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Abstract

:

The dynamic interactions between soil, weather and crop management have considerable influences on crop yield within a region, and should be considered in optimizing nitrogen (N) management. The objectives of this study were to determine the influence of soil type, weather conditions and planting density on economic optimal N rate (EONR), and to evaluate the potential benefits of site-specific N management strategies for maize production. The experiments were conducted in two soil types (black and aeolian sandy soils) from 2015 to 2017, involving different N rates (0 to 300 kg ha−1) with three planting densities (55,000, 70,000, and 85,000 plant ha−1) in Northeast China. The results showed that the average EONR was higher in black soil (265 kg ha−1) than in aeolian sandy soil (186 kg ha−1). Conversely, EONR showed higher variability in aeolian sandy soil (coefficient of variation (CV) = 30%) than in black soil (CV = 10%) across different weather conditions and planting densities. Compared with farmer N rate (FNR), applying soil-specific EONR (SS-EONR), soil- and year-specific EONR (SYS-EONR) and soil-, year-, and planting density-specific EONR (SYDS-EONR) would significantly reduce N rate by 25%, 30% and 38%, increase net return (NR) by 155 $ ha−1, 176 $ ha−1, and 163 $ ha−1, and improve N use efficiency (NUE) by 37–42%, 52%, and 67–71% across site-years, respectively. Compared with regional optimal N rate (RONR), applying SS-EONR, SYS-EONR and SYDS-EONR would significantly reduce N application rate by 6%, 12%, and 22%, while increasing NUE by 7–8%, 16–19% and 28–34% without significantly affecting yield or NR, respectively. It is concluded that soil-specific N management has the potential to improve maize NUE compared with both farmer practice and regional optimal N management in Northeast China, especially when each year’s weather condition and planting density information is also considered. More studies are needed to develop practical in-season soil (site)-specific N management strategies using crop sensing and modeling technologies to better account for soil, weather and planting density variation under diverse on-farm conditions.
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1. Introduction


Improper nitrogen (N) management in current crop production systems has become a growing concern among governments, scientists and farmers around the world [1,2,3]. Optimizing N management in agriculture is crucially important for food security, environmental protection, and sustainable development [3,4,5]. This is particularly true for China, the world’s largest producer, consumer and importer of chemical fertilizers [6,7]. Chinese scientists have been promoting a regional optimal N management (RONM) strategy to avoid significant over- or under-application problems [5,8]. If it were adopted for maize (Zea mays L.) production across China, more than 1.4 million tons N fertilizer and 18.6 million tons of greenhouse gas (GHG) emission would be reduced [9]. Such strategy can be easily adopted by farmers and won’t increase their costs. However, due to the significant field-to-field and within-field variability of indigenous soil N supply and crop N demand, this fixed rate and timing strategy will unavoidably result in sub-optimal N management in different fields within a region [8,10]. There is a growing interest in China to develop alternative strategies to further improve N use efficiency (NUE) by better matching N supply with crop N requirement in both space and time [5,6]. Accordingly, it is necessary to determine key factors influencing maize response to N rate and evaluate the potential benefits of alternative N management strategies first.



The first and most important factor to consider is soil type differences, especially soil texture, which regulates many soil processes such as water retention and infiltration, soil organic matter mineralization and nutrient dynamics and, therefore, influences soil N availability and crop yield [11,12,13,14]. There are about 17 different soil types, according to the United States Department of Agriculture (USDA) Soil Taxonomy, in Lishu county, Jilin Province, Northeast China [15]. Recent research indicated that N requirements for maize varied spatially due to the spatial heterogeneity of soil texture [16]. The optimal N rate should be determined according to variability in these soil properties that influence soil N availability or crop response to available N [17]. Loamy clay and loamy sand are two representative soil textures in Northeast China. The loamy clay soil generally has a higher soil organic matter (SOM) content, higher water holding capacity, and stronger ability to fix NH4-N than loamy sand [18]. Loamy sand soils, on the other hand, have generally lower SOM and water holding capacity, but due to greater aeration, they are usually characterized by a higher N mineralization rate than the loamy clay soils [19], causing higher risks of N leaching losses [20]. A recent study from Northeast China indicated that there was a weak parabolic relationship between N rate and maize root length in loamy clay and clay loam soils, but not in the loamy sand soil [21]. That study reported that root length and grain yield were both maximized at the optimal N rate (ONR) of 168–240 kg N ha−1 across soils and years. Results of Qiu et al. [22] indicated that ONR ranged between 140 and 210 kg ha−1 for maize in Northeast China across site-years. The results of studies conducted in North America indicated that the maize grown in fine-textured soils had significantly greater response to added N than the maize grown in medium-textured soils [23].



In addition to soil type and soil texture, weather conditions can also have a strong impact on crop growth, soil water and nutrient dynamics, and crop response to N fertilization. Precipitation and temperature have been found to significantly affect maize grain yield, soil mineral N, and maize response to N [24,25,26,27]. The interaction between soil properties and weather conditions controls the soil water and nutrient availability as well as crop yield potential during the growing season [28,29]. Due to the spatial and temporal variations in crop N demand and soil N supply and losses, crop responses to N fertilizer may vary both between and within soils under different weather conditions [30,31,32]. This can result in significant changes of ONR in space and time [33,34,35]. It has been found that maize yield response to N fertilization could be enhanced by abundant and well-distributed rainfall, and accumulated maize heat units [23]. Therefore, weather conditions should also be taken in account when determining the ONR for different soils.



Planting density is often considered one of the most important crop management practices to improve grain yield and NUE for maize production [36,37,38]. An optimal planting density is needed together with a matching optimal N rate to ensure appropriate aboveground and underground plant growth through different utilization of solar radiation and soil nutrients [38,39,40]. Hence, the maximum maize grain yield in a specific environment (related to soil and weather conditions) may be achieved [41].



So far, few studies have explored the effects of soil type (texture), weather condition, and planting density on the economic optimal N rate (EONR) for maize production, especially in Northeast China. Therefore, the objectives of this study were to (1) determine the EONR as affected by soil type, weather condition and planting density, and (2) evaluate the potential benefits of applying soil-specific (SS), soil- and year-specific (SYS), and soil-, year- and density-specific (SYDS) EONR for maize production in Northeast China.




2. Materials and Methods


2.1. Site Descriptions


The study was conducted in Lishu County (43°02′–43°46′ N, 123°45′–124°53′ E), Jilin Province in Northeast China. Two field locations within the study site with contrasting soil types were selected for this study: one field with a black soil (loamy clay) equivalent to typical Haploboroll and the other field with an aeolian sandy soil (loamy sand) equivalent to typical Cryopsamments according to the USDA Soil Taxonomy [42]. In Lishu County, about 54,700 hectares of black soil fields and about 13,900 hectares of aeolian sandy soil fields are used to grow spring maize [15]. The black soil field was fertile and fine-textured with higher field capacity (0.39 cm cm−3), total N (1.35 g kg−1), and SOM (26.2 g kg−1) than the coarse-textured aeolian sandy soil field with lower field capacity (0.13 cm cm−3), total N (0.65 g kg−1), and SOM (9.7 g kg−1) [43]. The daily precipitation (mm) and daily mean temperature (°C) during three maize growing seasons from 2015 to 2017 were reported in the previous study in Lishu County [43]. According to accumulated precipitation (APP) of maize growth season, year 2015, 2016, and 2017 were considered as dry (347.3 mm), wet (660.6 mm), and normal (509.9 mm) years, respectively.




2.2. Field Experiments and N Management Strategies


The same field experiment was conducted from 2015 to 2017 in the black soil and aeolian sandy soil fields. The experiment used a two-factor randomized complete block design with three replicates involving six N rates (from 0 to 300 kg N ha−1 for maize with an increment of 60 kg N ha−1) with three planting densities (D1: 55,000 plants ha−1, D2: 70,000 plants ha−1, D3: 85,000 plants ha−1) in each field. The plot size was 9 × 8 m2 with wide-narrow row planting spacing of 0.40–0.80 m. For each N treatment, one-third of the N fertilizer in the form of urea and all the phosphorus in the form of calcium superphosphate (at rate of 90 kg P2O5 ha−1) and potassium in the form of potassium sulphate (at rate of 90 kg K2O ha−1) fertilizers were blended into the top 20 cm soil as basal fertilizers before planting. The remaining two-thirds of the N fertilizer was side-dressed at the V8 growth stage.



To compare different N management strategies, we defined the treatments of 300 kg N ha−1 with 55,000 plants ha−1 and 240 kg N ha−1 with 70,000 plants ha−1 as the farmer N rate (FNR) and regional optimal N rate (RONR) management strategies, respectively. The treatment of 0 kg N ha−1 with 55,000 plants ha−1 was defined as check plot (CK). Three EONR management strategies were evaluated in this study: (1) soil-specific EONR (SS-EONR) adjusts N application rates according to different soil types; (2) soil- and year-specific EONR (SYS-EONR) adjusts N application rates according to different soil types and each year’s weather conditions; and (3) soil-year-density-specific EONR (SYDS-EONR) adjusts N application rates according to different soil types, each year’s weather conditions and different planting densities. The EONR was defined as the rate of N application where $1 of additional N fertilizer returned $1 in grain yield, and was based on the assumption that N fertilizer was the only variable cost and all other costs were fixed [44]. The optimal plant density was empirically determined at 70,000 and 55,000 plants ha−1 for the black and aeolian sandy soil fields, respectively. The SS-EONR, SYS-EONR and SYDS-EONR were determined based on the maize yield responses to the N application rate for specific soil, specific soil- and year, and specific soil-, year and density situations, respectively.



The local maize variety-Liangyu 66 was used in both fields. No irrigation was applied in the black soil field, while one-time irrigation of about 50 mm of water was applied before the anthesis growth stage in the aeolian sandy soil field each year. All plots were kept free of weeds, insects, and diseases with chemicals based on standard practices.




2.3. Sample Collection and Data Calculation


Before the start of the experimental series in 2015, soil samples were collected from each plot to determine the soil physical and chemical characteristics. At maize harvest stage (R6) for each growing season, three plant samples were randomly collected from each plot and split into stalks, leaves and grains. These three parts of plant samples were dried in the oven at 105 °C for one hour and then at 85 °C to a constant weight to determine dry aboveground biomass (AGB), which was the sum dry weight of talks, leaves and grains. Then they were ground into fine powder to determine plant N concentration (PNC) by the Kjeldahl digestion method [45], and the plant nitrogen uptake (PNU) was determined by multiplying PNC by AGB. Finally, the N nutrition index (NNI) for each plot was determined by the ratio of actual and critical PNC at harvest stage [46]. The critical PNC was calculated as following equation:


PNCc = 36.5 × W−0.48



(1)




where PNCc is the critical plant N concentration expressed as “g kg−1 dry matter (DM)” and W is the AGB expressed in “t DM ha−1”.



After sampling, grain yield was determined by harvesting the middle 20 m2 area of each plot and standardized to 14% grain moisture content. Later, partial factor productivity (PFP), agronomic efficiency (AE), and recovery efficiency (RE) were calculated using the following equations:


PFP [kg kg−1] = YN/NF



(2)






AE [kg kg−1] = (YN − Y0)/NF



(3)






RE [%] = (PNUN − PNU0)/NF



(4)




where YN and Y0 are the yield in N fertilizer application plots and 0 kg N ha−1 plots, respectively, and PNUN and PNU0 are the plant N uptake (PNU) in N application plots and 0 kg N ha−1 plots, respectively, and NF is the applied N fertilizer rate.



The economic income, defined as net return (NR, $ ha−1), was calculated according to Formula (4):


NR = GY × GP − Cost



(5)




where GY is the grain yield (kg ha−1), GP is the grain price (0.25 $ kg−1), and the Cost included field tillage (100 $ ha−1), sowing (127 $ ha−1), irrigation (423 $ ha−1), pesticide (100 $ ha−1), herbicide (100 $ ha−1), harvest (155 $ ha−1), N fertilizer (0.92 $ N kg−1), phosphorus fertilizer (0.52 $ P2O5 kg−1), potassium fertilizer (0.52 $ K2O kg−1), and maize seeds (1.05 $ 1000 seeds−1).




2.4. Statistical Analysis


Analysis of variance (ANOVA) was conducted using the general linear model procedure in SPSS 25.0 software (SPSS Inc., Chicago, IL, USA). The main effects of soil, year, planting density, and N fertilizer rate on yield, AGB, PNC, and NNI were analyzed. Mean values of the aforementioned variables for each N treatment were compared using least significant difference test (LSD) at the p < 0.05 probability level. Three statistical models (quadratic, quadratic-plus-plateau and linear-plus-plateau) were selected to describe the crop yield response to N rate, AGB, PNC, and NNI. The PROC NLIN procedure in SAS software (Version 8.0, SAS, 2013), was used to build and analyze those models. The choice of the best model was based on the coefficients of determination (R2) and root mean square error (RMSE). The quadratic model had the best fit to describe the crop yield response to AGB, and the linear-plus-plateau model had the best fit to describe the crop yield response to PNC and NNI at specific soil and specific soil-year respectively. The quadratic-plus-plateau model had the best fit and was therefore used to calculate the EONR and yield at EONR (EOY). The EONR (kg N ha−1) was calculated as:


EONR [kg ha−1] = (CP − b)/2c



(6)




where CP was the ratio of the cost of N fertilizer to the price of maize grain, and b and c are the linear and quadratic coefficients from the quadratic-plus-plateau equation. The EOY was calculated by substituting the EONR value into the quadratic-plus-plateau equation [44].



Additionally, multiple linear regression was used to establish the relationships between EONR (obtained yield) and the soil total N (TN), planting density (D), growing degree days (GDD), and accumulated precipitation (APP) during maize growing season using the SPSS 25.0 software (SPSS Inc., Chicago, IL, USA). The GDD was calculated as follows:


GDD = ∑ ((Tmax − Tmin)/2 − Tbase)



(7)




where Tmax, Tmin, Tbase are the daily maximum, minimum, and base temperatures, respectively and Tbase = 10 °C.





3. Results


3.1. The Description of Maize Agronomic Parameters


According to the results of ANOVA (Table 1), maize yield, AGB, PNC, and NNI, were all significantly affected by soil type, year with its weather pattern, N rate, and their interactions. However, the yield, PNC, and NNI were not directly affected by the planting density.



The multiple comparisons of the analyzed agronomic parameters in data subsets aggregated by a given influencing factor are shown in Table 2. The maize yield, AGB, and NNI in the black soil field were significantly higher (by 3.43 t ha−1, 5.91 t ha−1, and 0.06) than in the aeolian sandy soil field. On the other hand, the PNC were significantly lower (by 1.31 kg kg−1) in the black soil field than in the aeolian sandy soil field. The relatively wet season of 2016 brought the highest yield and AGB while NNI was the lowest among three years. In 2015, a relatively dry year, the yield and PNC were the lowest in the analyzed period. The yield, PNC, and NNI were not significantly affected by the three tested planting densities. The values of all of the parameters significantly improved with the increasing N rate, until the N4 treatment (240 kg ha−1).



An overview of the relationships between maize yield and agronomic parameters showed distinct crop response to growing conditions (Figure 1 and Figure 2). Whether across the three years or in a specific year, for black soil and aeolian sandy soil fields the relationship between yield and AGB had a significant quadratic relationship. On the contrary, the relationships between yield and either PNC or NNI were modeled according to the linear-plus-plateau models. Across the three years, the yield was maximized when the PNC reached 9.6 kg kg−1 and 10.1 kg kg−1 in black soil and aeolian sandy soil, respectively. Correspondingly, in black soil field, the yield reached its maximum when the NNI was at 0.95, while in the aeolian sandy soil, the maximum yield was obtained at NNI of 0.81. Analyzed for a given year, in 2015, 2016, and 2017, the yield was maximized when the PNC reached 8.2, 9.2, and 9.9 kg kg−1 in black soil and 9.7, 9.5, and 10.1 kg kg−1 in aeolian sandy soil, respectively. Correspondingly, in the black soil field, the yield reached its maximum when the NNI was at 1.15, 0.84, and 0.90 in specific year of 2015, 2016, and 2017, while in the aeolian sandy soil, the yield was maximized at NNI of 0.74, 0.80, and 0.88, respectively.




3.2. The Response of Maize Agronomic Parameters to N Application Rate


The maize yield was significantly higher in black soil than in aeolian sandy soil at each N application rate (Figure 3). According to the quadratic-plus-plateau model, the maize yield was maximized at the N rates of 285 and 201 kg ha−1 in black soil and aeolian sandy soils across three years, respectively. Furthermore, the lowest N rate for obtaining the maximum yield, or the agronomic optimal N rate (AONR), was not stable in either the black soil field or the aeolian sandy soil field and was influenced by the weather pattern in a given season. For specific year of 2015, 2016, and 2017, the soil-specific AONR of black soil and aeolian sandy soil fields were 300, 243, and 277 kg ha−1 and 112, 209, and 217 kg ha−1 in 2015, 2016, and 2017, respectively. The average EONRs were 265 kg ha−1 (276, 230, and 260 kg ha−1) and 186 kg ha−1 (101, 193, and 203 kg ha−1) in black soil and aeolian sandy soil fields, respectively, across three years (in specific year of 2015, 2016, and 2017).



Moreover, the soil-specific EONR was also influenced by the year and planting density interaction (Figure 4). In the black soil field, the soil-specific EONR had a coefficient of variation (CV) of 10% and reached 210, 225, and 240 kg ha−1, 234, 214, and 252 kg ha−1, and 266, 250, and 266 kg ha−1 at the planting density of 55,000, 70,000, and 85,000 plants ha−1 in year of 2015, 2016, and 2017, respectively. The NUE analysis using PFP and AE showed that the highest values were obtained at the planting density of 70,000 plants ha−1 (64 and 42 kg kg−1) in all three years compared with 50,000 plants ha−1 (54 and 20 kg kg−1) and 85,000 plants ha−1 (50 and 37 kg kg−1). In the aeolian sandy soil field, the soil-specific EONR varied with the CV of 30% and reached 88, 150, and 96 kg ha−1, 158, 209, and 215 kg ha−1, and 168, 177, and 208 kg ha−1 at the planting density of 55,000, 70,000, and 85,000 plants ha−1 in year of 2015, 2016, and 2017, respectively. Interestingly, the NUE analysis (PFP and AE), showed that the highest values were obtained at the planting density of 55,000 plants ha−1 (75 and 23 kg kg−1) in all three years compared with 70,000 plants ha−1 (55 and 34 kg kg−1) and 85,000 (50 and 36 kg kg−1) (Figure 4). Meanwhile, according to the multiple linear regression (Figure 5), soil-specific EONR (R2 = 0.77) and obtained yield (R2 = 0.95) showed significant relationships with the soil total N, growing degree days, accumulated precipitation, and planting density.




3.3. The Potential Benefits of Site-Specific N Management Strategies


Based on the EONR specific to different soil types, years and planting densities, as described above (Figure 4), three site-specific N management strategies were proposed. The results of the SS-EONR, SYS-EONR, and SYDS-EONR strategies with their explicit N-rates and optimal planting densities at 70,000 and 55,000 plants ha−1 for the black and aeolian sandy soil fields, respectively, were averaged across the soils and years (Table 3). This facilitated the comparison with FNR at 300 kg N ha−1 and 55,000 plants ha−1 and RONR at 240 kg N ha−1 and 70,000 plants ha−1. The variation between the different strategies at the two soil types are given in Figure 6.



In comparison with FNR across the two soil types and three years (Table 3), the SS-EONR, SYS-EONR, and SYDS-EONR strategies significantly reduced N rate by 25%, 30%, and 38%, increased NR by 155, 176, and 163 $ ha−1, and improved NUE parameters (PFP and AE) by 37–42%, 52%, and 67–71%, respectively. Meanwhile, these three strategies showed no significant effects on maize yield. When compared with RONR, the SS-EONR, SYS-EONR, and SYDS-EONR strategies significantly reduced N rate by 6%, 12%, and 22%, and improved NUE parameters (PFP and AE) by 7–8%, 16–19%, and 28–34%, respectively, without significantly affecting maize yield and NR.



Analyzed for each soil type separately, the SS-EONR, SYS-EONR, and SYDS-EONR strategies performed differently when compared with FNR and RONR across the three years (Figure 6). In the black soil field, in comparison with FNR, the SS-EONR, SYS-EONR, and SYDS-EONR strategies significantly reduced N rate by 12%, 15%, and 22%, increased NR by 201, 212, and 193 $ ha−1, and improved PFP by 20%, 26%, and 35%, respectively, without significantly affecting maize yield, AE, and RE. However, when compared with RONR, the SS-EONR, SYS-EONR, and SYDS-EONR strategies did not significantly affected N rate, maize yield, NR, and NUE parameters (PFP, AE, and AE).



In the aeolian sandy soil field, in comparison with FNR, the SS-EONR, SYS-EONR, and SYDS-EONR strategies reduced N rate by 38%, 45%, and 54%, increased NR by 109, 140, and 133 $ ha−1, and improved NUE parameters (PFP and AE) by 62%, 76–93%, and 105–126%, respectively. When compared with RONR, the SS-EONR, SYS-EONR, and SYDS-EONR strategies reduced N rate by 23%, 31%, and 42%, increased NR by 95, 126, and 119 $ ha−1, and improved NUE parameters (PFP and AE) by 31–33%, 44–56%, and 68–83%, respectively. It is worth noting that the SS-EONR, SYS-EONR, and SYDS-EONR strategies showed no significant difference in maize yield whether comparing with FNR or RONR in the aeolian sandy soil field.





4. Discussion


4.1. The Soil-Specific Economic Optimal N Rate


In this study, the black soil field was characterized by a higher water holding capacity and soil fertility than the aeolian sandy soil field (Table 1). This led to a more efficient nutrient supply to the maize crop during the growing season and resulted in larger AGB and NNI in the black soil field (Table 2). These findings were in agreement with previous studies conducted in this study region [47,48]. According to the relationship between grain yield and AGB or NNI (Figure 1), a higher yield was recorded in the black soil field than in aeolian sandy soil field (Table 2). That is despite the fact that the PNC was higher in the aeolian sandy soil field than in the black soil field (Table 2). The NNI is generally used during the growing season to diagnose crop N status (deficient, optimal or surplus) for guiding in-season N application [49], however, the concept can also be extended to the maturity stage to guide adjustment of N management in the following season [50].



It is usually assumed that the ONRs are higher in coarse-textured soil fields than in fine-textured soil fields, due to the disability in coarse-textured soil fields to retain moisture leading to higher N leaching potential [51]. As a result, most farmers apply more N fertilizer in the aeolian sandy soil field than in the black soil field [52]. Furthermore, in this study location, maize production is rain-fed and water deficit frequently occurs during the maize growing season, hence the drought has been the main limiting factor of crop growth in the aeolian sandy soil field [53,54]. In order to avoid the overuse of N fertilizers, many researchers tend to use the linear plus plateau model to determine the ONR in China [22,55]. In this study, according to the R2 and RMSE, the quadratic-plus-plateau model had the best fit and was, therefore, used to calculate the EONR. The EONR across three years and three planting densities was considerably higher in fine-textured black soil field (265 kg ha−1) than in coarse-textured aeolian sandy soil field (186 kg ha−1) (Figure 3a). According to the relationships between yield and PNC or NNI (Figure 1), plants with a given level of PNC and NNI could produce much more yield in black soil than in aeolian sandy soil. The minimum NNI to obtain the maximum yield in the aeolian sandy soil field (0.81) was significantly lower than in the black soil field (0.95). In other words, adding more N fertilizer would not lead to substantial increase of maize yield in aeolian sandy soil field. Therefore, N fertilizer was not considered the main limiting factor there. This result was in agreement with the previous studies stating that the ONR was lower in coarse-textured soil fields than in fine-texture soil fields and showing great soil-specific variability [50,56].




4.2. The Influence of Weather Conditions and Planting Density on Soil-Specific Economic Optimal N Rate


The interaction between soil properties and weather conditions had the greatest influence on the response of crop yield to N fertilizer [23,24,57]. According to the previous research [58,59,60], the relationship between soil properties and yield was mainly affected by the spatial and temporal variability in soil water holding capacity and precipitation. Therefore, ONR should be adjusted based on the interaction between soil properties and weather conditions. Precipitation was significantly different among three years covered by this study (Figure 1), and had a significant effect on yield, AGB, PNC, and NNI (Table 1 and Table 2). Meanwhile, the minimum PNC and NNI to obtain the maximum maize yield also showed inter-annual variation in both fields (Figure 2). This resulted in the year-to-year variability of soil-specific EONR (Figure 3b–d). For the year of 2016, in black soil field with high soil buffering capacity and fertility (total N and SOM), the relatively high GDD with well-distributed precipitation would lead to a higher AGB and grain yield potential than in 2015 and 2017, a phenomenon noted also in several other studies [40,61,62]. Furthermore, the synchronization of high GDD and well-distributed precipitation in 2016 would lead to a higher soil nitrification rate [19,63] and would provide relatively more soil N for the maize growth than in 2015 and 2017. As a consequence, in 2016 the minimum NNI to obtained the maximum maize yield was the lowest among the three years. Therefore, the SS-EONR for the black soil was lower in 2016 than in 2015 and 2017. On the other hand, in the year of 2015, in aeolian sandy soil with low soil buffering capacity and fertility (total N and SOM), the severe drought restricted the crop growth and yield formation, a phenomenon well described in another study [64]. Due to the low AGB and yield potential, the minimum NNI to obtain the maximum maize yield in the aeolian sandy soil field was the lowest in 2015 among the three tested growing seasons. Therefore, the SS-EONR for the aeolian soil was lower in the dry year (2015) than in 2016 and 2017.



Another question faced by scientists and the farmers is how planting density should be adjusted for different soil types and weather conditions. Although, in this study, the planting density did not have any significant effect on the yield, PNC, and NNI (Table 1), the soil-specific EONR still varied among three weather conditions and planting densities, along with PFP and AE (Figure 4). Also, the variability of the parameters was higher in the aeolian sandy soil field than in the black soil field. The buffering capacity mainly comes from the texture and organic carbon. Therefore, in the fertile black soil field with a higher buffering capacity, the production would in theory be less affected by the varying conditions than in the barren aeolian sandy soil field. The barren aeolian sandy soil field had a low yield potential and high variation in soil conditions, leading to high variation in AGB and yield, which translated to high variation in EONR. Due to the relatively higher N uptake and AGB accumulation at the relatively higher planting densities [37,65], the highest soil-specific AONRs were defined in this study under the high (85,000 plants ha−1) planting density in the fertile black soil field and under the middle (70,000 plants ha−1) and high (85,000 plants ha−1) planting density in the aeolian sandy soil field. Therefore, according to the PFP and AE with the highest values among three planting densities, the middle (70,000 plants ha−1) and low (55,000 plants ha−1) planting densities with their corresponding SYS-EONR would be the optimal N management strategy for maize production in the black soil and aeolian sandy soil fields, respectively. The SS-EONR could be adjusted based on the information about the soil properties, weather conditions, and planting density [66]. Through the multiple linear regression analysis (Figure 5) performed in this study, the SYDS-EONR and the obtained grain yield could be determined preliminarily using soil N, GDD, APP, and planting density.




4.3. The Potential Benefits of Applying Soil-Specific Economic Optimal N Rate


Currently, the RONR strategy recommended about 240 kg N ha−1 with 70,000 plant ha−1 for this study region [8,9]. In this strategy, the N fertilizer is applied at a fixed rate and timing without accounting for spatial and temporal variability in soil N supply and crop N demand. According to the results of this study, the EONR changed dramatically from the black soil field to the sandy soil field and from year to year, which confirmed the findings of the previous studies showing that an ONR varied significantly in space and time [33,34,35]. The previous research demonstrated that soil-specific N management could adjust the N fertilizer application to match crop requirement by identifying the gap between soil N supply and crop N demand according to their spatial and temporal variation in a particular growing season for a specific soil type [67,68]. Therefore, it is of great interest to learn how much we can further improve N management using alternative strategies that are more complex and accurate than the simple FNR and RONR strategies.



Across the two typical soils in this study region, with distinctly different soil properties, compared with FNR, the soil-specific EONR strategies would decrease the N application rates with no negative effect on maize yield, while increasing NR and NUE (Table 3 and Figure 6). When compared with RONR, the soil-specific EONR strategies still showed the potential to decrease the N application rates and increase NUE but with no negative effect on maize yield and NR. Meanwhile, because the EONR showed higher variability in aeolian sandy soil than in black soil across different weather conditions and planting densities (Figure 4), the soil-specific EONR strategies showed greater potential in decreasing N application rates and increasing NUE in aeolian sandy soil than in black soil. Therefore, the soil-specific EONR strategies have a great potential to be implemented to achieve high-yield and high-efficiency maize production in China. Furthermore, because of the variation in weather conditions, especially precipitation, EONR varied among different years (Figure 3). The SYS-EONR strategy would perform better in increasing NUE than the SS-EONR strategy. Although the planting density had no significant effects on grain yield and NR in this study (Table 1), the EONR was significantly affected by it and the interaction among soil type, weather conditions, and planting density (Figure 4). Therefore, the SYDS-EONR strategy would result in the highest potential benefits in reducing the N application rate, and increasing NUE than the SS-EONR and SYS-EONR strategies (Table 3 and Figure 6).



These results indicated that soil-specific N management had the potential to increase N management and improve NUE. The best improvement may be achieved in the coarse-textured aeolian sandy soils and implementing the soil-, year- and planting density-specific EONR strategy. However, it is a great challenge to determine soil- and year-specific planting densities and corresponding optimal N rates across different farmers’ fields. Future studies are needed to use crop-sensing technologies and crop growth modeling methods to guide in-season soil-specific N management under on-farm conditions [5,43,69,70].





5. Conclusions


The future direction of world agriculture is towards high yield, profitability and resource use efficiency. Due to the variation in soil properties, weather conditions, and planting densities, the optimal N rate should be adjusted according to specific soil, weather, and planting density combinations. The results of this study indicated that the average EONR in a fertile black soil field (265 kg ha−1) was higher than in an aeolian sandy soil field (186 kg ha−1). The variation in weather conditions and planting density had significant effect on EONR, resulting in CV of 10% and 30% in black and aeolian sandy soil fields, respectively. The optimal planting density was defined at 70,000 and 55,000 plants ha−1 for the black soil and aeolian sandy soil fields, respectively. The soil-specific EONR management strategy performed better than RONR in reducing N application rate and improving NUE. The best improvement was achieved using the SYDS-EONR strategy which considered the soil, weather, and planting density combinations. More studies are needed to develop practical in-season soil (site)-specific N management strategies to better account for soil, weather and planting density variation under diverse on-farm conditions.
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Figure 1. The relationships between crop yield and aboveground biomass (a), plant N concentration (b), or N nutrition index (c) for two soils across three years and three planting densities. (Note: the “n” is the number of samples for each soil type, the first equation is for black soil, the second equation is for aeolian sandy soil, * indicate significance at p < 0.05 probability level). 
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Figure 2. The relationships between crop yield and aboveground biomass (a,d,g), plant N concentration (b,e,h), or N nutrition index (c,f,i) in year of 2015 (a–c), 2016 (d–f), and 2017 (g–i) for two soils across three planting densities. (Note: the “n” is the number of samples for each soil type, the first equation is for black soil, the second equation is for aeolian sandy soil, * indicate significance at p < 0.05 probability level. 
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Figure 3. The responses of crop yield to N application rate across three years (a), and in specific year of 2015 (b), 2016 (c), and 2017 (d) in two soils across three planting densities. (Note: the “n” is the number of samples for each soil type, the first equation is for black soil, the second equation is for aeolian sandy soil, * indicate significance at p < 0.05 probability level, the lowercase letters in the table indicate the significant difference at 0.05 level). 
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Figure 4. The variation of economic optimal N rate (EONR) and N use efficiency (NUE) (partial factor productivity (PFP) and agronomic efficiency (AE)) in a specific soil (B: black soil, (a); S: aeolian sandy soil, (b), year (2015, 2016, and 2017), and planting density (D1: 55,000 plant ha−1, D2: 70,000 plant ha−1, and D3: 85,000 plant ha−1). (Note: the “n” is the number of samples for EONR, PFP, and AE respectively). 
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Figure 5. The relationships for measured and predicted soil-year-density specific economic optimal N rates (a) or yield (b) using soil, weather, and planting information (Note: the “n” is the number of samples, EONR = 101.24 × TN + 100.68 × GDD − 10.12 × APP + 0.57 × D − 164796.76, Y = 6.74 × TN + 0.91 × GDD − 0.09 × APP + 0.02 × D − 1486.83, where EONR is economic optimal N rate, Y is grain yield, TN is soil total N, GDD is growing degree days, APP is accumulated precipitation, D is planting density). 
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Figure 6. The comparison of the N rates (a), yield (b), net return (c), partial factor productivity (PFP, d), agronomic efficiency (AE, e), and recovery efficiency (RE, f) from different N management strategies at specific soil type across three years. (Note: CK: zero N rate, FNR: farmer application N rate, RONR: regional optimal N rate, SS-EONR: soil-specific economic optimal N rate, SYS-EONR: soil- year-specific economic optimal N rate, SYDS-EONR: soil-year- density-specific economic optimal N rate. The “n” is the number of samples for each N management strategies at specific soil type respectively. The lowercase letters in the table indicate the significant difference at 0.05 level (p < 0.05)). 
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Table 1. Significance of mean squares in the analysis of variance (ANOVA) of yield, aboveground biomass (AGB), plant N concentration (PNC), and N nutrition index (NNI) across two soil types (S), three years (Y), three densities (D), and six N rates (N).
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Source of Variation

	
Df

	
Significance of Mean Square




	
Yield

	
AGB

	
PNC

	
NNI






	
Soil (S)

	
1

	
***

	
***

	
***

	
***




	
Year (Y)

	
2

	
***

	
***

	
***

	
***




	
Density (D)

	
2

	
ns

	
***

	
ns

	
ns




	
Nitrogen (N)

	
5

	
***

	
***

	
***

	
***




	
S × Y

	
2

	
***

	
***

	
***

	
***




	
S × D

	
2

	
ns

	
ns

	
*

	
*




	
S × N

	
5

	
***

	
***

	
***

	
**




	
Y × D

	
4

	
*

	
**

	
ns

	
ns




	
Y × N

	
9

	
***

	
***

	
***

	
***




	
D × N

	
10

	
ns

	
ns

	
ns

	
ns




	
S × Y × D

	
4

	
ns

	
ns

	
ns

	
**




	
S × Y × N

	
9

	
ns

	
*

	
***

	
***




	
S × D × N

	
10

	
ns

	
ns

	
ns

	
ns




	
Y × D × N

	
18

	
ns

	
ns

	
ns

	
ns




	
S × Y × D × N

	
18

	
ns

	
ns

	
ns

	
ns








Note: *, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001 probability levels, respectively. ns was non-significant (p > 0.05).













[image: Table] 





Table 2. The multiple comparisons of maize yield, net return (NR), aboveground biomass (AGB), plant N concentration (PNC), N nutrition index (NNI), and N surplus (NS) at two soil types (S), three years (Y), three densities (D), and six N rates (N) respectively.






Table 2. The multiple comparisons of maize yield, net return (NR), aboveground biomass (AGB), plant N concentration (PNC), N nutrition index (NNI), and N surplus (NS) at two soil types (S), three years (Y), three densities (D), and six N rates (N) respectively.





	
Items

	
Treatments

	
Yield

	
AGB

	
PNC

	
NNI




	
(t ha−1)

	
(t ha−1)

	
(kg kg−1)

	






	
Soil

	
B

	
10.22 ± 0.24 a

	
18.73 ± 0.45 a

	
8.85 ± 0.11 b

	
0.85 ± 0.01 a




	

	
S

	
6.79 ± 0.17 b

	
12.82 ± 0.32 b

	
10.16 ± 0.15 a

	
0.79 ± 0.01 b




	
Year

	
2015

	
8.05 ± 0.30 b

	
16.25 ± 0.53 a

	
9.29 ± 0.18 b

	
0.87 ± 0.01 a




	

	
2016

	
9.13 ± 0.31 a

	
16.99 ± 0.59 a

	
9.37 ± 0.15 ab

	
0.78 ± 0.02 b




	

	
2017

	
8.26 ± 0.29 b

	
14.16 ± 0.52 b

	
9.82 ± 0.18 a

	
0.81 ± 0.02 b




	
Density

	
D1

	
8.44 ± 0.29 a

	
14.87 ± 0.53 b

	
9.65 ± 0.18 a

	
0.80 ± 0.02 a




	

	
D2

	
8.48 ± 0.32 a

	
15.68 ± 0.56 ab

	
9.45 ± 0.17 a

	
0.82 ± 0.02 a




	

	
D3

	
8.59 ± 0.32 a

	
16.78 ± 0.58 a

	
9.41 ± 0.17 a

	
0.83 ± 0.02 a




	
Nitrogen

	
N0

	
4.57 ± 0.28 e

	
9.26 ± 0.50 e

	
7.15 ± 0.09 e

	
0.58 ± 0.02 e




	

	
N1

	
7.12 ± 0.21 d

	
12.80 ± 0.42 d

	
8.50 ± 0.14 d

	
0.68 ± 0.01 d




	

	
N2

	
8.95 ± 0.30 c

	
15.81 ± 0.58 c

	
9.68 ± 0.16 c

	
0.82 ± 0.01 c




	

	
N3

	
9.88 ± 0.34 b

	
18.40 ± 0.59 b

	
10.32 ± 0.17 b

	
0.92 ± 0.01 b




	

	
N4

	
10.28 ± 0.35 ab

	
19.58 ± 0.66 ab

	
10.81 ± 0.16 a

	
0.99 ± 0.01 a




	

	
N5

	
11.08 ± 0.37 a

	
20.33 ± 0.74 a

	
11.08 ± 0.19 a

	
0.99 ± 0.01 a








Note: the notation for treatments within soil (B: black soil, S: aeolian sandy soil), year, density (D1: 55,000 plant ha−1, D2: 70,000 plants ha−1, and D3: 85,000 plants ha−1), and nitrogen (N0: 0 kg ha−1, N1: 60 kg ha−1, N2: 120 kg ha−1, N3: 180 kg ha−1, N4: 240 kg ha−1, and N5: 300 kg ha−1). The number behind “±” is the standard error, and numbers for the same item followed by different letters indicate significant differences (p < 0.05).
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Table 3. The comparison of the N rate, yield, net return, partial factor productivity (PFP), agronomic efficiency (AE), and recovery efficiency (RE) from different N management strategies across soils and years.






Table 3. The comparison of the N rate, yield, net return, partial factor productivity (PFP), agronomic efficiency (AE), and recovery efficiency (RE) from different N management strategies across soils and years.














	Management
	N Rate

(kg ha−1)
	Yield

(t ha−1)
	Net Return ($ ha−1)
	PFP

(kg kg−1)
	AE

(kg kg−1)
	RE

(%)





	CK
	0 ± 0 d
	4.77 ± 0.80 b
	459 ± 100 c
	
	
	



	FNR
	300 ± 0 a
	10.07 ± 1.02 a
	1508 ± 155 b
	33.57 ± 3.40 c
	17.67 ± 3.12 b
	53.79 ± 7.71 a



	RONR
	240 ± 0 b
	10.33 ± 1.16 a
	1612 ± 190 a
	43.03 ± 4.83 bc
	23.15 ± 4.28 ab
	57.48 ± 7.22 a



	SS-EONR
	225 ± 18 bc
	10.45 ± 1.14 a
	1664 ± 167 a
	45.93 ± 2.18 b
	25.05 ± 3.81 ab
	56.18 ± 7.85 a



	SYS-EONR
	211 ± 25 bc
	10.48 ± 1.14 a
	1685 ± 161 a
	51.15 ± 3.71 ab
	26.81 ± 3.15 ab
	56.50 ± 7.99 a



	SYDS-EONR
	187 ± 25 c
	10.34 ± 1.13 a
	1671 ± 157 a
	57.46 ± 4.14 a
	29.52 ± 3.11 a
	58.23 ± 8.31 a







Note: CK: check, zero N rate; FNR: farmer N rate; RONR: regional optimal N rate, SS-EONR: soil-specific economic optimal N rate; SYS-EONR: soil-, and year-specific economic optimal N rate; SYDS-EONR: soil-, year- and density-specific economic optimal N rate. The number behind “±” is the standard error. Different lowercase letters in the same column indicate significant difference at 0.05 level (p < 0.05).
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