6 clearly separated the three levels of N fertilizer into two groups. The N1 and N2 treatment groups located along the negative axis of PC1 were clustered into one group, and the N3 treatment group located along the positive axis of PC1 belonged to the other group. The results suggest that the N3 treatment group was significantly different from the other two N fertilizer treatment groups. Furthermore, most of the parameters, including soil nutrients, leaf photosynthetic efficiency, plant biomass and grain yield, were weighted on the positive axis of PC1. The results indicated that compared to that with the N fertilizer conventionally utilized by local farmers (N2, 240 kg N ha−1), although a 15% reduction in the N fertilizer application rate (N1, 204 kg N ha−1) had no pronounced effect on the normal growth of maize, larger amounts of N fertilizer applied to the soils were still necessary to achieve the goals of higher crop yields. SEM can be applied to evaluate the direct and indirect effects of biochar and N fertilizer on soil quality, NUE, plant growth and crop production of maize. Based on the results of the structural equation model in Figure 7, N fertilizer and biochar directly and positively influenced the plant biomass of maize by enhancing both the soil chemical properties and plant growth parameters. On the other hand, only 12% of the variation in NUE and 66% of the variation in crop yields were explained by soil chemical properties and plant growth parameters, and the direct path relationships among these parameters were not significant. The results suggested that soil chemical properties and plant growth parameters influenced by N fertilizer and biochar may not be the dominant factors in determining the NUE and yield of maize. The potential effects of N fertilizer and biochar on soil physical properties, such as CEC, BD and water holding ability [68,82], the activities of N-cycling enzymes, such as urease, nitrate reductase and protease [49] and microbial functional abundance [56] need more attention in further studies.





5. Conclusions


The results of the present study confirm the effectiveness of N fertilizer and biochar in improving the soil quality, as well as the N uptake, NUE and production of maize. The increased application of N fertilizer enhanced not only the soil N content but also the leaf photosynthesis, plant growth and grain yields of maize. The application of biochar enhanced the benefits of N fertilizer by decreasing soil pH, increasing the availability of soil nutrients and improving plant N uptake and utilization. Furthermore, with a low level of N fertilizer application, biochar was beneficial for the enhancement of NUE, while NUE was significantly decreased by biochar when a high rate of N fertilizer was applied to soils. Based on the SEM results, the application of N fertilizer and biochar had a direct effect on the plant biomass but an indirect influence on the NUE and grain yield of maize. In conclusion, the addition of N fertilizers combined with appropriate biochar is proven to be an efficient nutrient management approach to promote soil retention and N utilization in maize production.
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Figure 1. Effects of biochar on plant height (A), leaf area (B), specific leaf area (C) and SPAD values (D) of maize under different nitrogen fertilizer conditions. Significance levels are indicated: * p < 0.05, ** p < 0.01, *** p < 0.01. 
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Figure 2. Effects of biochar on net the photosynthetic rate (A), stomatal conductance (B), intercellular CO2 concentration (C), transpiration rate (D) and water use efficiency (E) in leaves of maize under different nitrogen fertilizer conditions. Significance levels are indicated: * p < 0.05, ** p < 0.01, *** p < 0.01. 
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Figure 3. Dry weights of maize biomass with combined nitrogen fertilizer and biochar treatments. Vertical bars represent the standard deviation, SD, of the mean (n = 4); different letters on the SD bars indicate significant differences among the nitrogen fertilizer and biochar treatment groups (p < 0.05). 
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Figure 4. Impact of biochar on nitrogen utilization efficiency under different nitrogen fertilizer conditions. Significance levels are indicated: ** p < 0.01, *** p < 0.01. 
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Figure 5. Heatmap based on the Spearman correlation matrix of different plant and soil parameters with different P nitrogen fertilizer and biochar treatments. AK—available potassium content, AP—available phosphorus content, Area—leaf area, Ci—intercellular CO2 concentration, GE—grains per ear, Gs—stomatal conductance, Grain N—nitrogen content in maize grain, GW—100-grain weight, GY—grain yield, Leaf DW—dry weight of maize leaf, Leaf N—nitrogen content in maize leaf, MN—mineral nitrogen content, NUE—nitrogen utilization efficiency, Pn—net photosynthetic rate, pH—soil pH, PH—plant height, Root DW—dry weight of maize root, Root N—nitrogen contents in maize root, SLA—specific leaf area, SOC—soil organic carbon, Spike DW—dry weight of maize spike, SPAD—leaf SPAD values, Stem DW—dry weight of maize stem, Stem N—nitrogen content in maize stem, Tr—transpiration rate, WUE—water use efficiency. 
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Figure 6. Biplot of first (PC1) and second (PC2) principal components of 36 evaluated traits with different nitrogen fertilizer treatments. AK—available potassium content, AP—available phosphorus content, Area—leaf area, Ci—intercellular CO2 concentration, GE—grains per ear, Gs—stomatal conductance, Grain N—nitrogen content in maize grain, GW—100-grain weight, GY—grain yield, Leaf DW—dry weight of maize leaf, Leaf N—nitrogen content in maize leaf, MN—mineral nitrogen content, NUE—nitrogen utilization efficiency, Pn—net photosynthetic rate, pH—soil pH, PH—plant height, Root DW—dry weight of maize root, Root N—nitrogen contents in maize root, SLA—specific leaf area, SOC—soil organic carbon, Spike DW—dry weight of maize spike, SPAD—leaf SPAD values, Stem DW—dry weight of maize stem, Stem N—nitrogen content in maize stem, Tr—transpiration rate, WUE—water use efficiency. 
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Figure 7. Structural equation model explaining the plant biomass, NUE and crop quality of maize (χ2 = 1097.1, NFI = 0.47). Standardized path coefficients are shown next to the arrows. Solid-line arrows indicate significant paths; dotted-line arrows indicate non-significant paths; blue-line arrows indicate positive relationships; red-line arrows indicate negative relationships; values associated with the line represent standardized path coefficients. The R2 numbers within boxes denote the proportion of variance that could be explained by the corresponding variable in the structural equation model. Significance levels are indicated: ** p < 0.01, *** p < 0.001. 
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Figure 8. Relationship between maize yield and biochar-fertilizer N application rates in 3D color map surface image. 
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Table 1. Basic physio-chemical properties of soil and biochar used in the present study.
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Soil

	
Biochar






	
Sand (%)

	
23.6

	
pH

	
8.12 ± 0.24




	
Silt (%)

	
54.3

	
EC (μs cm−1)

	
187.4 ± 3.6




	
Clay (%)

	
22.1

	
OM (g kg−1)

	
856.12 ± 5.28




	
BD (g cm−3)

	
1.29 ± 0.07

	
TN (g kg−1)

	
152.21 ± 4.37




	
pH

	
7.81 ± 0.04

	
NH4+-N content (g kg−1)

	
45.53 ± 2.56




	
EC (us cm−1)

	
257.4 ± 1.3

	
NO3-N content (g kg−1)

	
18.87 ± 1.52




	
SOM (g kg−1)

	
11.2 ± 0.5

	
AP (g kg−1)

	
64.82 ± 1.21




	
TN (g kg−1)

	
1.74 ± 0.21

	
AK content (g kg−1)

	
20.23 ± 0.35




	
AP (mg kg−1)

	
78.2 ± 1.5

	
Ash content (%)

	
53.81 ± 0.64




	
AK (mg kg−1)

	
332.1 ± 2.4

	
Moisture (%)

	
7.80 ± 0.35
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Table 2. Effects of nitrogen fertilizer and biochar on soil pH and nutrient contents.
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Treatments

	
pH

	
SOC (g kg−1)

	
MN (g kg−1)

	
AP (mg kg−1)

	
AK (mg kg−1)






	
N1

	
BC0

	
7.83 ± 0.02 b

	
11.35 ± 0.79 c

	
1.23 ± 0.17 b

	
72.7 ± 1.8 b

	
345.2 ± 19.4 b




	
BC15

	
7.89 ± 0.02 a

	
12.43 ± 0.35 b

	
1.84 ± 0.03 a

	
74.7 ± 0.8 ab

	
380.0 ± 8.5 a




	
BC30

	
7.90 ± 0.06 a

	
13.95 ± 0.44 a

	
1.98 ± 0.02 a

	
75.6 ± 1.6 a

	
397.9 ± 10.0 a




	
N2

	
BC0

	
7.78 ± 0.07 a

	
12.00 ± 0.36 c

	
1.92 ± 0.04 c

	
73.7 ± 0.8 b

	
347.3 ± 2.4 c




	
BC15

	
7.82 ± 0.04 a

	
14.50 ± 0.37 b

	
2.03 ± 0.05 b

	
74.4 ± 0.8 b

	
388.9 ± 5.0 b




	
BC30

	
7.85 ± 0.04 a

	
15.95 ± 0.31 a

	
2.30 ± 0.03 a

	
76.8 ± 1.6 a

	
406.9 ± 3.9 a




	
N3

	
BC0

	
7.69 ± 0.03 b

	
15.45 ± 0.87 b

	
2.61 ± 0.05 a

	
77.3 ± 0.9 ab

	
402.3 ± 3.1 b




	
BC15

	
7.70 ± 0.01 ab

	
17.83 ± 0.56 a

	
2.57 ± 0.04 a

	
78.9 ± 1.1 a

	
416.9 ± 3.4 a




	
BC30

	
7.74 ± 0.03 a

	
12.20 ± 0.18 c

	
2.31 ± 0.05 b

	
76.1 ± 1.1 b

	
360.4 ± 6.7 c




	
N

	
**

	
**

	
**

	
**

	
**




	
BC

	
**

	
**

	
**

	
**

	
**




	
N × BC

	
ns

	
**

	
**

	
ns

	
**








Note: N—nitrogen fertilizer treatment; B—biochar treatment; N × BC—interaction between nitrogen fertilizer and biochar. Different letters in the same column indicate significant differences (p < 0.05) between different treatment groups according Duncan’s test. ** indicates p < 0.01; ns indicates no significant differences.
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Table 3. Changes in nitrogen contents of roots, leaves, stems and grains of maize under different nitrogen fertilizer and biochar conditions.
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Treatments

	
RN (mg g−1)

	
LN Content (mg g−1)

	
SN Content (mg g−1)

	
GN Content (mg g−1)






	
N1

	
BC0

	
3.20 ± 0.09 c

	
10.41 ± 0.45 a

	
8.59 ± 0.72 b

	
10.03 ± 0.38 b




	
BC15

	
3.50 ± 0.16 b

	
11.69 ± 1.38 a

	
9.82 ± 0.68 a

	
10.95 ± 0.22 a




	
BC30

	
3.77 ± 0.11 a

	
12.07 ± 1.00 a

	
10.74 ± 0.05 a

	
11.62 ± 0.69 a




	
N2

	
BC0

	
3.39 ± 0.36 a

	
10.78 ± 1.16 a

	
11.03 ± 0.71 b

	
10.76 ± 0.38 c




	
BC15

	
3.67 ± 0.13 a

	
11.15 ± 0.82 a

	
12.58 ± 0.53 a

	
11.74 ± 0.47 b




	
BC30

	
3.60 ± 0.46 a

	
11.74 ± 0.63 a

	
13.05 ± 1.05 a

	
12.64 ± 0.45 a




	
N3

	
BC0

	
4.10 ± 0.06 b

	
12.63 ± 0.79 a

	
12.64 ± 0.63 a

	
10.86 ± 0.04 b




	
BC15

	
4.52 ± 0.41 a

	
13.10 ± 1.15 a

	
13.38 ± 1.23 a

	
11.56 ± 0.63 a




	
BC30

	
4.15 ± 0.12 ab

	
12.16 ± 0.91 a

	
12.07 ± 1.37 a

	
11.44 ± 0.18 ab




	
N

	
**

	
**

	
**

	
**




	
BC

	
**

	
ns

	
**

	
**




	
N × BC

	
ns

	
ns

	
*

	
*








Note: N—nitrogen fertilizer treatment; B—biochar treatment; N × BC—interaction between nitrogen fertilizer and biochar. RN—root N content; LN—leaf N content; SN—stem N content; GN—grain N content. Different letters in the same column indicate significant differences (p < 0.05) between different treatment groups according to Duncan’s test. ** indicates p < 0.01; * indicates p < 0.05; ns indicates no significant differences.
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Table 4. Changes of maize grain yield with different nitrogen fertilizer and biochar treatments.
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Treatments

	
Grains per Ear

	
100-Grain Weight (g)

	
Grain Yield (kg ha−1)






	
N1

	
BC0

	
531 ± 5 b

	
38.31 ± 0.56 a

	
12,206 ± 254 a




	
BC15

	
537 ± 6 ab

	
38.37 ± 2.50 a

	
12,350 ± 690 a




	
BC30

	
561 ± 28 a

	
38.95 ± 0.49 a

	
13,106 ± 721 a




	
N2

	
BC0

	
548 ± 13 b

	
38.62 ± 0.0 a

	
12,700 ± 376 a




	
BC15

	
584 ± 39 ab

	
38.96 ± 1.38 a

	
13,632 ± 535 a




	
BC30

	
605 ± 17 a

	
39.70 ± 1.12 a

	
14,422 ± 671 a




	
N3

	
BC0

	
609 ± 9 a

	
38.86 ± 0.66 a

	
14,206 ± 371 a




	
BC15

	
632 ± 32 a

	
39.43 ± 1.15 a

	
14,928 ± 524 a




	
BC30

	
620 ± 15 a

	
40.02 ± 0.87 a

	
148,73 ± 443 a




	
N

	
ns

	
ns

	
ns




	
BC

	
**

	
*

	
**




	
N × BC

	
ns

	
ns

	
ns








Note: N—nitrogen fertilizer treatment; B—biochar treatment; N × BC—interaction of nitrogen fertilizer and biochar. Different letters in the same column indicate significant differences (p < 0.05) between different treatments according Duncan’s test. ** indicates p < 0.01; * indicates p < 0.05; ns indicates no significant differences.
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