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Abstract

:

Deep fertilization is a beneficial approach for reducing nitrogen losses. However, the effects of various fertilization depths on maize (Zea mays L.) productivity and environmental footprints have not been thoroughly understood. Therefore, a field experiment was conducted to investigate the effects of different fertilization depths of 5 cm (D5), 15 cm (D15), 25 cm (D25), and 35 cm (D35) on maize productivity and environmental footprints. Reactive nitrogen (Nr) losses and greenhouse gas (GHG) emissions were assessed using life cycle analysis. We hypothesized that deep fertilization can obtain lower carbon and nitrogen footprint. The results indicated that deep fertilization decreased the N2O and NH3 emissions while increasing the CH4 uptake. Compared with D5, D15 resulted in an increase in total GHG emissions and carbon footprint (CF), whereas D25 decreased by 13.0% and 23.6%, respectively. Compared with D5, the Nr losses under D15, D25, and D35 conditions was reduced by 11.3%, 17.3%, and 21.0%, respectively, and the nitrogen footprint (NF) was reduced by 16.0%, 27.4%, and 19.0%, respectively. The maize yield under D15 and D25 increased by 5.7% and 13.8%, respectively, compared with the D5 treatment, and the net economic benefits of the ecosystem increased by 7.1% and 17.1%, respectively. In summary, applying fertilizer at a depth of 25 cm can significantly reduce the environmental footprints and increase maize productivity, making it an effective fertilization strategy in the Loess Plateau region of China.
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1. Introduction


Since the Industrial Revolution, the intensification of human activities has increased greenhouse gases emissions (GHG) and reactive nitrogen losses (Nr), directly or indirectly leading to climate change [1]. To meet food demand, China must produce more grain at the expense of extensive use of chemical fertilizers. The inefficient use of chemical fertilizers in China has led to a nitrogen use efficiency of only 25%, which is far lower than the global levels of 42% and 65% in North America [2]. Therefore, China’s agricultural production contributes significantly to global agricultural greenhouse gas emissions. China is also one of the countries with the most severe carbon emissions and reactive nitrogen losses from agricultural production in the world [3]. The Chinese government has promised to reach peak carbon emissions by 2030 and achieve carbon neutrality by 2060. Therefore, it is of great significance and urgency to formulate effective agricultural management measures to reduce carbon and nitrogen losses and mitigate climate change.



Unreasonable fertilization methods in agricultural systems lead to high carbon and nitrogen emissions, which may cause environmental pollution and exacerbate global climate change [4]. You et al. [5] and Young et al. [6] reported that using efficient nitrogen fertilizer placement strategies can increase grain yield while reducing gaseous nitrogen emissions. In China, the balance between crop production and greenhouse gas emissions and nitrogen losses has become very important. Therefore, there is an urgent need to develop reasonable fertilization methods to reduce carbon emissions and nitrogen losses while improving crop productivity in agricultural systems.



Deep fertilization is considered an effective method to ensure adequate nutrient supply during crop growth through precise fertilization at the roots of crops [7]. Deep fertilization promotes the absorption of soil nutrients by roots and reduces soil nutrient content [8]. It has advantages in improving fertilizer utilization efficiency, reducing greenhouse gas emissions, increasing crop yield, and improving economic benefits [9]. Therefore, it is increasingly accepted and promoted by farmers around the world and has good application prospects [10]. However, the effect of deep fertilization is mainly concentrated in rice fields and is rarely applied in dry lands. In Bangladesh, Gaihre et al. [11] and Islam et al. [12] reported that compared with surface application, deep application of urea can reduce nitrous oxide emissions by 61–84%, increase rice yield by 28%, and improve nitrogen use efficiency by 67%. Liu et al. [13] also showed that compared with surface urea placement, deep urea placement can reduce nitrous oxide emissions by 29–31% and methane emissions by 36–39%, increase rice yield by 21.6%, and increase the net ecosystem economic benefits (NEEBs) by 45%. Deep fertilization increased rape and summer maize yields by 24–55% [14] and 2.94–10.88% [7], respectively. But Ke et al. [15] reported that deep application of urea significantly increased the leaching loss of mineral nitrogen compared to broadcast urea in paddy fields. Previous studies have shown that reducing methane emissions from paddy field or increasing methane uptake in forests [16], grasslands [17], and drylands [18] has high potential for mitigating climate change. However, methane uptake in drylands has not been fully investigated in previous studies. It is unclear whether deep placement can increase methane uptake. In addition, there are few studies that comprehensively evaluate the ecological and economic benefits of different fertilization depths for spring maize production, and the relationship between the two is unclear.



In recent years, carbon footprint (CF) and nitrogen footprint (NF) have attracted much attention in the process of policy formulation in different countries. CF is determined through life cycle analysis (LCA) to quantify greenhouse gas emissions caused by human activities, while NF is used to estimate Nr losses [19,20,21]. The carbon footprint mainly includes carbon emissions from agricultural inputs (such as agricultural machinery, fuel, and pesticides), and carbon emissions from crop production in the form of N2O and CH4 [22]. Greenhouse gas emissions from farmland are mainly related to chemical fertilizer inputs; especially, greenhouse gases generated by nitrogen fertilizers account for 36 to 52% of the total greenhouse gas emissions [23,24,25]. Previous studies have found that greenhouse gas emissions caused by nitrogen application and mechanical fuel in agricultural production in China account for 8–49% and 6–40% of the total agricultural greenhouse gas emissions, respectively [26]. Furthermore, the carbon footprint of crop production in China is much higher than that of the United States, Canada, and India [27]. Nitrogen footprint mainly includes the loss of reactive nitrogen in agricultural machinery, fuel, oil, and pesticides production processes, as well as the loss of reactive nitrogen in the form of N2O emission, ammonia volatilization, nitrate nitrogen, and ammonium nitrogen leaching caused by fertilization in crop production process [3,28,29]. Liu et al. [13] reported that deep placement of urea significantly reduced the carbon footprint from paddy fields using the life cycle analysis. However, the impact of different fertilization depths on the environmental footprints, including the CF and NF of crops and NEEBs in agricultural inputs and crop production, especially in drylands, have not been reported.



Therefore, in this study, we conducted experiments with different fertilization depths on spring maize. We hypothesized that optimizing fertilization depth will affect greenhouse gas emissions and reactive nitrogen losses. Our research objectives are as follows: (i) to reveal the relationship between the GHG emissions, Nr losses, and soil inorganic nitrogen; (ii) to reveal the mechanism of deep fertilizer placement on CF, NF, and NEEB in maize production; (iii) to identify the fertilization depth that will obtain the most suitable ecological and agricultural economic benefits, thereby providing a theoretical reference for developing suitable fertilization strategies for maize.




2. Materials and Methods


2.1. Experimental Site Description


The spring maize field experiment was conducted for two consecutive growing seasons in 2019 and 2020 at the Cao Xin Zhuang experimental site of Northwest A&F University, Shaanxi Province, China. The experimental site has an altitude of 521 m and is situated at longitude 34°17′59″ N and latitude 108°4′12″ E. The annual average temperature, precipitation, soil evaporation, sunshine hours, and frost-free days were 13 °C, 630 mm, 1500 mm, 2463.8 h, and 210 days, respectively, over the previous 20 years. The physical and chemical properties of the soil before the experiment are shown in Table S1. The daily temperature and rainfall during the experimental phases are shown in Figure S1. Due to the high potassium content in the soil at the experimental site, we decided not to use potassium fertilizer during the experiment.




2.2. Experimental Design and Practice Management


The experiment followed a randomized block design with three replicates per treatment, and each plot area was 42 m2 (7 m × 6 m). Four treatments were established with fertilization depths of 5(D5), 15(D15), 25(D25), and 35(D35) cm, respectively. Additionally, a non-fertilization control (CK) was included to assess the efficiency of fertilizer utilization. The amount of fertilization was determined based on the practices of local farmers. We applied 225 kg ha−1 of N (urea, N ≥ 46%, China Oil and Gas Company Limited, Yinchuan, China) and 120 kg ha−1 of P2O5 (superphosphate, P2O5 ≥ 12%,Yuxi Quanjun Fertilizer Industry co., Ltd, Yuxi, China) before sowing.



Before the experiment started, the quantities of nitrogen and phosphate added to each row of plots were determined, and nitrogen fertilizer was mixed with phosphate fertilizer. The “deep strip placement” method was applied to the respective soil depths. Maize seeds were sown at the top of the fertilized band. Prior to the experiment, the experimental field was manually applied with chemical fertilizer at the required depth in a manually ditched band after being deep-loosened (to a depth of 40 cm) with a deep-loosening machine. Maize variety “Zhengdan 958” was planted on 15 April 2019 and again on 4 May 2020 with a flat cropping pattern. Harvesting was carried out on 8 September 2019 and 24 September 2020. In the experimental field, we sowed 75,000 maize seeds per hectare, with two maize seeds in each hole. Next, some plants were pruned while leaving one plant in the V3. The spacing between plants in the same row was 22.2 cm, and the spacing between rows of plants was 60 cm. The experimental field was managed in accordance with local customs, and irrigation was not performed during the maize growth period. After harvesting, we removed the maize straw from the study area, because it can be used as biomass energy for home heating or feed for livestock.




2.3. Biomass, N Uptake, Nitrogen Use Efficiency, and Maize Yield


Three similar maize plants were collected at maize maturity to calculate the total biomass. N concentration in the different plant organs were measured by the H2SO4–H2O2 method, and the nitrogen uptake and use efficiency were calculated. Meanwhile, the maize yield was calculated at maize maturity.




2.4. Measurement Methods


We measured the soil NH3 volatilization, N2O emission, and CH4 uptake with the static box method [30]. The detailed gaseous collection measurement and calculation method was shown in the Supplementary Materials.



The following formulas were used to determine the global warming potential (GWP, g CO2-eq ha−1) and greenhouse gas emission intensity (GHGI, g CO2-eq ha−1) [13], and Figure S2 displays the N2O and CH4 emission flux:


  G W P =   E     N   2   O   × 298 +   E     C H   4     × 25  



(1)






  G H G I =   G W P   G r a i n   y i e l d    



(2)




where     E   N 2 O     and     E   C H 4     are the cumulative emissions of N2O and CH4 in the whole maize growth period, respectively; 298 and 25 are global warming potential (GWP) factors (100 years).




2.5. System Boundaries and Functional Units


The entire spring maize production process served as the study’s definition of the system boundary. The total GHG emissions and total Nr losses in the whole process from the acquisition of the raw agricultural input materials to the spring maize harvest were calculated using the life cycle method as CO2-eq and N-eq, respectively (Figure 1). The GHG emissions and Nr loss coefficient for the raw agricultural input materials are shown in Table 1.




2.6. Measurement of Carbon Footprint and Nitrogen Footprint


The GHG emissions from agricultural inputs include the emissions from production, transfer, and use of raw materials, and the fuel used in mechanical operations [13]. CF was calculated using the following formulae [13]:


  T o t a l   G H G   e m i s s i o n s =   E   i n p u t   +   E     N   2   O   × 298 +   E     C H   4     × 25  



(3)






    E   i n p u t   =  ∑      A   i   ×   F   i        



(4)






  C F =   T o t a l   G H G   e m i s s i o n   G r a i n   y i e l d    



(5)




where     E   i n p u t     denotes the GHG emissions from agricultural inputs;     E   N 2 O     and     E   C H 4     are the cumulative emissions of N2O and CH4 in the whole maize growth period, respectively; 298 and 25 are global warming potential (GWP) factors (100 years),     A   i     represents the quantity of each agricultural input,     F   i     represents the GHG emission factor for each agricultural input [13], and CF is the average for the whole maize growth periods in 2019 and 2020.



The Nr for agricultural inputs includes the losses from raw materials during production and transportation, due to diesel usage in mechanical operations. The main environmental effect of plant nutrients such as NO3− and NH4+ is the eutrophication of water bodies, while N2O is mainly the greenhouse effect, and NH3 and other NOX can directly affect the respiratory health of people. Furthermore, the weight of active nitrogen was determined according to different research purposes. Eutrophication potential was used to evaluate the impact of eutrophication on the loss of Nr to the environment during the whole maize growth period [25]. The following formulas were used to determine NF [25], and Figure S2 depicts the NH3 volatilization flux:


  T o t a l   N r   l o s s e s =   N E   i n p u t   +   N V     N H   3     +   N E     N   2   O   +   N L     N O   3   −     +   N L     N H   4   +      



(6)






    N E   i n p u t   =  ∑  l n × N n    



(7)






  N F =   T o t a l   N r   l o s s e s   G r a i n   y i e l d    



(8)






    N V     N H   3     = T o t a l     N H   3   × 0.833 × 1000  



(9)






    N E     N   2   O   = T o t a l     N   2   O × 0.476 × 1000  



(10)






    N L     N O   3   −     = N × σ ×   62   14   × 0.238 × 1000  



(11)






    N L     N H   4   +     = N × γ ×   18   14   × 0.786 × 1000  



(12)




where     N E   i n p u t     denotes the Nr losses from agricultural inputs,   l n   denotes the amount of various agricultural inputs,   N n   is the loss factor for Nr from various agricultural inputs;     N V     N H   3      ,     N E     N   2   O    ,     N L     N O   3   −      , and     N L     N H   4   +       are the Nr losses in the whole crop growth period, where   N   is the amount of nitrogen applied;   σ   and   γ   represent the leaching coefficients for NO3− and NH4+ in the maize growth process, i.e., 0.226 and 0.175, respectively [32];     62   14     and     18   14     are the molecular weight ratios for NO3− and NH4+; and 0.833, 0.476, 0.238, and 0.786 are the potential eutrophication factors for NH3, N2O, NO3−, and NH4+ [19,29,31].




2.7. Measurement of Net Ecosystem Economic Benefits (NEEBs) and per NEEB


The formulae were used to calculate the NEEBs and per NEEB were as following [13]:


  N E E B = G r a i n   y i e l d   c o s t s − A g r i c u l t u r a l   a c t i v i t y   c o s t s − G W P   c o s t s  



(13)






  G H G   e m i s s i o n   p e r   N E E B =   T o t a l   G H G   e m i s s i o n s   N E E B    



(14)






  N r   l o s s   p e r   N E E B =   T o t a l   N r   l o s s e s   N E E B    



(15)







In this study, the price of maize was treated as 1.8 CNY kg−1, and the GWP cost was the carbon transaction cost (103 CNY ha−1 CO2-eq) (1$ = 6.54 CNY).




2.8. Statistical Analyses


From a Chinese Life Cycle Database [31], the coefficients for reactive nitrogen losses and greenhouse gas emissions were determined. The mean values for the following variables were recorded between 2019 and 2020: total greenhouse gas emissions, total reactive nitrogen loss, carbon and nitrogen footprint, and net ecosystem benefits. With SPSS 19.0 for Windows (SPSS, Inc., Chicago, IL, USA), analysis of variance was performed to examine the results. Using the least significant difference test (p = 0.05) (n = 3), multiple comparisons between various treatments were carried out. The OriginLab 2020 (Northampton, Massachusetts, USA) produced all of the graphs. In order to ascertain whether there was a significant relationship between cumulative CH4 emission, N2O emission, NH3 volatilization and biomass, maize yield, N absorption, and nitrogen usage efficiency, we performed linear regression analysis to examine the data in 2019 and 2020. In Figure S3, information on the soil’s NO3−−N and NH4+−N content is displayed. The data from 2019 and 2020 were analyzed using exponential and linear regression techniques to see whether there were any significant correlations between soil NO3−−N, NH4+−N content, NH3 volatilization flow, CH4 absorption flux, and N2O emission flux.





3. Results


3.1. Gaseous Nitrogen Emissions


Deep fertilization significantly affected the NH3 volatilization, N2O emission, and CH4 uptake during 2019–2020 (Figure 2). Increasing fertilization depth reduced the accumulate volatilization of NH3 and enhanced the accumulate absorption of CH4. According to the mean value during 2019–2020, compared with D5, D15, D25, and D35, it significantly decreased total NH3 emission amount by 29.69%, 43.82%, and 54.95% and increased total CH4 uptake amount by 42.35%, 105.63%, and 169.13%. Significant reductions in total N2O emissions were observed at deeper fertilization depths. Compared with D5, reductions of 30.84% and 59.29% were achieved at D25 and D35, respectively. However, at a shallow fertilization depth, the stability of N2O emission reduction due to deep application of nitrogen and phosphorus fertilizer was not consistent. While a significant reduction in N2O emissions was observed at D15 compared to D5 in 2019, an increase in N2O emissions was noted in the 2020 experiment.




3.2. Global Warming Potential and Greenhouse Gas Emission Intensity


Fertilization depth, experimental years, and interaction effects all had a substantial impact on GWP and GHGI (Figure 3). In comparison to D5, deep fertilization (D25 and D35) significantly lowered the GWP and GHGI. D35 and D25 similarly reduced the GWP and GHGI by 61.10% and 59.98%, respectively, while D15 increased by 6.96% and 1.21%. Between yields of maize, GWP, and GHGI, there was a clear negative correlation (Figure 4).




3.3. Greenhouse Gas Emissions from Maize Field and Agricultural Inputs


The total greenhouse gas emissions from agricultural inputs increased as fertilization depth increased, as indicated in Table 2 and Figure 5 (249.5–598.8 kg CO2-eq ha−1). Under D15, D25, and D35, the total GHG emissions from agricultural inputs rose by 5.9%, 11.8%, and 41.2%, respectively, compared to D5. Fertilizer (N and P2O5) was the main source of greenhouse gas emissions, accounting for 63.6%, 60.1%, 56.9%, and 45.06% of the total greenhouse gas emissions from agricultural inputs, under D5, D15, D25, and D35, and diesel was the second second-highest source with 29.4%, 33.3%, 36.8%, and 50.0%. The contribution of the diesel increased with the increase in the fertilization depth.



According to Figure 5 (p < 0.05), there were significant differences in the overall GHG emissions across the various fertilization depths treatments. Under D5, D15, D25, and D35, the total GHG emissions were 2207.5, 2384.5, 2102.9, and 2278.2 kg CO2-eq ha−1, respectively. The total emissions of greenhouse gases increased under D15 by 6.49%, while they considerably decreased under D25 and D35 compared to D5 by 13.00% and 16.78% (p < 0.05). As fertilization depth increased so did the contributions of agricultural inputs to overall greenhouse gas emissions; the contribution under D35 was 73.52%. Under D5, D15, and D25, N2O accounted for the majority of the emissions of all GHGs. But under D35, the majority of the GHG emissions came from diesel.




3.4. Nr Losses from Maize Field and Agricultural Inputs


The reactive nitrogen losses increased as the depth of fertilization increased, as indicated in Table 3 and Figure 6. The Nr losses from the agricultural inputs under D15, D25, and D35 rose by 13.0%, 26.0%, and 91.0%, respectively, in comparison to D5 (1.8 kg N-eq ha−1). Diesel use was the major cause of nitrogen loss for agricultural inputs (65.0–81.7%), followed by fertilizer (11.0–23.0%).



According to Figure 6 (p < 0.05), the total Nr losses considerably decreased as fertilization depth increased. The Nr losses under D15, D25, and D35 substantially decreased by 11.3%, 17.3%, and 21.0% (p < 0.05), respectively, compared to D5 (90.20 kg N-eq ha−1). As the fertilization depth increased the Nr losses brought on by ammonia volatilization and nitrous oxide emissions reduced. In comparison to D5, the ammonia-volatilization-related Nr losses decreased under D25 and D35 by 43.82% and 54.95%, respectively (p < 0.05), and the nitrous-oxide-emissions-related Nr losses decreased by 30.84% and 59.29% (p < 0.05). When compared to D5, the Nr losses under D15 caused by ammonia volatilization decreased by 29.69%, but those caused by nitrous oxide emission increased by 7.23%. The primary and second-highest contributors of the overall Nr losses were NO3−−N leaching and NH3 volatilization. Under D5, D15, D25, and D35, the contributions of the Nr losses from agricultural inputs to the total Nr losses were 2.0%, 2.5%, 3.0%, and 4.8%, respectively.




3.5. Carbon and Nitrogen Footprints and Net Ecosystem Economic Benefits


In Figure 7, CF and NF are depicted. When compared to the other treatments, the CF under D15 was higher (0.18 kg CO2-eq kg−1 grain; p < 0.05). The CF under D25 and D35 dropped by 23.6% and 14.7% when compared to D5 (0.18 kg CO2-eq kg−1 grain). NF under D15, D25, and D35 dropped by 16.0%, 27.4%, and 19.0%, respectively, compared to D5 (8.64 g N-eq kg−1 grain) (p < 0.05).



NEEB was considerably impacted by fertilization depth (p < 0.05) (Figure 7). NEEB grew 7.1% and 17.2% under D15 and D25 (p < 0.05), respectively, compared to D5 (13408.1 CNY ha−1), but dropped by 10.4% under D35 (p < 0.05). The variations in GHG emissions as measured by NEEB were comparable to those in CF. The Nr loss per NEEB was reduced by 25.8% and 7.1% under D25 and D35 (p < 0.05) compared to D5 (0.15 kg CO2-eq CNY−1), respectively. The Nr loss per NEEB under D15, D25, and D35 considerably decreased by 17.2%, 29.4%, and 11.8%, respectively, when compared to D5 (6.71 g N-eq CNY−1).




3.6. Maize Productivity


The average maize yields increased by 5.68% under D15 and by 13.83% under D25, respectively, in comparison to D5 (Table 4). The mean biomass and N uptake under D25 was higher by 12.65% and 17.41% than D5 and high by 6.06% and 8.07% under D15. D35 obtained lower biomass, maize yield, and N uptake than D5 in 2019 and 2020. D25 obtained the highest NUE in 2019 and 2020, i.e., 43.28% and 43.64%, followed by D15. However, D35 had the lowest NUE during 2019 (30.94%) and 2020 (28.53%).




3.7. Relationship between Maize Productivity and Greenhouse Emission and Ammonia Volatilization


Methane emission and biomass, maize yield, N intake, and NUE all showed a substantial negative connection (Figure 8). The relationships between ammonia volatilization or nitrous oxide emission and maize productivity were likewise shown to be negative.





4. Discussion


4.1. Deep Fertilization Enhanced Soil CH4 Uptake and Decreased Gaseous N Emission


Dryland soils are generally considered to be methane sinks, while paddy fields are sources of methane [13,33]. During the growth period of maize, fertilization improves the soil’s ability to absorb methane, and it increases with the depth of fertilization, but the absorption rate is always lower than that without fertilization. Previous studies reported that deep application of nitrogen fertilizer significantly reduced methane emissions during the growth period of rice [13]. Similarly, deep fertilization significantly increased methane absorption rate in this study. Increasing fertilization depth can reduce methane emissions or increase methane absorption because of the following two reasons. (1) Higher NH4+−N and NO3−−N concentrations in the soil will inhibit the soil’s absorption of methane. NH4+−N has a molecular structure similar to CH4, and methanotrophs can co-oxidize NH4+. Excessive ammonium ions may compete with CH4 molecules, thereby reducing the oxidation and absorption of methane in soil [34]. After deep fertilization, the distribution of NH4+−N and NO3−−N in the soil changed, and the contents of NH4+−N and NO3−−N in shallow soil reduced [9], while the shallow soil was the main area of methane absorption [18]. (2) Plant root exudates can affect the methane absorption process, and methanotrophs show greater methane oxidation capacity in the rhizosphere [35]. After deep fertilization, the nutrients concentration of deep soil increased, which can adjust the vertical distribution of roots, increase the proportion of roots in deep soil [36], improve rhizosphere oxygen utilization, increase soil methane oxidation levels, consume methane, reduce methane emissions, or promote methane absorption [18]. A previous study on forests has also shown that methane oxidation capacity increases with vegetation maturity [37]. However, according to Adviento-Borbe and Linquist [38], more nitrogen may cause methane emissions to rise, while fertilization depth had no impact on either methane emissions or absorption, possibly because the experimental crop tested was rice. Long-term soil flooding during rice production reduces the availability of oxygen to the roots, and thus, methane production is not related to the position where nitrogen is applied.



According to our study, deep fertilization greatly reduced gaseous N emission, which is in line with earlier findings [9]. The key factor controlling the generation of N2O and NH3 was the soil available N content. Deep fertilization transfers soil available nitrogen from the surface soil layer to the deep soil layer, reducing the NO3−-N and NH4+−N contents of the surface soil, while the humidity and aeration of the deep soil reduces N2O production [39]. In addition, the temperature of the deep soil is lower than that of the surface soil, but the temperature decrease is smaller, which can reduce N2O emissions [40] and NH3 volatilization [41]. In addition to soil factors, D25 had the highest yield and biomass, while the increase in aboveground biomass and leaf area reduced the intensity of sunlight and air flow, thereby reducing NH3 volatilization [42]. After deep fertilization, N2O and NH3 emissions were finally reduced under the influence of multiple factors. Second, deep fertilization applies fertilizer into the root zone to promote root growth and enhance N absorption [39], hence improving fertilizer utilization efficiency and reducing gaseous N loss.



Our findings were in line with earlier research that indicated that soil inorganic nitrogen content is crucial in influencing greenhouse gas emissions [33]. A positive linear relationship was observed between the ammonia volatilization flux, nitrous oxide emission flux, and soil inorganic nitrogen content (Figure 9). However, the methane uptake flux showed a negative exponential relationship with the inorganic nitrogen content. Our observation results support the conclusion of Peng et al. [43], Aronso and Helliker [44] and Chang et al. [45], who found that high inorganic nitrogen inhibited methane uptake in forest and non-paddy soils.



We aimed to decrease the GWP and GHGI by optimizing the fertilization depth. According to the research findings, appropriate fertilization depth (25 cm) could reduce GWP and GHGI, supporting the view of Liu et al. [13]. Our research indicated that deep fertilizer successfully decreased greenhouse gas emissions while increasing maize production.




4.2. Deep Fertilization Decreased Carbon Footprint


Previous studies have shown that chemical fertilizers in agriculture are the primary source of greenhouse gas emissions, accounting for 50.7% of the total greenhouse gas emissions during crop production [46,47]. This study found that agricultural inputs are a major source of greenhouse gas emissions. The proportion of agricultural inputs in greenhouse gas emissions gradually increased with increased fertilization depth, reaching a peak of 73.5% at a fertilization depth of 35 cm. In this study, nitrogen fertilizer input is still the largest source of greenhouse gas emissions, and diesel oil is the second largest source of greenhouse gas emissions. When the fertilization depth was 5 cm, the greenhouse gas emissions caused by nitrogen fertilizer accounted for 40.6% of the total emissions, which was similar to other conventional fertilization studies [48,49]. In fact, the only variable in this study was the fertilization depth, and as the depth of fertilization increased, more intensive high-power machinery traction was required, thereby increasing diesel consumption. We used artificial furrows for fertilizer application, and we calculated the diesel inputs for different fertilization depths based on the proportion of human resources used for furrow production and the amount of diesel consumed relative to the conventional fertilization depth. Therefore, the results obtained were basically consistent with the data obtained by directly using mechanical trenching and fertilization. Previous studies have indicated that chemical fertilizers are the primary source of agricultural greenhouse gas emissions, because they involve external fertilizer application or the conventional fertilization depth, and thus, the consumption of diesel is responsible for producing less greenhouse gas emissions [50]. Some studies have also found that the power consumed for irrigation is the primary source of agricultural greenhouse gas emissions because irrigation in the wheat–maize rotation system requires large amounts of electrical energy [22]. Another study also suggested that nitrogen fertilizer is the main source of greenhouse gas emissions among the agricultural inputs in paddy fields [13], which is consistent with our results.



The total greenhouse gas emissions of this study were lower than previous paddy field studies [51], but similar to those of dryland peanut and wheat production [20]. These differences are largely attributed to the fact that while only nitrous oxide and agricultural inputs are considered for the production of dryland crops such as wheat and maize, previous studies have typically included nitrous oxide and methane emissions when assessing paddy field greenhouse gas emissions [51,52,53]. Previous research has shown that dryland agriculture primarily results in methane uptake. This effect of reducing greenhouse gas emissions is often ignored when calculating total greenhouse gas emissions, resulting in assessment results that are slightly higher than the actual results [25]. In fact, methane contributes about 18% to the atmospheric radiation of the greenhouse effect, and drylands are important methane sinks, accounting for about 6% of the total methane consumption [54]. Therefore, we considered methane in the total greenhouse gas emission assessment of this study, which is different from the total greenhouse gas emission assessment of other dryland crops, which is also one of the innovations of our study. Our results showed that methane absorption by dryland soils can help reduce greenhouse gas emissions and effectively mitigate climate change. Methane absorption increases with increasing fertilization depth, indicating that changing fertilization methods to affect greenhouse gas emissions produced by methane can also effectively reduce greenhouse gas emissions [13]. Similarly, a previous study found that optimized fertilization can reduce greenhouse gas emissions and reduce nitrogen losses [55].



In agricultural activities, CF can consider production and ecological factors to convey more information. This study evaluated CF under different fertilization depths and found that the changes in CF and total greenhouse gas emissions were basically consistent, with total greenhouse gas emissions and maize yield responding significantly to fertilization depth. The total greenhouse gas emissions were significantly reduced under D25, and corn yield was significantly increased, resulting in a significant decrease in CF compared with D5. Since paddy fields are a source of methane emissions and contribute more to CF than dryland spring maize production, the amount of CF in this study was significantly lower than previously observed in paddy fields [19,33]. Previous studies suggested that changes in soil organic carbon content, straw and root weight, and soil respiration should be considered when assessing CF. However, according to other studies, changes in soil organic carbon should only be considered when returning straw to fields causes substantial changes in soil organic carbon content [56]. The root weight was difficult to determine, and soil respiration directly produces CO2, so this study only considered the greenhouse effect caused by nitrous oxide and methane and directly caused by fertilization. For the planting industry that relies on photosynthesis, it has two characteristics: carbon emissions and carbon sinks. Carbon sinks should be considered when estimating agricultural carbon emissions [57]. A previous study showed that crops accumulating more dry matter mean they can fix more carbon from the atmosphere and ultimately exhibit carbon sequestration throughout their growth [58]. In this study, yield and biomass were highest under D25, so we believe that 25 cm deep fertilizer application can improve the crop’s ability to fix carbon from the atmosphere and reduce carbon emissions throughout the growth cycle.




4.3. Deep Fertilization Decreased Nitrogen Footprint


Numerous studies have demonstrated that the major contributors to Nr loss in agricultural environments are ammonia volatilization, NO3−−N and NH4+−N leaching following the application of nitrogen fertilizer [19,25,28,59,60,61], and consistent results have been obtained in previous studies. Diesel was the main contributor to the Nr loss from agricultural inputs, accounting for 65.0–81.7%. Agricultural inputs and nitrous oxide accounted for relatively small amounts of the total Nr losses. Ammonia volatilization and NO3−−N and NH4+−N production accounted for a large proportion of the Nr losses. Optimizing fertilization depths can significantly reduce the loss caused by ammonia volatilization, which is of great importance for reducing the Nr losses in agriculture.



This study did not measure the Nr loss of NO3−−N and NH4+−N, but the Nr loss factor provided by the Chinese Life Cycle Database was used in the calculation. Fertilizing at appropriate depths (15 cm and 25 cm) promotes root growth and development, enhances nitrogen absorption, and ultimately improves nitrogen utilization efficiency [7,10]. Therefore, we believe that under D15 and D25 conditions, the calculated Nr losses caused by NO3−−N and NH4+−N are slightly higher than the actual loss, which further indicated that it is feasible to reduce Nr loss by appropriately increasing fertilization depth. NF is a standard indicator of nitrogen loss, which combines all of the Nr losses in the crop production process with the yield to represent the Nr losses per unit of grain produced. Previous studies have shown that adopting appropriate agronomic measures can reduce NF and improve ecosystem service functions [19,62]. The NF range of fertilization treatments was 5.99–8.25 g N-eq kg−1 grain, which is consistent with the NF range of 5.1–7.7 g N-eq kg−1 grain found in rice production [31]. In a previous study conducted in the Loess Plateau region of China, the NF of wheat was 64–91 g N-eq kg−1 grain [25], which was significantly higher than the NF values observed in this study, although the total Nr was approximately the same. Due to low rainfall during the production period in the Loess Plateau region, wheat yields are poor, ultimately leading to higher NF values [30,63]. Previous studies have shown that changing the type of urea, such as applying slow-release urea or controlled-release urea, is of great significance in promoting the efficient use of nitrogen by crops and reducing nitrogen loss [64]. Zheng et al. [8] found that the mixed application of urea and nitrification inhibitors or urease inhibitors during summer maize production by dryland farming in the Loess Plateau region of China significantly reduces nitrous oxide and ammonia volatilization, improves the nitrogen use efficiency, and reduces Nr loss, thereby decreasing NF, which also provided inspiration for our subsequent research.




4.4. Effects of Deep Fertilization on Maize Productivity, NEEB, and the Technology Adoption Potential


Our results confirmed the findings of Xia et al. [65], a meta-analysis, which showed that deep nitrogen placement can improve grain yield, total nitrogen absorption, and nitrogen utilization efficiency. Compared with surface fertilization treatment, proper adjustment of fertilization depth can greatly increase maize yield. The reason is that deep fertilization fixes nutrients in the position where the roots absorb nutrients, reducing the impact on maize yield, as well as reducing the risk of downward leaching of nitrogen [10]. Furthermore, the immobilization of nitrogen in deep soil reduces its loss in the form of volatile ammonia and nitrous oxide emissions [66]. Appropriate depth of fertilization will also promote crop rooting, which will help the roots develop deeper into the soil and obtain the water and nutrients needed for growth and development [7]. These factors lead to significant increases in crop yields and fertilizer utilization efficiency after selecting the appropriate fertilization depth. Due to differences in soil texture, precipitation, and farming practices across regions, the optimal depth of fertilization may vary, so further research is still being conducted in different locations and regions.



To fully assess the whole economic benefits of the crop production process, NEEB can be used to link agronomic expenses to environmental costs and benefits [23]. We found that adopting appropriate fertilization depth increases the economic cost of agricultural inputs but also significantly increases crop yields and significantly reduces environmental costs, thereby significantly reducing NEEB. Our approach supports the goal of achieving maximum economic benefits with minimum environmental pollution in agricultural production [67]. In addition, we found that reduced yields and increased economic costs of agricultural inputs are difficult to offset the costs of reducing greenhouse gas emissions, thus significantly reducing the economic benefits under D35. Therefore, agricultural inputs must be considered when assessing the benefits of this plant production model.



The results obtained in this study support our hypothesis that deep fertilization can increase the methane uptake capacity of drylands, reduce carbon emissions and nitrogen losses, and significantly increase corn yields, which is beneficial to agroecosystems. The aim of our experiment was also achieved.



Our study demonstrated that optimizing fertilization depth can effectively increase maize productivity while reducing the environmental footprint. Can farmers accept the deep application technology of chemical fertilizers? Because existing equipment cannot meet the requirements of a reasonable fertilization plan, it is difficult for farmers to accept deep fertilization technology. Fortunately, agricultural equipment has evolved to the point where it can fully meet global fertilization needs [68], allowing farmers to accept this approach to some extent. However, as the depth of fertilization increases, mechanical operations require more diesel, which increases the cost of fertilization and is also the biggest concern for farmers. In order to increase farmers’ enthusiasm, the government may consider increasing planting subsidies while promoting this technology in the future. Our study showed that maize yield was highest when fertilizer was applied at a soil depth of 25 cm, followed by 15 cm. Meanwhile, performance in terms of environmental benefits also reflected yield performance, with D25 having the lowest environmental cost, followed by 15 cm depth. Therefore, the results of this study indicated that for spring maize production in the Loess Plateau region, the optimal depth for deep application of nitrogen and phosphorus fertilizers is 25 cm. However, increasing the depth of fertilization will significantly increase the intensity of mechanical use and diesel consumption. We advocate further optimizing the fertilization location within the 15–25 cm soil layer to determine a more effective and appropriate fertilization depth.





5. Conclusions


This study found that deep fertilization significantly increased methane absorption flux in spring maize fields. Soil inorganic matter inhibited the CH4 uptake. Fertilizer inputs and diesel were the primary and second-highest source of GHG emissions from the agricultural inputs, and the contribution of diesel to emissions increased as the fertilization depth increased. The contribution of agricultural inputs to the total Nr loss increased with the increase in fertilization depth. An appropriate fertilization depth significantly reduced the likelihood of global warming and the carbon and nitrogen footprint in the maize production system and significantly improved maize productivity and NEEB. Greenhouse gas emission and the loss of reactive nitrogen led to a decrease in maize production. Fertilizing at 25 cm depth can increase the economic and ecological benefits of dryland spring maize production and can be used as an alternative fertilization strategy for sustainable maize production system.
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Figure 1. System boundary used for life cycle analysis to estimate carbon and nitrogen footprints for spring maize production. 
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Figure 2. Cumulative N2O emission (kg ha−1), NH3 volatilization (kg ha−1), and CH4 emission (kg ha−1) during maize growth stages under different deep fertilization depth treatments in 2019 and 2020. CK: No N-P placement in the soil; and D5, D15, D25, and D35 indicate N-P deep-band placement at depths of 5, 15, 25, and 35 cm below the soil surface, respectively. Vertical bars represent standard errors (n = 3). Lowercase letters indicate significant differences among treatments. 
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Figure 3. Global warming potential (GWP, g CO2-eq·ha−1) and greenhouse gas intensity (GHGI, g CO2-eq·ha−1) under different deep fertilization depth treatments in 2019 and 2020. CK: No N-P placement in the soil; and D5, D15, D25, and D35 indicate N-P deep-band placement at depths of 5, 15, 25, and 35 cm below the soil surface, respectively. Vertical bars represent standard errors (n = 3). Lowercase letters indicate significant differences among treatments. *** indicate the significant level at p < 0.001. 
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Figure 4. Relationship between global warming potential (GWP) or greenhouse gas intensity (GHGI) and maize yield under different deep fertilization depth treatments during 2019 and 2020. ** and *** indicate the significant level at p < 0.01 and p < 0.001. 
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Figure 5. Proportion of GHGs emissions (A) due to agricultural inputs, average GHG emissions (B), and CH4 emissions (C) under different deep fertilization depth treatments during 2019 and 2020. CK: No N-P placement in the soil; and D5, D15, D25, and D35 indicate N-P deep-band placement at depths of 5, 15, 25, and 35 cm below the soil surface, respectively. Lowercase letters indicate significant differences among treatments (LSD test, p < 0.05). Vertical bars represent the standard error (n = 3). 
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Figure 6. Proportions of reactive nitrogen losses (A) due to agricultural inputs, average reactive nitrogen losses (B), and N2O reactive nitrogen losses (C) under different deep fertilization depth treatments during 2019 and 2020. CK: No N-P placement in the soil; and D5, D15, D25, and D35 indicate N-P deep-band placement at depths of 5, 15, 25, and 35 cm below the soil surface, respectively. Lowercase letters indicate significant differences among treatments (LSD test, p < 0.05). Vertical bars represent the standard error (n = 3). 
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Figure 7. Net ecosystem economic benefits (A), average carbon footprints (B), nitrogen footprints (C), and GHG emissions (D), and Nr losses per NEEB (E) under different deep fertilization depth treatments during 2019 and 2020. CK: No N-P placement in the soil; and D5, D15, D25, and D35 indicate N-P deep-band placement at depths of 5, 15, 25, and 35 cm below the soil surface, respectively. Lowercase letters indicate significant differences among treatments (LSD test, p < 0.05). Vertical bars represent the standard error (n = 3). 
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Figure 8. Relationship between cumulative CH4 emission (a), N2O emission (b), NH3 volatilization (c), and Biomass (A), maize yield (B), N uptake (C), and nitrogen use efficiency (NUE, D) under different deep fertilization depth treatments during 2019 and 2020. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 9. Relationship between soil NO3−−N, NH4+−N content, and NH3 volatilization flux (A), CH4 uptake flux (B), and N2O emission flux (C) under different deep fertilization depth treatments during 2019 and 2020. *** p < 0.001. 
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Table 1. Emissions factors for agricultural inputs to maize production in China.
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Item

	
GHG Emissions

	
Nr Losses

	
Sources

	
Reference




	
Coefficient (CO2-eq)

	
Coefficient (N-eq)






	
N (kg·kg−1)

	
1.53

	
0.89 × 10−3

	
CLCD 0.7

	
Chen et al., 2020 [31]




	
P2O5 (kg·kg−1)

	
1.63

	
0.54 × 10−3




	
Pesticide (kg·kg−1)

	
16.61

	
3.53 × 10−3




	
Insecticides (kg·kg−1)

	
10.15

	
4.49 × 10−3




	
Fungicides (kg·kg−1)

	
10.5

	
7.05 × 10−3




	
Diesel (kg·ha−1)

	
4.99

	
4.66 × 10−3




	
Labor (kg·person−1·day−1)

	
0.86

	
-




	
Maize (kg·kg−1)

	
1.93

	
0.88 × 10−3








Note: CLCD indicates Chinese Life Cycle Database.













 





Table 2. Average greenhouse gas (GHG) emissions due to agricultural inputs for maize production under different treatments during 2019–2020 growing seasons in China.
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Item

	
GHG Emissions (kg CO2-eq·ha−1)




	
CK

	
D5

	
D15

	
D25

	
D35






	
N

	
0

	
344.25

	
344.25

	
344.25

	
344.25




	
P2O5

	
0

	
195.60

	
195.60

	
195.60

	
195.60




	
Pesticide

	
16.61

	
16.61

	
16.61

	
16.61

	
16.61




	
Insecticides

	
15.23

	
15.23

	
15.23

	
15.23

	
15.23




	
Fungicides

	
10.50

	
10.50

	
10.50

	
10.50

	
10.50




	
Diesel

	
149.7

	
249.5

	
299.4

	
349.3

	
598.8




	
Labor

	
0.86

	
0.86

	
0.86

	
0.86

	
0.86




	
Maize

	
16.21

	
16.21

	
16.21

	
16.21

	
16.21




	
Total

	
209.11

	
848.76

	
898.66

	
948.567

	
1198.06








Note: CK: No N-P placement in the soil; D5, D15, D25, and D35 indicate N-P deep placement at depths of 5, 15, 25, and 35 cm below the surface, respectively.













 





Table 3. Average reactive nitrogen (Nr) losses due to agricultural inputs for maize production under different treatments during 2019–2020 growing seasons in China.
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Item

	
Nr Losses (g N-eq·ha−1)




	
CK

	
D5

	
D15

	
D25

	
D35






	
N

	
0

	
306.38

	
306.38

	
306.38

	
306.38




	
P2O5

	
0

	
105.62

	
105.62

	
105.62

	
105.62




	
Pesticide

	
58.63

	
58.63

	
58.63

	
58.63

	
58.63




	
Insecticides

	
68.36

	
68.36

	
68.36

	
68.36

	
68.36




	
Fungicides

	
74.03

	
74.03

	
74.03

	
74.03

	
74.03




	
Diesel

	
697.60

	
1162.67

	
1395.20

	
1627.74

	
2790.41




	
Labor

	
-

	
-

	
-

	
-

	
-




	
Maize

	
14.27

	
14.27

	
14.27

	
14.27

	
14.27




	
Total

	
912.89

	
1789.96

	
2022.50

	
2255.03

	
3417.70








Note: CK: No N-P placement in the soil; D5, D15, D25, and D35 indicate N-P deep placement at depths of 5, 15, 25, and 35 cm below the surface, respectively.













 





Table 4. The biomass, maize yield, fertilizer uptake, and use efficiency under different deep-band placement fertilizer treatments during 2019 and 2020.
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Year

	
Treatment

	
N Uptake

	
NUE

	
Biomass

	
Yield




	
kg·ha−1

	
%

	
kg·ha−1

	
kg·ha−1






	
2019

	
CK

	
88.21 d

	

	
18,379.95 d

	
9548.45 d




	
D5

	
161.43 c

	
32.54 c

	
21,628.35 c

	
10,971.43 bc




	
D15

	
174.13 b

	
38.19 b

	
23,331.38 b

	
11,487.09 b




	
D25

	
187.19 a

	
43.99 a

	
25,237.00 a

	
12,507.13 a




	
D35

	
157.83 c

	
30.94 c

	
21,215.30 c

	
10,588.24 c




	
2020

	
CK

	
82.61 d

	

	
18,354.50 d

	
9982.03 d




	
D5

	
151.30 c

	
30.53 c

	
21,551.53 c

	
10,951.10 c




	
D15

	
163.84 b

	
36.10 b

	
22,463.023 b

	
11,680.44 b




	
D25

	
179.99 a

	
43.28 a

	
23,403.25 a

	
12,447.11 a




	
D35

	
146.81 c

	
28.53 c

	
21,255.70 c

	
10,797.55 c




	
ANOVA

	
Year

	
***

	
*

	
***

	
*




	
Treatment

	
***

	
***

	
***

	
***




	
Y × T

	
NS

	
NS

	
***

	
NS








Note: CK: No N-P placement in the soil; D5, D15, D25, and D35 indicate N-P deep placement at depths of 5, 15, 25, and 35 cm below the surface, respectively. Different letters in a column mean significant differences at the 5% level. NS indicate no significant. * p < 0.05, *** p < 0.001.
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