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Abstract

:

Nitrogen (N) transformation in soil directly determines the effectiveness of N for plant growth. Biochar has received evermore attention because of its significant ability to improve soil. However, the effects of biochar on N-related microorganisms (Lycopersicon esculentum Mill.) in tomato cultivation soil, N transformation, utilisation of water and N fertiliser, and tomato yield remain unclear. The objective of this study was to investigate the responses of N-related microorganisms to biochar and N fertilisation in soil, along with the implications of biochar for altering N transformation, N uptake by tomatoes, and utilisation of water and N fertiliser. A two-year greenhouse experiment containing six biochar levels under drip irrigation (0, 10, 30, 50, 70, and 90 t ha−1) and two N fertiliser application rates (190 and 250 kg ha−1) was conducted in the northwest of China. The results showed that adding biochar significantly promoted urease activity, microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), and the number of amoA-type nitrifiers in the soil. The MBC:N ratio and the number of nirS-type denitrifiers were significantly inhibited when the added amount of biochar was greater than or equal to 30 t ha−1. Moreover, biochar can increase the water content in the soil and can reduce the N lost to leaching. The inorganic N (NO3− and NH4+) in the soil could be better maintained in the rootzone and better absorbed by tomato plants when adding 30, 50, and 70 t ha−1 of biochar. The amount of N fertiliser could be reduced by 24% without a significant loss of tomato yield when the amount of biochar added was over 30 t ha−1. It was indicated that the yield of tomatoes and the net profits were quadratically related to the application rate of biochar. In the test area, 53 t ha−1 of biochar with 190 kg ha−1 of N and 44.6 t ha−1 of biochar with 190 kg ha−1 of N were calculated to be the best amounts from the perspectives of tomato yield and net profit, respectively. Thus, biochar promotes N transformation by regulating N-related microorganisms; hence, it increases the inorganic N in the roots of the plants, reduces N lost to leaching, and significantly promotes the N absorption of tomatoes. The results in this research are of great significance for the development of management strategies for tomato maintenance, environmental protection, and resource conservation.
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1. Introduction


Nitrogen (N) is essential for increasing crop yield. However, excessive or inappropriate applications of N fertiliser may lead to the loss of N from a farmland system to an aquatic system, which not only causes water pollution but also depletes soil fertility and reduces crop yield [1]. Biochar has been widely used to improve soil quality [2]. The combination of biochar and N fertilisation may increase soil carbon (C) storage and N use efficiency [3], thereby reducing the environmental impacts of the fertiliser and increasing crop productivity. On the one hand, the interaction between biochar and soil changes N dynamics in different ecosystems [4]. Previous studies have reported that biochar can reduce the volatilisation of NH3 and the leaching of NO3−, can increase the efficiency of N retention and utilisation, and can promote the absorption of N by crops [5,6,7]. It has also been pointed out that biochar can significantly change the composition of the microbial community, can directly or indirectly affect the metabolism of microorganisms, and can increase the biomass of soil microorganisms [8]. On the other hand, N-related microbial abundance and microbial biomass are closely associated with the transformation of N in soil [9].



The abundances of nitrifying and denitrifying bacteria affect N nitrification and denitrification [10]. As the most active component of soil organic N, microbial biomass N is very important for promoting the transformation of soil organic N to inorganic N [11]. Microbial biomass carbon is an important fraction in labile soil organic C pools, and it affects soil N transformation [12]. Moreover, enzyme activity is a critical indicator of soil health. In particular, the urease enzyme plays an important role in the process of hydrolysing the urea fertiliser into NH3 and CO2 [13]. However, the key roles of N-related microbial abundance, microbial biomass, and enzyme activity in the N cycle are still unclear. The effects of the combination of biochar amendments and N fertilisation on N-related microorganisms and the implications for altering N uptake and use efficiency for tomatoes are still unclear as well. Little relevant information has come to light in academia or in practice.



In this paper, it was hypothesised that the response of the N-related microorganisms in soil to biochar and N fertiliser promotes N transformation, and that the effect of biochar on soil water changes the distribution of soil inorganic N (NO3− and NH4+), which in turn should affect the N absorption of tomatoes, their utilisation of water and N fertiliser, and their yield.



The objectives of this study were (1) to explore the effects of biochar and N application on the urease activity, number of amoA-type nitrifiers and nirS-type denitrifiers, and microbial biomass in tomato cultivation soil; (2) to study the effects of biochar and N fertiliser application on soil N distribution and tomato plants’ N uptake; (3) to analyse the impacts of biochar application on N fertiliser productivity, water use efficiency, and tomato yield; (4) to propose appropriate biochar and N fertiliser application strategies for tomato production and net profit in the tested area.




2. Materials and Methods


2.1. Experimental Site and Materials


Two greenhouse experiments were conducted from 2 September 2017 to 10 February 2018 (autumn tomato) and from 6 April 2018 to 1 August 2018 (spring tomato), respectively, in Yangling City, Shaanxi Province, China (520 m altitude, 34°17′ N latitude and 108°02′ E longitude). The area has a semi-humid continental monsoon climate with an average annual temperature of approximately 16.1 °C. The average annual sunshine duration is 2165 h and the average annual frost-free period is more than 210 days. The greenhouse was 108 m in length and 8 m in width. Each plot was 6.5 m in length and 3.2 m in width.



The soil in the greenhouse was classified as a silty clay loam with a bulk density of 1.35 g cm−3. The soil had a field capacity of 27.98%, a pH of 7.35, and a soil porosity of 49.01%. The organic matter content was 16.48 g kg−1, total N was 0.96 g kg−1, total P was 0.87 g kg−1, and total K was 10.4 g kg−1.



The pyrolysis temperature of the biochar was 450 °C, and the feedstock was the trunks and branches of discarded fruit trees (Shaanxi Yixin Bioenergy Technology Development Co., Ltd., Yangling City, Shaanxi Province, China). The biochar had a specific surface area of 87.1 m2 g−1 and a pH of 10.51. The amount of carbon was 72.38%, total N was 0.98 g kg−1, NO3−–N was 0.59 mg kg−1, and NH4+–N was 1.67 mg kg−1 (Table 1). The tomato variety was “Dorui Star” (Seedling Breeding Center of Yangling Demonstration Area, Yangling City, Shaanxi Province, China). Each treatment occupied a block in the greenhouse. One block was divided into three small plots, and 30 plants were transplanted in each small plot in double rows with a row distance of 40 cm and a plant spacing of 45 cm.



Drip irrigation pipes (Shaanxi Huawei Agricultural Science and Technology Development Co., Ltd., Yangling City, Shaanxi Province, China) were laid on the ground, and the length was the same as the ridge length (5.5 m).




2.2. Experimental Setup


Similarly to the experimental setup of [14,15], our experiment consisted of six biochar doses (C0, 0 t ha−1; C10, 10 t ha−1; C30, 30 t ha−1; C50, 50 t ha−1; C70, 70 t ha−1; C90, 90 t ha−1) and two N fertilisation rates (N1, 190 kg ha−1; N2, 250 kg ha−1), resulting in a total of 12 treatments (Table 2). N2 (250 kg ha−1) is the normal amount of N fertiliser applied by the local farmers in the experimental area. Every treatment had five replicates. The N, P, and K fertilisers were urea (N = 46% by weight), biological phosphorus (16% P2O5 by weight), and potassium sulphate (K2O = 51% by weight), respectively. In total, 150 kg P2O5 ha−1 and 200 kg K2O ha−1 were applied as basal fertilisers. In the first year of the experiment, the biochar (passed through a 4 mm sieve) was applied to the 0–30 cm soil layer by ploughing with a rotary tiller; then, N fertiliser and basal fertilisers were applied. In the second year, only N and basal fertilisers were applied.




2.3. Measurements


2.3.1. Soil Water Content and Water Use Efficiency


During the tomato plants’ growth period, we measured the soil water content in the 0–40 cm soil layer every 10 days. The soil content was determined by the drilling and drying method (drying at 105 °C for 8 h). The tomato’s water consumption (ET) was calculated according to the water balance equation as:


ET = P + I + U − R − D − △W



(1)




where P is the effective rainfall (mm), I is the irrigation volume (mm), U is the groundwater recharge (mm), R is the runoff (mm), D is the deep leakage (mm), and ΔW is the water change from the beginning to the end of the experiment in the 0–70 cm soil layer (mm). As there was no rainfall in the greenhouse, P = 0. For drip irrigation, the amount of water per irrigation was small, so R and D could be ignored. The groundwater level was below 50 m, so U could also be ignored. The above formula could then be simplified to:


ET = I − △W



(2)







Thus, the formula for tomato water use efficiency is as follows:


WUE = Y/ET



(3)




where WUE means water use efficiency (kg/m3), Y means tomato yield (kg/ha2), and ET means water consumption (mm) during the growth period.




2.3.2. Tomato Yield and Total N Uptake (TN) of Tomato Plants


During the tomato maturity period, 15 tomato plants were selected in each plot, and the first four layers of the fruit were measured sequentially. The total yield of each plant was the cumulative fresh weight of the fruit harvested from the first four trusses. The over-dried root, stem, leaf, and fruit samples were ground and passed through a 0.5 mm sieve, then digested with H2SO4–H2O2 for N content analysis using an automated continuous-flow analyser (AA3, Seal, Norderstedt, Germany). The total N uptake of the tomato plants was calculated via the dry weight of each organ.




2.3.3. NO3− and NH4+ of the Soil


A fresh soil sample was taken from each plot at 20 cm intervals over the 0–100 cm soil depth, and 5 g of air-dried soil sample was obtained by passing through a 2 mm sieve. The samples were extracted using 50 mL of potassium chloride solution (2 M) and shaken for 0.5 h. After the filtration, the concentrations of NO3− and NH4+ were analysed with a continuous flow analyser (0.001 AUFS; Auto Analyzer 3 AA3, Germany).




2.3.4. Soil Enzyme Activity and the Quantification of Nitrifying and Denitrifying Bacteria


Soil samples were collected at a depth of 0–20 cm in the tomato maturation stage for soil enzymatic activity and soil microbial abundance measurements [16]. Each treatment had three replicates. Five grams of soil, 10 mL of 10% (w/v) urea solution, and 20 mL of citrate buffer (pH 6.7) were added to a 50 mL flask and incubated at 37 °C for 24 h. After filtration, an aliquot of 3 mL of the filtrate was added to a 50 mL flask, and then 3 mL of sodium hypochlorite and 4 mL of sodium phenolate were added. The colour developed at room temperature was determined by spectrophotometry at 578 nm [17].



The numbers of nitrifying and denitrifying bacteria were determined using most probable number polymerase chain reaction (MPN-PCR). MPN-PCR is an efficient method for the estimation of microorganisms that contain a serial dilution of the extracted DNA, and replicate PCRs for each point in the dilution series [18]. It has recently been used for the quantitative detection of microorganisms in soil [19,20]. The MPN technique is essentially a procedure for obtaining the final estimates. For the PCR part, in this study, the nirS gene was used as a marker to indicate the presence of denitrifying bacteria, and the PCRs for the amplification of nirS gene fragments from denitrifying bacteria were performed with primers 832F (TCACACCCCGAGCCGCGCGT) and 1606R (AGKCGTTGAACTTKCCGGTCGG). The amoA gene was used as a marker to indicate the presence of nitrifying bacteria, and the PCRs for the amplification of amoA gene fragments from nitrifying bacteria were performed with primers amoA-1F (GGGGTTTCTACTGGTGGT) and amoA-2R (CCCCTCKGSAAAGCCTTCTTC) [18].




2.3.5. Microbial Biomass Analysis


The microbial biomass carbon and nitrogen (MBC and MBN) contents were determined using the fumigation–extraction method [21]. MBC and MBN were calculated by dividing the differences in C and N contents between the fumigated and unfumigated soil samples by the coefficients KC = 0.38 and KN = 0.54, respectively. The MBC values were divided by MBN to obtain the ratios of the microbial biomass (MBC:N).




2.3.6. Partial-Factor Productivity of N and Cost–Benefit Analysis


The partial-factor productivity (PFP) of applied N (kg kg−1) [16] was calculated as follows:


PFP = Y/NF



(4)




where Y is the tomato yield (kg ha−1) of the treatments and NF is the amount of N fertiliser used (kg ha−1).



For fitting the nonlinear regression model of cost–benefit, the input costs include variable costs, such as biochar (2 yuan kg−1) and N fertilisers (1.7 yuan kg−1), and also fixed costs, such as pesticides, piping systems, seedlings, and water. The income comes from tomato sales (5.6 yuan kg−1). The net profit is the relative net profit compared to the profit of a non-biochar treatment. The cost–benefit details for different biochar and N treatments in a single greenhouse can be found in Table 3.





2.4. Statistical Analysis


Statistical analysis was performed using SPSS version 23.0 software (SPSS Inc., Chicago, IL, USA). The significant difference in the parameters among the treatments was tested by two-way analysis of variance (ANOVA) and the means were compared using Duncan’s multiple range test at the 0.05 probability level. All graphs were prepared using Origin 2016 software (OriginLab, Northampton, Mass., USA). The principal component analysis (PCA) of all parameters in this experiment was conducted with MATLAB R2018a software (The MathWorks, Inc., Natick, MA, USA).





3. Results


3.1. Soil Water Content


The soil water content (0–40 cm) of the treatments in the two-season test is shown in Figure 1. Obviously, the biochar treatments had comparatively higher soil water contents compared with the non-biochar controls when ignoring the N fertiliser. The addition of biochar can increase the water retention rate of the soil. The average soil water contents of the two seasons under the C10, C30, C50, C70, and C90 treatments were 6.09%, 12.56%, 15.73%, 12.40%, and 7.34%, respectively—all higher than the water content of the non-biochar control.




3.2. Soil Enzyme Activity and Abundance of Nitrifying and Denitrifying Bacteria


The soil urease activity and microbial abundance under different treatments are shown in Table 4. Basically, when the amount of biochar was greater than or equal to 30 t ha–1, the soil urease activity was significantly increased compared with the non-biochar control over the two seasons. As the added amount of biochar increased, the soil urease activity increased first and then decreased. The average amount of urease activity in the soil across the two seasons under the C30, C50, C70, and C90 treatments was 23.1%, 29.9%, 25.1%, and 13.9%, respectively—greater activity than for the non-biochar control. In the C50 and C70 treatments, no significant differences in urease activity were found between the N1 and N2 treatments.



Soil nitrifier and denitrifier microbes are the main driving factors in soil nitrification and denitrification. Our results showed that biochar significantly increased the number of amoA-type nitrifiers and significantly decreased the number of nirS-type denitrifiers when the amount of biochar was greater than or equal to 30 t ha−1. Under the C30, C50, C70, and C90 treatments, the average number of amoA-type nitrifiers increased by 58.0%, 106.7%, 84.0%, and 48.8%, whereas the average number of nirS-type denitrifiers decreased by 28.3%, 50.9%, 39.0%, and 24.9%, respectively, compared with the non-biochar control. For the C70 treatment, the number of amoA-type nitrifiers was not significantly different between the N1 and N2 treatments over the two seasons. For the C50 and C70 treatments, the number of nirS-type denitrifiers was not significantly different between the N1 and N2 treatments in spring.




3.3. Soil Microbial Biomass


MBC, MBN, and MBC:N were significantly affected by N, C, and N×C in autumn. MBC, MBN, and MBC:N were significantly affected by C, and MBC was also significantly affected by N×C (Figure 2 and Table 5). Biochar had significant effects on the MBC, MBN, and MBC:N of the soil in the autumn. When the added amount of biochar was greater than or equal to 30 t ha−1, it had significant effects on MBC, MBN, and MBC:N in the spring.



The average MBC values of the two seasons under the C30, C50, C70, and C90 treatments were 11.9%, 18.8%, 14.3%, and 7.2%, respectively—higher values than for the non-biochar control. The average MBN values under the C30, C50, C70, and C90 treatments were 53.0%, 68.4%, 69.1%, and 36.1%, respectively—higher values than for the non-biochar control. The average MBC:N under C30, C50, C70, and C90 treatments were 25.8%, 28.7%, 30.2%, and 20.8%, respectively—lower values than for the non-biochar control.



In autumn, there was no significant difference in MBC between N1 and N2 under the C70 and C90 treatments, but the MBC of N1 was significantly greater than N2 in the C50 treatment. For MBN, there was no significant difference between N1 and N2 under the C30 and C50 treatments, but the MBN of N1 was significantly greater than N2 in the C70 treatment. In spring, MBC and MBN in the C30, C50, and C90 treatments were not significantly different between N1 and N2; the MBC and MBN of N1 were significantly larger than N2 in the C70 treatment. When the amount of biochar was greater than or equal to 30 t ha−1, there was no significant difference in the MBC:N between the N1 and N2 treatments.




3.4. Distributions of NO3– and NH4+ at Different Soil Depths


The distributions of NO3− and NH4+ at different soil depths under different treatments are shown in Figure 3 and Figure 4. In the two seasons, the average NO3– values of the 0–60 cm soil layer under the C30, C50, C70, and C90 treatments increased by 29.6%, 40.9%, 35.1%, and 14.4%, respectively, compared with the non-biochar control. The average NH4+ values of the 0–60 cm soil layer under the C30, C50, C70, and C90 treatments increased by 12.3%, 17.4%, 17.1%, and 4.4%, respectively, compared with the non-biochar control. The inorganic N (NO3− and NH4+) in the soil could be better maintained in the rootzone (0–60 cm) when adding 30, 50, or 70 t ha−1 biochar. Over the two seasons, in the biochar treatments, the NO3− and NH4+ contents in the 70–100 cm soil layer generally showed a downward trend, and they were lower than that of the non-biochar control.




3.5. Total N Uptake of Tomato Plants


The effects of the different treatments on the N uptake in each organ of the tomato plants are shown in Figure 5. TN was significantly affected by N, C, and N×C (Table 5). When the added amount of biochar was greater than or equal to 30 t ha−1, the TN of plants was significantly increased. Over the two seasons, the average TN values under the C30, C50, and C70 treatments were 50.8%, 75.7%, and 60.0%, respectively—greater than the TN of the non-biochar control. In autumn, under the C50 and C70 treatments, there was no significant difference in the TN between the N1 and N2 treatments. In spring, under the C50 treatments, there was no significant difference in the TN between the N1 and N2 treatments. Under the C70 treatment, the TN in N1 was significantly greater than that in N2.




3.6. Tomato Yield and Utilisation of Water and N Fertiliser


The tomato yield, WUE, and PFP under different treatments are shown in Table 6. The tomato yield, WUE, and PFP were significantly affected by N, C, and N×C. When the amount of biochar was greater than or equal to 30 t ha−1, the tomato yield was significantly enhanced. The tomato yield first increased and then decreased with the increase of the biochar added, and it reached a maximum for the C50 treatment. In the two seasons, the average PFP values under the C30, C50, C70, and C90 treatments were 36.22%, 43.46%, 37.63%, and 21.20%, respectively, all of which were greater than that of the non-biochar control. In the C30, C50, and C70 treatments, the reduced N fertilisation rate (N1) had no significant negative effect on the tomato yield compared to the N2 treatment. Compared to N2 treatments, N1 significantly increased the PFP. When the amount of biochar was greater than or equal to 30 t ha−1, the PFP of the N1 treatment was significantly greater than for the N2 treatment. The average WUE increased by 37.16%, 45.33%, 38.77%, and 23.62% under the C30, C50, C70, and C90 treatments, respectively, compared with the non-biochar control.




3.7. Relatively Suitable Combination of N Fertiliser and Biochar


The two-season total tomato yield and total net profit varied with the added amount of biochar (Figure 6 and Figure 7, respectively). A well-fitted quadratic function quantified the relationship between the tomato yield and the added amount of biochar, indicating that the addition of approximately 53 t ha−1 of biochar was optimal for tomato yield (Figure 6). A similar quadratic function for describing the relationship between the net profit and the amount of biochar indicated that the addition of 44.6 t ha−1 of biochar was optimal for achieving the greatest net profit (Figure 7).




3.8. PCA of the Soil–Plant Parameters as Affected by the Treatments


The PCA, which was conducted based on the measured parameters, revealed that the treatments were separated into distinct clusters (Figure 8). In autumn, PC1 explained 61.06% of the variation, whereas PC2 explained 12.93% of the variation. In spring, PC1 explained 71.17% of the variation, whereas PC2 explained 18.08% of the variation. A similar trend was observed in the plots for both seasons. First, the biochar treatments of C0, C10, and C90 and were separated from the C30, C50, and C70 biochar treatments by PC1. Along the PC1 direction, almost all the parameters and the biochar treatments of C30, C50, and C70 were on the right side of the plot, which means that the effects of the C30, C50, and C70 biochar treatments on each measurement parameter were significantly greater than those of the C0, C10, and C90 biochar treatments. Second, NO3− (0–60 cm), NH4+ (0–60 cm), urease, and nitrifier were in the first quadrant, while denitrifier and MBC:N were in the third quadrant, which means that NO3− (0–60 cm) and NH4+ (0–60 cm) have positive correlations with urease and nitrifier, and inverse correlations with denitrifier and MBC:N.





4. Discussion


In recent years, the problem of environmental pollution has become increasingly serious with the increase in N fertiliser consumption. As a soil amendment, biochar can retain and increase nutrients in soil. The porous structure of biochar can provide a favourable habitat for the survival of microorganisms [22,23]. In agreement with the results of many experiments [24,25,26,27], our research concluded that biochar can increase soil water content in the 0–40 cm soil layer (Figure 1), so it may be beneficial to the soil’s microenvironment. In addition, urease plays a very important role in N transformation in soil [28]. Dempster et al. [29] indicated that biochar may promote the transformation of N by affecting urease activity. In our study, the results showed that biochar significantly promoted soil urease activity when the amount of applied biochar was greater than or equal to 30 t ha−1 (Table 4). As a result, biochar further improved the hydrolysis reactions of urea fertiliser by increasing the activity of urease.



Moreover, when the amount of biochar was greater than or equal to 30 t ha−1, biochar significantly increased the number of amoA-type nitrifiers and inhibited the nirS-type denitrifiers (Table 4). Changing the abundance of nitrifying and denitrifying bacteria is deemed to affect soil nitrification and denitrification [30]. Thus, our results mean that biochar can significantly promote soil nitrification and can inhibit denitrification when the amount of biochar applied is greater than or equal to 30 t ha−1, which results in an increase in soil NO3− [31] and a reduction of plant available N loss [32]. The adsorption of nitrification inhibitory substances (such as phenol and terpenes) in biochar may be the reason why biochar promotes soil nitrification [33], and the reason why biochar reduces soil denitrification may be that biochar affects the physical structure of the soil and increases the air content, thereby reducing the level of denitrification [34]. Our results are supported by the previous studies of Zhou et al. [35] and Cao et al. [36].



The MBC is an indicator of changes in organic C content and decomposition in soil; any process and substance that can change the soil C content may affect the biomass and activity of microorganisms [37]. Our results showed that the MBC and MBN were significantly increased in the soil when the added amount of biochar was greater than or equal to 30 t ha−1. This is consistent with the findings of Chen et al. [38], who found that the MBC and MBN increased significantly with the application of 40 t ha−1 biochar to acid rice paddy soil. Meanwhile, the soil MBC:N ratio is a measure of the ability to supply N; the ratio is generally inversely related to the bioavailability of N. In the present study, when the amount of biochar was greater than or equal to 30 t ha−1, it significantly reduced MBC:N (Figure 2). Similarly, Kushwaha et al. [39] reported that the return of straw to a field causes a decrease in MBC:N. However, Zhang et al. [40] reported that the MBC:N significantly increases as the amount of biochar being applied increases and showed that the addition of biochar at the rate of 25 t ha−1 has no significant effect on the MBC:N ratio. The reason may be that different varieties of biochar were applied to different types of soil, which may have had a different effect on the structure of the microbial community.



In this work, when the amount of biochar applied was above 30 t ha−1, the concentrations of NH4+ and NO3− were significantly increased and the soil inorganic N was retained in the 0–60 cm soil layer (Figure 3 and Figure 4). Meanwhile, the addition of biochar also reduced the N lost to leaching compared with the non-biochar control due to reduced N–NO3− in the 70–100 cm soil layer (Figure 3 and Figure 4). The reason is that the addition of biochar increased the soil water holding capacity and reduced the migration of dissolved N due to its large specific surface area and high porosity [41]. As a result, the tomato plants could better absorb and utilise the inorganic N in the soil.



As a result of the improvement of N transformation and the retainment of more inorganic N, biochar increased the total N uptake, yield, WUE, and PFP of the tomato plants compared with the non-biochar control (Table 6 and Figure 5). As the added amount of biochar increased, these variables increased first and then decreased. The PCA plot showed that the impacts of biochar on the measured parameters of the C10 and C90 treatments were significantly less than in the C30, C50, and C70 treatments over the two seasons (Figure 8.). This means that adding too much or too little biochar to the soil will not be effective. The soil–plant response to biochar application may depend on the properties of the biochar [42] and the type of crop [34]. As shown in this study, on the one hand, biochar may not have a significant impact on the physical properties of the soil of the test area when the amount of biochar added is relatively small (10 t/ha); thus, the effect of biochar on soil microenvironment improvement is not obvious. On the other hand, excessive biochar (90 t/ha) may result in large increases in volatile, toxic, and harmful substances [43], thereby affecting the improvement effect of biochar on soil.



In summary, adding a certain amount of biochar can significantly facilitate plant N acquisition and can improve N use efficiency, which is conducive to improving tomato yield and PFP.



Finally, it is worth mentioning that biochar has the potential to reduce N fertiliser inputs, and the potentiality depends on the amount of biochar applied to some extent. In this study, reducing N fertiliser had no significant negative effects on tomato yield under the C30, C50, and C70 treatments compared to the normal amount of N fertiliser, and it was the same for the WUE, PFP, and total N uptake of the tomato plants (Table 6 and Figure 5). The reason is that the addition of biochar can adjust the N-related microorganisms (e.g., increase soil urease activity, MBN, MBC, and the abundance of nitrifying bacteria and reduce the ratio of MBC to MBN and the abundance of denitrifying bacteria) to promote the rate of N transformation; thus, the amount of inorganic N (NH4+ and NO3−) and the yield of tomatoes will not significantly decrease even if the amount of N fertiliser is reduced by 24%.




5. Conclusions


First, a proper amount of biochar significantly adjusts the N-related microorganisms: The C30, C50, and C70 treatments increased the soil urease (23.1%, 29.9%, and 25%), the number of amoA-type nitrifiers (58.0%, 106.7%, and 84%), MBN (53.0%, 68.4%, and 69.1%), and MBC (11.9%, 18.8%, and 14.3%), as well as reduced MBC:N (25.8%, 28.7%, and 30.2%) and the number of nirS-type denitrifiers (28.3%, 50.9%, and 39%), which significantly promoted N transformation. Second, the C30, C50, and C70 treatments significantly increased the 0–60 cm soil NO3− (29.6%, 40.9%, and 35.1%) and NH4+ (12.3%, 17.4%, and 17.1%), which may have been because biochar can improve the soil water content (12.56%, 15.73%, and 12.40%). Meanwhile, adding biochar can also reduce inorganic N (NO3− and NH4+) content in the 70–100 cm soil layer, so may reduce the N lost to leaching. Finally, biochar increased the WUE, PFP, total N uptake, and yield of tomato plants, and reducing N fertilisation by 24% had no significant negative effects on the parameters compared to the normal amount of N fertiliser under the C30, C50, and C70 treatments.



Therefore, it was further calculated and recommended based on the proposed non-linear regression models that the addition of 53 t ha−1 of biochar and 190 kg ha−1 of N fertiliser would be the optimal combination in terms of tomato yield. Additionally, the addition of 44.6 t ha−1 of biochar and 190 kg ha−1 of N fertiliser would be the optimal combination in terms of net profit for local farmers (Figure 6 and Figure 7). As future research, it seems promising to investigate the roles of more parameters of the soil microenvironment, and to explore the effect of biochar on the physiology of tomato plants.
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Figure 1. Daily changes of the average volumetric soil water content (%) for soil with different N fertiliser (N1 and N2) and biochar (C0, C10, C30, C50, C70, and C90) treatments. Error bars represent standard errors. 
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Figure 2. MBC, MBN, and MBC:N results for the treatments of different amounts of N fertiliser (N1 and N2) and biochar (C0, C10, C30, C50, C70, and C90). Error bars represent standard errors. Within each panel, different lowercase letters (a–i) denote significant differences among treatment means at the 0.05 level by Duncan’s MRT method. 
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Figure 3. The distribution of NO3− at different soil depths for the N fertiliser (N1 and N2) and biochar (C0, C10, C30, C50, C70, and C90) treatments. Error bars represent standard errors. 
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Figure 4. The distribution of NH4+ at different soil depths for the N fertiliser (N1 and N2) and biochar (C0, C10, C30, C50, C70, and C90) treatments. Error bars represent standard errors. 
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Figure 5. Tomato plant total N uptake (TN) in each organ for the N fertiliser (N1 and N2) and biochar (C0, C10, C30, C50, C70, and C90) treatments. Error bars represent standard errors. Different lowercase letters (a–h) denote significant differences among the treatment means at the 0.05 level by Duncan’s MRT method. 
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Figure 6. The total yield of tomatoes varied with the amount of biochar (C0, C10, C30, C50, C70, or C90) and the N fertiliser treatments (N1 and N2) in the spring and autumn. 
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Figure 7. The two-season total net profit varied with the amount of biochar (C0, C10, C30, C50, C70, or C90) and the N fertiliser treatments (N1 and N2). 
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Figure 8. Principal component analysis (PCA) of the selected parameters measured on tomato plants grown with biochar (C0, C10, C30, C50, C70, and C90) with nitrogen fertiliser (N1 and N2). The parameters were urease enzyme activity (Urease), the number of amoA-type nitrifiers (Nitrifier), the number of nirS-type denitrifiers (Denitrifier), microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), microbial biomass C:N (MBC:N) ratio, NO3− (0–60 cm), NO3− (70–100 cm), NH4+ (0–60 cm), NH4+ (70–100 cm), total N uptake of tomato plant (TN), yield of tomatoes (Y), water use efficiency (WUE), and partial-factor productivity of nitrogen (PFP). 
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Table 1. Soil and biochar properties.
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	Factor
	Soil
	Biochar





	Nominal peak temperature (°C)
	–
	450



	Surface area (m2 g−1)
	–
	87.1



	Total ash (%)
	–
	19.8



	Bulk density (g cm−1)
	1.35
	–



	pH
	7.35
	10.51



	organic matter (g kg−1)
	16.48
	–



	C (%)
	–
	72.38



	H (%)
	–
	2.62



	O (%)
	–
	23.81



	Mineral N (mg kg−1)
	–
	<3



	Total N (g kg−1)
	0.96
	0.98



	NH4+–N (mg kg−1)
	10.1
	1.67



	NO3−–N (mg kg−1)
	15.3
	0.59



	Total K (g kg−1)
	10.4
	–



	Total P (g kg−1)
	0.87
	0.76
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Table 2. Treatments of different biochar and fertilisation combinations.
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	Treatment
	Nitrogen Fertiliser (kg/ha)
	Biochar (t/ha)





	N1C0
	190
	0



	N1C10
	190
	10



	N1C30
	190
	30



	N1C50
	190
	50



	N1C70
	190
	70



	N1C90
	190
	90



	N2C0
	250
	0



	N2C10
	250
	10



	N2C30
	250
	30



	N2C50
	250
	50



	N2C70
	250
	70



	N2C90
	250
	90
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Table 3. A cost–benefit analysis for tomatoes grown with different biochar and N treatments in a single solar greenhouse.
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Treatment

	
Yield (t)

	
Input Cost (×103 RMB)

	
Income

(×103 RMB)

	
Benefit

(×103 RMB)

	
Net Profit

Relative to

No Biochar (×103 RMB)




	
Biochar

	
Fertiliser

and

Pesticide

	
Pipe

System

	
Water and

Electricity

	
Seedlings

	
Other






	
N1C0

	
8.21

	
0.00

	
1.16

	
2.02

	
0.10

	
2.00

	
0.50

	
45.95

	
40.17

	
0.00




	
N1C10

	
8.53

	
1.33

	
1.16

	
2.02

	
0.10

	
2.00

	
0.60

	
47.79

	
40.58

	
0.41




	
N1C30

	
11.98

	
4.00

	
1.16

	
2.02

	
0.10

	
2.00

	
0.70

	
67.10

	
57.12

	
16.95




	
N1C50

	
12.72

	
6.67

	
1.16

	
2.02

	
0.10

	
2.00

	
0.80

	
71.23

	
58.48

	
18.31




	
N1C70

	
12.27

	
9.33

	
1.16

	
2.02

	
0.10

	
2.00

	
0.90

	
68.72

	
53.21

	
13.04




	
N1C90

	
10.64

	
12.00

	
1.16

	
2.02

	
0.10

	
2.00

	
1.00

	
59.61

	
41.33

	
1.16




	
N2C0

	
9.62

	
0.00

	
1.26

	
2.02

	
0.10

	
2.00

	
0.50

	
53.85

	
47.97

	
0.00




	
N2C10

	
10.39

	
1.33

	
1.26

	
2.02

	
0.10

	
2.00

	
0.60

	
58.19

	
50.88

	
2.91




	
N2C30

	
12.16

	
4.00

	
1.26

	
2.02

	
0.10

	
2.00

	
0.70

	
68.07

	
57.99

	
10.03




	
N2C50

	
12.68

	
6.67

	
1.26

	
2.02

	
0.10

	
2.00

	
0.80

	
71.03

	
58.18

	
10.22




	
N2C70

	
12.09

	
9.33

	
1.26

	
2.02

	
0.10

	
2.00

	
0.90

	
67.70

	
52.09

	
4.12




	
N2C90

	
10.84

	
12.00

	
1.26

	
2.02

	
0.10

	
2.00

	
1.00

	
60.70

	
42.32

	
-5.65
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Table 4. Urease activity, number of amoA-type nitrifiers and nirS-type denitrifiers as affected by biochar (C0, C10, C30, C50, C70, and C90), and N fertiliser rates (N1 and N2).
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Treatment

	
Autumn

	
Spring




	
Urease (mg g−1 24 h−1)

	
amoA-Type

Nitrifier (103 g−1)

	
nirS-Type Denitrifier (103 g−1)

	
Urease (mg g−1 24 h−1)

	
amoA-Type

Nitrifier (103 g−1)

	
nirS-Type Denitrifier (103 g−1)






	
N1C0

	
1.86 ± 0.04 i

	
1.89 ± 0.11 e

	
4.08 ± 0.07 b

	
1.78 ± 0.02 fg

	
1.59 ± 0.3 e

	
4.86 ± 0.35 ab




	
N1C10

	
1.68 ± 0.07 j

	
1.46 ± 0.31 e

	
4.43 ± 0.13 a

	
1.68 ± 0.03 g

	
1.53 ± 0.17 e

	
5.95 ± 0.6 a




	
N1C30

	
2.15 ± 0.05 efg

	
2.53 ± 0.18 d

	
3.66 ± 0.15 c

	
2.09 ± 0.03 d

	
2.44 ± 0.38 cde

	
3.43 ± 0.46 cd




	
N1C50

	
2.31 ± 0.04 cd

	
3.96 ± 0.17 b

	
2.05 ± 0.1 g

	
2.33 ± 0.04 b

	
3.11 ± 0.24 bcd

	
2.48 ± 0.64 cdef




	
N1C70

	
2.21 ± 0.02 def

	
4.28 ± 0.18 ab

	
2.04 ± 0.07 g

	
2.27 ± 0.03 bc

	
3.55 ± 0.34 bc

	
2.37 ± 0.42 def




	
N1C90

	
2.02 ± 0.07 gh

	
2.88 ± 0.05 cd

	
2.87 ± 0.08 e

	
1.94 ± 0.06 e

	
2.17 ± 0.54 de

	
3.92 ± 0.15 bc




	
N2C0

	
1.95 ± 0.07 hi

	
2.65 ± 0.14 d

	
3.24 ± 0.12 d

	
1.81 ± 0.04 f

	
2.48 ± 0.54 cde

	
3.14 ± 0.63 cde




	
N2C10

	
2.06 ± 0.06 fgh

	
2.56 ± 0.18 d

	
3.50 ± 0.13 cd

	
1.84 ± 0.02 ef

	
2.1 ± 0.46 de

	
3.56 ± 0.61 bcd




	
N2C30

	
2.41 ± 0.08 bc

	
3.32 ± 0.1 c

	
2.47 ± 0.14 f

	
2.46 ± 0.02 a

	
5.45 ± 0.31 a

	
1.6 ± 0.31 f




	
N2C50

	
2.59 ± 0.02 a

	
4.49 ± 0.09 a

	
1.83 ± 0.06 g

	
2.38 ± 0.03 ab

	
6.28 ± 0.58 a

	
1.22 ± 0.09 f




	
N2C70

	
2.48 ± 0.03 ab

	
3.27 ± 0.12 c

	
2.72 ± 0.05 ef

	
2.30 ± 0.04 bc

	
4.06 ± 0.56 b

	
1.93 ± 0.48 ef




	
N2C90

	
2.27 ± 0.03 cde

	
3.87 ± 0.12 b

	
2.82 ± 0.16 e

	
2.20 ± 0.06 c

	
3.99 ± 0.38 b

	
1.97 ± 0.06 ef




	
ANOVA

	




	
N

	
***

	
***

	
***

	
***

	
***

	
***




	
C

	
***

	
***

	
***

	
***

	
***

	
***




	
N×C

	
ns

	
**

	
ns

	
***

	
***

	
***








Different lowercase letters denote significant differences among treatment means at the 0.05 level by Duncan’s MRT method. The bottom of this table reports the significant results of the two-way ANOVA. **, and *** indicate significance levels at p < 0.01, and p < 0.001, respectively; ns denotes no significance. Values are means ± standard errors of the means.
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Table 5. The output of a two-way ANOVA for the yield of tomatoes, total N uptake (TN) of tomato plants, microbial biomass carbon and nitrogen (MBC and MBN), and microbial biomass C:N (MBC:N) as affected by biochar (C0, C10, C30, C50, C70, and C90) and N fertiliser rates (N1 and N2). The data are presented in Figure 2 and Figure 5.
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Factors

	
Autumn

	
Spring




	
TN

	
MBC

	
MBN

	
MBC:N

	
TN

	
MBC

	
MBN

	
MBC:N






	
N

	
***

	
**

	
**

	
***

	
***

	
ns

	
ns

	
ns




	
C

	
***

	
***

	
***

	
***

	
***

	
***

	
***

	
***




	
N×C

	
*

	
***

	
***

	
***

	
**

	
**

	
ns

	
ns








*, **, and *** indicate significance levels at p < 0.05, p < 0.01, and p < 0.001, respectively; ns denotes no significance.
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Table 6. Yield of tomatoes (Y), water use efficiency (WUE), and partial-factor productivity of nitrogen (PFP) as affected by the addition of biochar (C0, C10, C30, C50, C70, and C90) and N fertiliser (N1 and N2).
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Treatment

	
Autumn

	
Spring




	
Y(t/ha)

	
WUE/(kg m−3)

	
PFP

	
Y(t/ha)

	
WUE/(kg m−3)

	
PFP






	
N1C0

	
60.80 ± 0.33 i

	
38.48 ± 0.36 h

	
319.99 ± 1.75 c

	
62.28 ± 0.18 j

	
30.17 ± 0.34 j

	
327.79 ± 0.92 c




	
N1C10

	
61.60 ± 0.36 h

	
39.02 ± 0.53 h

	
324.19 ± 1.89 a

	
66.42 ± 0.19 i

	
32.49 ± 0.52 i

	
349.57 ± 1.04 a




	
N1C30

	
88.95 ± 0.13 c

	
57.17 ± 0.30 c

	
468.14 ± 0.68 d

	
90.78 ± 0.15 e

	
44.23 ± 0.54 e

	
477.78 ± 0.79 e




	
N1C50

	
94.38 ± 0.23 a

	
60.91 ± 0.21 a

	
496.77 ± 1.23 b

	
96.40 ± 0.16 a

	
47.26 ± 0.31 a

	
507.39 ± 0.82 b




	
N1C70

	
89.87 ± 0.26 b

	
57.43 ± 0.29 c

	
473.02 ± 1.37 i

	
94.21 ± 0.24 b

	
46.05 ± 0.14 bc

	
495.85 ± 1.29 i




	
N1C90

	
76.96 ± 0.18 f

	
49.76 ± 0.36 f

	
405.05 ± 0.92 e

	
82.71 ± 0.09 f

	
40.68 ± 0.61 f

	
435.31 ± 0.49 e




	
N2C0

	
71.51 ± 0.36 g

	
45.03 ± 0.82 g

	
286.03 ± 1.44 k

	
72.72 ± 0.09 h

	
35.10 ± 0.71 h

	
290.89 ± 0.36 k




	
N2C10

	
77.83 ± 0.28 e

	
49.44 ± 0.57 f

	
311.31 ± 1.09 f

	
78.04 ± 0.13 g

	
38.10 ± 0.48 g

	
312.17 ± 0.53 f




	
N2C30

	
89.07 ± 0.24 c

	
56.02 ± 0.25 d

	
356.27 ± 0.97 j

	
93.27 ± 0.31 c

	
45.30 ± 0.23 cd

	
373.07 ± 1.24 j




	
N2C50

	
94.03 ± 0.33 a

	
59.97 ± 0.38 b

	
376.11 ± 1.31 g

	
96.23 ± 0.30 a

	
46.76 ± 0.68 ab

	
384.92 ± 1.21 g




	
N2C70

	
89.43 ± 0.26 bc

	
56.72 ± 0.63 cd

	
357.74 ± 1.01 h

	
91.90 ± 0.16 d

	
44.66 ± 0.34 de

	
367.61 ± 0.62 h




	
N2C90

	
80.03 ± 0.40 d

	
51.67 ± 0.36 e

	
320.12 ± 1.61 c

	
82.56 ± 0.18 f

	
40.57 ± 0.44 f

	
330.23 ± 0.69 c




	
ANOVA

	




	
B

	
***

	
***

	
***

	
***

	
***

	
***




	
N

	
***

	
***

	
***

	
***

	
***

	
***




	
B×N

	
***

	
***

	
***

	
***

	
***

	
***








Different lowercase letters denote significant differences among treatment means at the 0.05 level by Duncan’s MRT method. The bottom of this table reports the significance results of the two-way ANOVA. *** indicate significance level at p < 0.001, respectively; ns denotes no significance. Values are means ± standard error of the means.
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