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Abstract

:

Maize is the staple food of China, produced on 33.6% of the total arable land. In this context, an effective strategy to enhance maize yield is essential to meet the demand without expanding the cultivation areas. Maize yield can be increased by two key measures: plant-row space optimization and nutrient management. However, in traditional maize cultivation practices, fertilizer utilization by plants is inefficient. We therefore performed a manipulative experiment over two years (2018–2019), applying four treatments: (I) linear planting with nitrogen fertilization at 10 cm depth (CK), (II) linear planting with nitrogen fertilization at 20 cm depth (LD20), (III) zigzag planting with nitrogen fertilization at 10 cm depth (ZD10), and (IV) zigzag planting with nitrogen fertilization at 20 cm depth (ZD20). The aim of this study was to examine the influence of deep nitrogen fertilization and zigzag planting alone and in combination with root distribution, soil properties, canopy structures, and maize yield. Our results showed that all improved maize cultivating strategies (LD20, ZD10, and ZD20) increased the root length density up to 10–30 cm depth of soil layers compared to CK. Similarly, deep nitrogen fertilization increased the photosynthesis rate and leaf area duration after the silking stage. The leaf orientation value of the middle and upper canopies increased in zigzag planting compared to linear planting. It also increased the dry matter accumulation of medium leaves, leaf area duration, and dry matter accumulation after the silking stage. The maize yield was highly increased in ZD20 followed by ZD10, LD20, and the least by CK (traditional cultivating practices) in both years. Our study suggests that zigzag planting provides a higher yield than linear planting. Additionally, deep nitrogen fertilization in zigzag planting significantly increases the population resource utilization rate and yield by optimizing the root–canopy structures. Row spacing and nitrogen fertilization were found to be essential to enhance crop yield by influencing root growth and canopy efficiency.
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1. Introduction


Maize is one of the main staple foods in China [1]. China demands a total of 282 million tons of maize per year [2]. The total production of maize in China was 257 million tons in 2019, with an increase to 261 million tons and 272 million tons in 2020 and 2021, respectively [3]. This data suggests a huge increment in maize production in 2021, which is due to land expansion [4] and the introduction of new improvised maize varieties. However, it still does not meet the demand of the 10 million tons of maize per year—a demand that is increasing annually. Currently, to cover this demand China imports millions of tons of maize every year [5]. China possesses only 13%, which is 127.86 million hectares of arable land, and out of that 33.63% is used exclusively for maize production [6].



Considering limited arable land [7] and increasing the demand for maize, it is essential to improve traditional planting strategies to substantially enhance maize yield [8]. The current practices of growing spring maize involve linear planting with a space of 60 cm between rows and fertilizer application at a depth of 10 cm for each plant [9,10]. Previous studies on maize plants have reported that optimizing plant-row spacing and improving nutrient management are critical measures for enhancing the yield [11,12]. Optimizing plant-row spacing can be done in two ways: I. wide–narrow row planting patterns and II. expanding plant spacing and shrinking the row spacing [13]. A wide–narrow rows planting pattern improves the utilization of limited resources by enhancing the ventilation and light transmission [14]. However, previous studies [15,16] have suggested that wide–narrow row planting might cause vigorous growth of the maize in the earlier growth stage, resulting in senescence at the later growth stage. In addition, uneven row spacing can lead to poor light interception [8,17]. Alternatively, expanding the plant spacing and shrinking the row spacing [18,19,20] can increase the yield by more than 10% under the same density of maize plants [21]. However, in cropland, shrinking the row spacing can be harmful as it enhances the intraspecific resource competition between rows [22,23]. To utilize the advantage of wide/narrow row planting and avoid intra-specific competition, some studies [24,25] have suggested zigzag planting as a suitable alternative.



In addition to space optimization by zigzag planting, the availability of required nutrients plays a vital role in enhancing maize yield. Among fertilizers, nitrogen (N) is the most critical nutrient for improving growth throughout the stages of grain production [26]. In current practices, N is supplied at the soil surface and shallow layer (at 10 cm depth). However, surface-shallow N application results in N loss (NH3 and N2O) [12,27] or exacerbates area-source pollution [28]. To ensure an effective N supplement without loss, several previous studies [29,30,31] have reported that N fertilization should be supplied at deep soil layers. Deep N fertilization effectively reduces N loss, promotes root growth, enhances the activity of root enzymes [32], and maintains high NH4+-N concentration in deep soil solution [33]. In the study by Wu et al. [34], nitrogen fertilization at 15 cm depth increased the nitrogen uptake by plants and the nitrogen use efficiency by 8.07% and 17.79%, compared to 5 cm depth. A considerable number of studies [12,30,35] over the decades have mainly focused on yield and nitrogen use efficiency under deep nitrogen placement without comparing the structure of the root and canopy. Therefore, the mechanism of yield regulation by root and canopy structure under the deep placement of N fertilizer of spring maize remains unexplored and challenging. Previous studies [24,25,34] on maize yield enhancement have either considered zigzag planting or N fertilization at the deep layers. Zigzag planting alone can reduce plant–plant competition in duplicate rows without changing the row spacing and density [25], whereas N supplement at deep soil layers alone can increase the availability of nutrients [35]. Therefore, combining zigzag planting and deep N fertilization together may significantly enhance the growth and yield of spring maize [18] by reducing fertilizer competition among crops and regulating the root and canopy characteristics of the maize population [13].



In this study, we designed a manipulative experiment to evaluate the effect of zigzag planting and deep nitrogen fertilization on root–canopy characteristics, which eventually enhances the spring maize yield. We used the XiangYu211 variety of spring maize in our study, as this variety is preferred by local maize farmers because of its disease resistance, adaptability to soil and environmental conditions, and its high yield characteristics [36]. We hypothesized that (1) zigzag planting substantially increases maize yield by optimizing the root–canopy structure and enhancing the leaf photosynthetic characteristics; (2) deep N fertilization substantially increases the yield by promoting the growth and absorption of soil nutrients by roots; (3) the combination of zigzag planting and deep N fertilization significantly increases the maize yield by bringing the combined benefits from each of the strategies compared to zigzag planting or deep N fertilization alone. The findings of this study provide a theoretical and practical basis for a new, effective, and efficient method for attaining a high yield of spring maize cultivation without losing the soil quality in Northeast China.




2. Materials and Methods


2.1. Experimental Site and Design


We conducted this study at the Jilin Academy of Agricultural Sciences in Northeast China (43°53′ N, 124°82′ E), where 40% [37] of the total maize in the whole country is produced, therefore playing an irreplaceable role in guaranteeing national food security [38]. Jilin experiences a mid-temperate continental monsoon climate with the lowest temperature reaching −30 °C, leaving only around 144 frost-free days throughout the whole year [39]. Maize is grown locally during those frost-free days, which are between April and October. Therefore, we also followed the same growing period for our study. The mean annual precipitation and ambient temperature at the experimental sites were approximately 560 mm and 17.4 °C, respectively. The active accumulated temperature and precipitation were 3239.7 °C and 538.3 mm in 2018 and 3224.7 °C, and 592.9 mm in 2019 (Figure S1) during our experiment period. The preceding crop was maize.



This study employed a two-factor (i.e., planting manner and N fertilization depth) randomized block design and applied four treatments: (1) linear planting with nitrogen fertilization at 10 cm soil depth (CK, Figure 1a); (2) linear planting with nitrogen fertilization at 20 cm soil depth (LD20, Figure 1b); (3) zigzag planting with nitrogen fertilization at 10 cm soil depth (ZD10, Figure 1c); and (4) zigzag planting with nitrogen fertilization at 20 cm soil depth (ZD20, Figure 1d). There was a total of 12 plots, with each plot measuring 48 m2 (10 m × 4.8 m). Each plot was divided into 8 rows consisting of 45 maize plants, resulting in a total of 360 individuals each plot. One treatment was applied to one plot and there were three replications for each treatment. Prior to sowing the seed, all plots were supplied with fertilizers: 225 kg N ha−1, 90 kg P2O5 ha−1, and 90 kg K2O ha−1. Phosphorus (Ca(H2PO4)2) and potassium (KCL) were applied using a fertilizer machine, whereas nitrogen (Urea) was applied manually at the required depth (depth measured using a ruler) by manual excavation. After fertilization, the soil was backfilled to the ditch. We used the spring maize cultivar XiangYu211, which is widely grown in the study area, and planted a total of 75,000 maize plants ha−1. During the growing season, all maize plants were protected with herbicides and pesticides to avoid weeds and infestations. The maize seeds were sown on 28 April and 26 April and harvested on 28 September in 2018 and 2019, respectively. We adopted different vegetative (VE-VT) and reproductive stages (R1–R6) of the maize life cycle following Ritchie et al. [40].




2.2. Root Spatial Distribution Measurement


We collected maize root samples to measure the change in spatial distribution of the roots in the soil across four different treatments. Root distribution was measured by root length density, which refers to the total length of roots per unit of soil volume [41]. A total of two plants adjacent in different rows were selected for root sampling. Root samples were collected at the silking stage (R1) as this is the highest root development period [42].



To measure root distribution, a soil block (22.2 cm (plant spacing) × 10 cm × 10 cm in size) with an x-axis (horizontal distribution of roots) length of 120 cm and a y-axis (vertical distribution of roots) length of 40 cm was treated as a sampling unit consisting of 48 blocks across all 4 treatments. The y-axis, measuring 40 cm in length, was divided into 4 layers for analysis: 0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm. The root length density in each of these layers was then compared between the different treatments. The x-axis was defined as the direction perpendicular to the planting row, and the y-axis was defined as the direction of the soil depth. For each sampling unit, the center of the sampled soil profile was taken as the position of the maize root, following the methodology described in Ref. [43]. The roots from each sampling unit were dug out and washed manually. The washed roots were then scanned using an Epson V700 scanner (Seiko Epson Corp, Nagano, Japan). WinRHIZO software program (Regent Instruments incorporation, Quebec, QC, Canada) was then used to process the scanned images to measure the root length density, and soil volume was added manually.




2.3. Leaf Characteristics Measurement


To understand the growth of maize plants across treatments, we measured four leaf characteristics: leaf area index (LAI), leaf area duration (LAD), net photosynthetic rate (Pn), and leaf orientation value (LOV) with three replications from each plot. LAI, LAD, and Pn reflect the photosynthetic capacity, whereas LOV reflects the growth condition of the leaves. To measure LAI and LAD, the leaf area (LA) was measured at two stages: silking (R1) and at physiological maturity (R6), because in the R1 stage the leaf area is well developed, and the R6 stage represents the production capacity of the plant. The LA values are then used in Formulas (1) and (2) to calculate LAI and LAD, respectively.


  LAI =  LA / GA  ,  



(1)






   LAD   (    m   2    d   h    m   − 2   ) =  [ ( L 1  +  L 2 ) / 2 ]   ×   ( t 2  −  t 1 )  ,  



(2)




where LA is the leaf area per plant (m2), GA is the ground area per plant (m2), t1 and t2 are the adjacent growth stages, and L1 and L2 are the leaf areas at the growth stages of t1 and t2 [44].



Furthermore, we measured the net photosynthetic rate (Pn) of the ear leaf between 10:00 to 14:00 on clear days using the LI6400 portable photosynthesis system analyzer (LI-COR, Lincoln, NE, USA). Leaf Pn was measured at R1 and R6 stages (Pn, CO2 mol m−2 s−1 a). To measure LOV, the leaves of each plant were divided into three layers: upper, middle (the middle layer consist of a leaf above the ear, a leaf under the ear, and an ear leaf), and bottom to understand the growth at different leaf positions. The bottom leaves that had half/more than half a yellow area were treated as senesced and avoided. LOV was measured at the R1 stage only and calculated using the following formula:


  LOV =  1 / n   ∑ ( 90  −  θ )  ×  ( Lf  /  LL )  ,  



(3)




where Lf is the length from the base of the ligule to the flagging point of the measured leaf (cm), LL is the total length of leaves (cm), θ is the leaf angle, and n is the number of measured leaves [44].




2.4. Plant Biomass and Grain Yield


We measured the change in plant biomass and grain yield across all treatments. Plant biomass was measured at three growth stages: R1, blister (R2), and R6. Plants at R1 and R6 stages were subjected to both above ground (whole plant) and below ground root biomass measurement. The biomass of plants in the R1 and R6 stages was measured from the same individuals used for LAI measurement. We also tried to explore vertical distribution of biomass using plants in the R2 stages. For this purpose, the plants within a 2 m2 area (10–13 individuals) were cut from the ground to the top at every 30 cm interval and the roots were dug up to a depth of 30 cm. The leaves, stems, ears, and roots of maize plants were separated. Measurements were taken separately for every 30 cm of biomass. Plants from all three stages were initially dried by heating at 105 °C for 30 min and then oven-dried at 80 °C until a constant weight was achieved [45].



To determine the grain yield, we harvested plants in the middle six rows of each plot, thereby avoiding the boundary effect. Fresh grain weight and moisture content (standardized at 14%) were measured after artificial threshing. Kernels per ear and 1000-kernel weights were measured from 20 samples.




2.5. Soil Physiochemical Properties Measurement


To understand the effect of different cultivation practices (i.e., different treatments in our study) on the physical and chemical properties of soil—especially nutrients—we collected soil samples after harvesting the maize in October 2018 and 2019. The soil of the experimental site was black (Typic Hapludoll, USDA Soil Taxonomy) and has a clay loam texture consisting of 36.0% clay (<0.002 mm), 24.5% silt (0.05–0.002 mm), and 39.5% sand (2.0–0.05 mm). We measured the soil properties of the study area as follows: pH, 5.2; total nitrogen (TN), 1.58 g kg−1; total phosphorus (TP), 0.83 g kg−1; total potassium (TK), 20.13 g kg−1; available nitrogen (AN), 127.5 mg kg−1; available phosphorus (AP), 39.50 mg kg−1; and available potassium (AK), 192.32 mg kg−1 in 2018 before the experiment.



We collected five soil cores using an “S-shaped” tool from different depths between 0 to 20 cm and mixed them to form a composite sample. We used fresh soil (50 g) to measure soil mineral nitrogen (NO3−-N and NH4+-N) using a discrete analyzer (Smart Chem 200, KPM Analytics, Westborough, MA, USA) instrument, following Tian et al. [46]. Further, we measured total carbon (TC) using an elemental analyzer (EA3000, Carlo Erba Strumentazione, Milan, Italy) whereas available phosphorus (AP) and available potassium (AK) were measured using spectrophotometer detection and flame photometer detection following Refs. [45,46]. We followed the cutting-ring method to measure soil water contents (SWC) [47].




2.6. Statistical Analysis


In this study, three-way analysis of variance (ANOVA) was used to evaluate the effect of treatments on spatial root distribution, soil physicochemical properties, photosynthetic capacity, growth state of leaves, biomass accumulation, and grain yield. Post hoc pairwise comparisons between treatments with respect to plant growth and yield characteristics were conducted using Duncan’s multiple range test. Further, Pearson correlation coefficient was used to examine the relationship between yield and soil physiological properties, leaf source characteristics, and biomass accumulation. All the analyses were compared under the 95% confidence interval. Statistical Package for Social Sciences (SPSS Inc., Chicago, IL, USA) [45] was used for ANOVA and Duncan multiple range test whereas Origin 2021(9.8) software (Origin Lab Inc., Northampton, MA, USA) was used for correlation analysis and graph visualization [41].





3. Results


3.1. Root Spatial Distribution


We found a substantial expansion of roots vertically into the deep soil layers, whereas no differences were observed in horizontal root distribution. Our analysis of variance on root length density revealed significant differences vertically (p < 0.05). However, we found no significant (p = 0.462) differences horizontally from the plant center (Figure 2) across all four treatments during the two years of the experiment period. Pairwise comparison showed that the ZD20 (12.9%) treatment exhibited the highest root length density followed by Z10 (8.7%) and LD20 (7.1%) vertically compared to CK.



Furthermore, we compared vertical root length density in each soil layer: 0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm of CK to the respective layers of treatments: LD20, ZD10, and ZD20. In the 0–10 cm soil layer, there was a significant (p < 0.05) difference in root length density only in ZD20 across the treatments. In the 10–20 cm layer, the root length density significantly (p < 0.05) increased by 34.5%, 12.7%, and 29.7% across all the treatments, respectively, compared to CK. Similarly, in 20–30 cm, the increment was 5.8%, 13.6%, and 21.4% across the treatments, respectively, compared to CK. Additionally, in the 30–40 cm layer, the root density was increased by 12.7%, and 17.0% across the treatments except for in the LD20 treatment. Moreover, the 20–30 cm and 30–40 cm soil layers under ZD20 treatment were significantly increased by 14.9% and 19.5% compared to LD20 treatment (p < 0.05) (Figure 2b,f,d,h). Our result showed that zigzag planting promoted root growth below 10 cm, while deep nitrogen fertilization promoted root growth in the 10–30 cm layers.




3.2. Leaf Morphology and Characteristics


We found substantial differences in photosynthetic capacity and leaf growth across the treatments: LD20, Z10, and Z20 compared to traditional cultivation practices in both years. However, the results of the ANOVA revealed that the year (Y) had a significant (p < 0.01) effect on the leaf source characteristics. Similarly, planting manner (P) had a significant (p < 0.01) effect on the LAI (R6), Pn (R1), and LAD between R1 and R6 while N depth (D) had a significant (p < 0.01) effect on LAI (R6) and Pn (R1 and R6). The interaction of planting manner and N depth (P × D) also had significant (p < 0.05) effects on LAI (R6) (Table S1).



This study found that LAI increased significantly (p < 0.05) by 14.9% and 16.6% in response to LD20 and ZD10 treatments, respectively, in 2018, whereas an insignificant increasing pattern was observed in 2019 for both treatments. However, a significant (p < 0.05) increment in LAI by 22.9% and 16.7% was observed in 2018 and 2019, respectively, under the ZD20 treatments (Figure 3a,d). Increased LAI was observed across treatments LD20, ZD10, and ZD20, respectively, at the R6 stage only, whereas no significant differences were observed at the R1 stage across treatments.



We found that LAD significantly increased (p < 0.05) by 6.3–8.7% only in ZD20 treatment. An increasing pattern of LAD was also observed in LD20 and ZD10 treatment, however, the increment was statistically insignificant compared to CK in all R1–R6 growth stages (Figure 3c,f). Additionally, no differences in LAD were found between the vegetative to reproductive (VE–R1) stages.



The photosynthetic rate (Pn) of leaves was found to be significantly (p < 0.05) increased in response to ZD10 and ZD20 treatments at the R1 stage overall. However, year-wise differences in Pn in response to treatments were observed, where ZD10 treatment was significantly (p < 0.05) increased by 9.5% only in 2019, ZD20 treatment showed a significant (p < 0.05) increase by 11.6% in 2018 and 15.3% in 2019 compared to CK in the respective years. We found no differences in the photosynthetic rate between CK and LD20 at the R1 stage throughout the study period. At the R6 stage, Pn was significantly (p < 0.05) higher in the ZD20 treatment followed by LD20, ZD10, and CK in the two-year experiment. However, separate year-wise analysis showed significant differences among treatments only in 2019. The Pn of leaves at the R6 stage of ZD20 and LD20 treatments was significantly increased (p < 0.05) by 14.2% and 12.2% compared to the ZD10 and CK treatments in 2019 (Figure 3b,e). This suggests that zigzag planting with deep nitrogen fertilization increased LAI, improved the photosynthetic rate at the R6 stage, and increased LAD throughout the R1–R6 stages, and the senescence of leaves was delayed in the late growth stages.



We found that the leaf angle (LA) and leaf orientation value (LOV) were overall significantly (p < 0.05) affected by the planting manner (P) (Table 1). We analyzed the leaf orientation value (LOV) and leaf angle (LA) of the upper, middle, and lower leaf of each sample maize plant across four treatments considering both years (2018 and 2019). In comparison to the CK treatment, the LA of the upper layer, middle layer, and bottom layer under three treatments, LD20, ZD10, and ZD20, was decreased, whereas LOV showed an increasing trend in contrast to LA (Table 1). The middle leaf angle was significantly (p < 0.01) affected by the year (Y). Compared to CK, the LA of the upper layer, middle layer, and whole plant under ZD10 treatment were significantly (p < 0.05) reduced by 16.8% (2019), 19.4% (2018), and 12.5% (2 years average), and the LOV of the middle layer, bottom layer, and whole plant under the ZD10 treatment were significantly increased 8.5%, 5.7% and 5.7% in 2018 (p < 0.05). There were no significant (p = 0.071–0.998) differences in the LA and LOV in each layer between the CK and LD20 treatments except for the LOV of the bottom layer under the LD20 treatment, which was significantly increased by 6.4% compared to CK in 2018 (p < 0.05). Compared to CK, the LA of the upper layer, middle layer, and whole plant under ZD20 treatment were significantly (p < 0.05) reduced by 17.2% (2019), 13.0% (2018), and 10.1% (two years average), and the LOV of the upper layer, middle layer, bottom layer, and whole plant were significantly (p < 0.05) increased by 9.3% (2019), 6.4% (2018), 8.0% (2018), and 5.7% (2018). This suggests that zigzag planting and deep N fertilization enhanced the LOV, which absorbed sufficient light and ventilation and eventually improved the canopy structure of maize.




3.3. Biomass Accumulation in Space and Time


Our result showed a substantial increase in maize biomass in all the improved planting strategies compared to traditional practices. We found significantly (p < 0.05) higher biomass accumulation in the ZD20 treatment, followed by ZD10 and LD20 compared to CK in both years (Figure 4).



The root biomass (0–30 cm depth) was found to be significantly (p < 0.05) increased by 4.4% and 7.4%, 17.1% and 21.7%, and 22.3% and 25.6% in response to LD20, ZD10, and ZD20 treatments compared to CK in 2018 and 2019, respectively. The stem biomass showed an increasing trend in response to LD20, ZD10, and ZD20 treatments compared to CK, however, the differences were statistically insignificant. The leaf biomass was significantly (p < 0.05) increased in response to LD20, ZD10, and ZD20 treatments compared to CK.



Furthermore, we compared the leaf biomass of CK to LD20, ZD10, and ZD20 treatments in three layers (upper, middle, and bottom, see the methods for detail) of the plants. Leaf biomass under LD20 treatment was increased by 3.2% and 3.6%, decreased by 4.7% and 2.8%, and decreased by 0.6% and 6.4% in the upper, middle, and bottom layers in 2018 and 2019, respectively. Leaf biomass under ZD10 treatment in upper, middle, and bottom layers was decreased by 3.4% and increased by 2.8%, increased by 4.1% and 17.8%, and increased by 34.0% and 18.2% in 2018 and 2019, respectively. Leaf biomass under ZD20 treatment was increased by 5.8% and decreased by 3.6%, increased by 8.7% and 37.3%, and increased by 12.5% and 32.2% in the upper, middle, and bottom layers in 2018 and 2019, respectively. The ear biomass under LD20, ZD10, and ZD20 treatments were increased by 3.2% and 5.5%, 7.7% and 9.2%, and 14.0% and 18.3%, respectively, compared to CK in 2018 and 2019, respectively. Zigzag planting (ZD10 and ZD20) treatments promoted the development of the middle leaves and improved the proportion of biomass in the middle layer of the population compared to linear planting treatments (CK and LD20).



We further compared the biomass in the different growing stages of maize among the treatments and year (Table 2). We found that the root biomass was significantly (p < 0.05) affected by the year (Y). The root biomass, shoot biomass at the R6 stage, and biomass accumulation after the R1 stage were significantly (p < 0.05) affected by the planting manner (P). The shoot biomass at the R6 stage and biomass accumulation after the R1 stage were significantly (p < 0.05) affected by the N depth (D) (Table 2). In the R1 stage, the biomass of both root and shoot increased under ZD10 and ZD20 treatments, whereas LD20 treatment increased only the root biomass. However, the differences between the treatments were insignificant statistically. In the R6 stage, the biomass of shoot and root was found to be highest in ZD20 followed by ZD10, LD20, and CK. Compared to CK, the shoot biomass under ZD10 and ZD20 treatments was significantly (p < 0.05) increased by 8.8% and 10.3%, and 12.9% and 16.1%, respectively, in 2018 and 2019. Similarly, the root biomass was significantly (p < 0.05) increased by 21.5% and 21.9%, and 27.1% and 25.4%. LD20 increased the shoot biomass of CK by 6.3% (p = 0.050) and 5.2% (p = 0.260), the root biomass was increased by 0.9% (p = 0.890) and 7% (p = 0.318), respectively, in 2018 and 2019; however, the difference among the treatments was insignificant. Further, in the same depth N fertilization treatments, the biomass of shoot and root in zigzag planting (ZD10 and ZD20) was significantly (p < 0.05) higher than that of linear planting (CK and LD 20). The biomass accumulation and accumulation rate were found to be highest in ZD20 followed by ZD10 and LD20 compared to CK after the R1 stage. Specifically, the biomass accumulation of ZD20 treatment increased significantly (p < 0.05) by 21.9% and 28.0% in 2018 and 2019, respectively. In the pre-silking and post-silking stages, the biomass accumulation significantly (p < 0.05) increased in 2019 compared to 2018 after the R1 stage.




3.4. Soil Physicochemical Properties


The physicochemical properties of the 0–20 cm soil layer were analyzed after the maize harvest. The NH4+-N, NO3−-N AP, and AK were found to be significantly (p < 0.05) affected by the year (Y), planting manner (P), N depth (D), and their interaction (P × D and Y × P × D) (Y effect on AK, P effect on NH4+-N, P × D effect on NH4+-N and AK, and Y × P × D effect on NH4+-N were found to be insignificant) (Table S2). We found no significant difference in soil water content (SWC) (p = 0.072, p = 0.174), and total carbon (TC) (p = 0.156, p = 0.336) across the treatments compared to CK in 2018 and 2019, respectively (Figure 5a,d). NH4+-N content was significantly decreased in soil by 15.5% (p < 0.05) and 9.9% (p = 0.063); 3.1% (p = 0.664) and 4.2% (p = 0.408); and 23.2% (p < 0.05) and 14.8% (p < 0.05) in response to LD20, ZD10, and ZD20 compared to CK in 2018 and 2019, respectively, (Figure 5b). NO3−-N content was significantly (p < 0.05) decreased in soil by 43.4% and 23.7%; 52.5% and 35.7%; and 58.6% and 40.2% in response to LD20, ZD10, and ZD20 treatments compared to CK in 2018 and 2019, respectively (Figure 5c). We found that a combination of zigzag planting and deep nitrogen fertilization decreased the NH4+-N and NO3−-N contents. The AP content was significantly (p < 0.05) decreased by 35.4% and 29.2%; 22.3% and 26.0%; and 53.5% and 40.0% under LD20, ZD10, and ZD20 treatment compared to CK in 2018 and 2019, respectively (Figure 5e). The AK content was significantly decreased by 2.1% (p = 0.313) and 4.9% (p < 0.05); 10.5% (p < 0.05) and 4.7% (p < 0.05); and 11.2% (p < 0.05) and 11.1% (p < 0.05) under LD20, ZD10, and ZD20 treatments compared to CK (Figure 5f). Soil physiochemical characteristics measurement showed that zigzag planting and deep nitrogen fertilizer decreased the contents of NH4+-N, NO3−-N, AP, and AK, suggesting higher nutrient absorption by plants.




3.5. Yield and Correlation Analysis


The results of the ANOVA analysis showed that the year (Y) and planting manner (P) had significant (p < 0.05) effects on the yield and yield components. However, the Y effects on effective ear and P effects on 1000-kernel weight were found to be statistically insignificant (Table 3). Our result showed that zigzag planting increased the number of panicles, however, the difference among treatments was statistically insignificant (p = 0.077, p = 0.324) (Table 3). The yield was significantly (p < 0.001) affected by the N depth (D). The kernel number was found to be produced highest in ZD20 followed by ZD10, LD20, and CK. The grain number per panicle of ZD10 and ZD20 treatments in both years was significantly (p < 0.05) higher than CK in respective years. We did not find a significant difference in the 1000-grain weight among treatments. Comparing the yield of CK, the highest yield was found in the ZD20 (10.0% and 14.4%) treatment followed by ZD10 (6.2–10.4%), LD20 (4.7–6.6%) in 2018 and 2019, respectively. The yield of zigzag planting (ZD10 and ZD20) was significantly (p < 0.05) higher than linear planting (CK and LD20) under the same depth of N fertilization. Considering the same planting manner, the yield was significantly (p < 0.05) higher at 20 cm N fertilization depth than at 10 cm depth. In contrast, the yield between ZD10 and ZD20 treatments was not significantly different in 2019. The yield traits yield, kernels per spike, and 1000-seed weight were higher in 2019 than in 2018.



The correlation analysis was conducted between the dry matter accumulation, leaf source characteristics, soil nutrient, and yield (AY) (Figure 6). We found that matured root dry weight (MR) was negatively correlated with nitrate nitrogen (NN) and available potassium (AK) (RMRNN ** = −0.70, RMRAK ** = −0.69). Before the silking stage, dry matter accumulation (BS) was positively correlated with silking root dry weight (SR), maturity root dry weight (MR), and maturity leaf area index (ML) (RBSSR ** = 0.80; RBSMR ** = 045, RBSML ** = 0.43). After silking, dry matter accumulation (AS) was positively correlated with silking root dry weight (SR), maturity root dry weight (MR), maturity leaf area index (ML), and after silking leaf area duration (AL) (RASSR ** = 0.62, RASMR ** = 0.67, RASML ** = 0.78, RASAL * = 0.42). Yield (AY) was negatively correlated with ammonia nitrogen (AN), nitrate nitrogen (NN), available phosphorus (AP), and available potassium (AK) (RAYAN ** = −0.58, RAYNN ** = −0.77, RAYAP ** = −0.83, RAYAK ** = −0.75). However, yield (AY) was positively correlated with maturity root dry weight (MR), after silking dry matter accumulation (AS), maturity leaf area index (ML), after silking leaf area duration (AL), silking net photosynthetic rate (SN), and maturity net photosynthetic rate (MN) (RAYMR ** = 0.57, RAYAS ** = 0.67, RAYML ** = 0.54, RAYAL ** = 0.74, RAYSN * = 0.50, RAYMN * = 0.43).





4. Discussion


China has a high demand for maize due to insufficient production in its limited arable land [9]. Maize production primarily depends on planting manner and nutrient availability [48,49]. Therefore, improving these two aspects is essential to substantially increase the maize yield and fulfill the demand. In our study, we employed linear and zigzag planting manners with nutrient fertilization at different depths to increase maize yield. We measured changes in root distribution, leaf characteristics, soil characteristics, biomass of root, shoot, and grain and yield with respect to different treatments. Our study revealed that zigzag planting and deep nitrogen fertilization increased the yield. However, using a combination of both strategies showed a significant increment in maize yield compared to singly applied improvement strategies. The root system (i.e., morphology, distribution, and physiological ability) forms the basis of growth by absorbing more nutrition and moisture, thereby enhancing the maize yield [50,51,52,53].



In this study, we observed a significant difference in root length density based on the planting manner (P) and N at different depths (D). Specifically, we found that root length density increased significantly in the 10–30 cm soil layer with linear planting and N fertilization at 20 cm depth (LD20), and this result is consistent with a study by York et al. [54] in the USA, where deep nitrogen fertilization was found to increase the root length density in maize. Additionally, our study results were consistent with studies by Jiang et al. [12] and Zhang et al. [25], where zigzag planting manner was found to increase the root length density. These studies are similar to our linear planting at 20 cm depth and zigzag planting treatments, and resulted in maize root length density increment. Zigzag planting changed the row spacing, which can regulate root growth and optimize spatial root distribution [25]. In zigzag planting, the root grows and reaches deep soil layers, which allows for the utilization of more space moisture, and nutrients that improve the growth and resistance of maize against pest, pathogen, and environmental extremities [55,56]. Compared to CK, we found that the root length density increased substantially in the ZD10 and ZD20 treatments in each soil layer (10–40 cm), especially in the deep layers in the maturity stage (Figure 2, Table 2), which benefited from the increased root activities, delayed the senescence of the roots after silking stage (R1–R6), and maintained the supply of nutrition and moisture of the root system to above-ground during the late growth period.



We further explored soil nutrients in different soil layers and found that nitrate nitrogen (NN), and available potassium (AK) were negatively correlated with root dry weight at the maturity stage in soil after harvest at 0–20 cm depth. Moreover, our results showed that ammonia nitrogen (NH4+-N), nitrate nitrogen (NO3−-N), available phosphorus (AP), and available potassium (AK) content were substantially lower in LD20, ZD10, and ZD20 treatments than CK in the 0–20 cm soil layer (Figure 6). These finding suggests that the nutrients were absorbed by the maize, resulting in substantially lower nutrient content than traditional cultivating practice (CK) in soil. This further indicates that deep placement of N fertilizer and zigzag planting considerably promoted the growth and ability of the root system to absorb nutrients.



As root distribution, the development of above-ground parts (i.e., stem characteristics) of maize is equally important to enhance the yield [41]. The root system absorbs water and nutrients, which are then transported to the above-ground parts. Above-ground parts synthesize organic matter and then supply it to roots, demonstrating the frequent exchanges of material and energy to promote the overall plant growth [56]. In our study, we found that planting manners have considerable effect on the photosynthetic parameters. The above ground characteristic—the stem angle—significantly reduced in the middle to upper part of the maize plants (Table 1), which substantially promoted the growth of the middle part of the leaves in zigzag treatments (ZD10 and ZD20) (Figure 4). The zigzag planting altered the distance between the adjacent plants, thus the compact upper leaves reduced the plant population’s shade, which benefited the light penetration in the middle and lower leaves. The higher light interception rate in the middle and lower leaves [57] substantially increased the net photosynthetic rate (Pn) at the silking stage (R1), leaf area duration (LAD) after the silking stage, and leaf area index (LAI) at the maturity stage in response to LD20, ZD10, and ZD20 treatments (Figure 3) in both years. Furthermore, we found a positive correlation of dry matter accumulation with leaf area duration after the silking stage and leaf area index at the maturity stage (Figure 6). These leaf characteristics showed higher photosynthetic potential and photosynthetic rate at the late growth period, which is favorable for obtaining more photosynthesis product and transporting it into maize grains [14]. The weight of the root and above-ground dry matter enhanced the dry matter accumulation rate after the silking stage in response to LD20, ZD10, and significantly in ZD20 compared to CK. This suggests that zigzag planting alters the growth state of plant leaves and optimizes the canopy structure. Deep nitrogen fertilization and zigzag planting singly and in combination delayed the senescence of the leaf, stimulated photosynthesis, synthesized more photosynthesis product, and eventually increased the yield of maize [25,48,58].



The improvement in yield is a result of the coordination of the individual and population plants effect [13]. At the maturity stage, we found a positive correlation of yield with root dry weight and leaf area index, leaf area duration after silking stage, and the net photosynthetic rate at the silking and maturity stage (Figure 6). Our research shows that both deep nitrogen fertilization and zigzag planting either singly or in combination substantially increased the yield. Compared to CK, the yield increased by 4.7% (2018) and 6.6% (2019) in the LD20 treatment, increased by 6.2% (2018) and 10.4% (2019) in the ZD10 treatment, and the highest increment by 10.0% (2018) and 14.4% (2019) in the ZD20 treatment (Table 3). This indicates that yield could be further increased by combining deep nitrogen fertilization with zigzag planting. When we compared yield between two years, we found that the yield in 2019 was higher than in 2018, which may be related to 44.6% higher precipitation after the silking stage in 2019 than in 2018 (Figure S1). The silking-filling stage is critical for maize as maximum water is required at this stage compared to the other stages of maize. At this stage, abundant rainfall can ensure the normal flowering and powdering of maize, increasing the bearing rate, promoting grain filling, and increasing the yield [59,60]. In a drought year (2018), the yield of the two treatments of zigzag planting increased by an average of 8.1% compared to linear planting, indicating that zigzag planting improved the resource utilization efficiency of the maize population. Additionally, we found a significantly positive correlation of yield with the photosynthetic rate at the silking stage and maturity stage, the dry matter accumulation, photosynthetic potential after silking stage, root dry matter, and leaf area index at the maturity stage (Figure 6). This suggests that maintaining root system development after the silking stage and ensuring adequate nutrient and moisture supply are prerequisites for the yield, which was achieved in our study. The main reasons for the increase in yield were delaying the leaf senescence after the silking stage, maintaining the accumulation ability of dry matter, and achieving effective coordination of the root–shoot.



Our study provides evidence for the effectiveness of existing maize planting strategies: deep nitrogen fertilization and zigzag planting for improving maize yield by maintaining the root–shoot characteristics, as we predicted in our first and second hypotheses. We also proposed that the combination of deep nitrogen fertilization and zigzag planting could be a more effective method as this combines the advantages of both strategies. Our results confirmed this as we found significant enhancement in the maize yield, supporting our third hypothesis. The combined (ZD20) method of maize cultivation has the potential to not only enhance the yield, but also contribute to the commercial mass production of maize and ensure food security on a national level.




5. Conclusions


We studied the effectiveness of existing (CK, LD20, and ZD10) and improved (ZD20) maize cultivation strategies in order to enhance maize yield. Our results demonstrated that zigzag planting and nitrogen supplementation at deep soil layers (LD20, ZD10, and ZD20) outperformed the yield compared to traditional cultivating methods in both years of our study. Furthermore, zigzag planting with deep nitrogen fertilization (ZD20) significantly improved the yield compared to existing strategies. Zigzag planting allows for reduced competition among plants for moisture and nutrient absorption by increasing the space needed to spread roots and optimizing the canopy structure and leaf area duration by altering the growth state of the leaves. In addition, the application of nitrogen fertilizer at the deep soil layer provided additional nutritional resources that promoted root growth, delayed plants senescence, and increased leaf photosynthesis during the late growth period. As such, these proposed maize planting strategies could be highly beneficial for farmers from local and global levels, contributing to food security in countries where maize is a staple food. In China, where maize is grown on a large scale, these improved planting strategies could increase the production without the need for land expansion, thereby preserving the productivity of other crops. These improved strategies could also be applied to other crops that face similar problems and have a similar growing mechanism as maize.
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Figure 1. Experimental design of this study. (a) CK = linear planting with N fertilization at 10 cm depth, (b) LD20 = linear planting with N fertilization at 20 cm depth, (c) ZD10 = zigzag planting with N fertilization at 10 cm depth, and (d) ZD20 = zigzag planting with N fertilization at 20 cm depth. 
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Figure 2. Spatial distribution of root length density in the 0–40 cm soil layer under different cultivation patterns. (a,e) CK = linear planting with N fertilization at 10 cm depth, (b,f) LD20 = linear planting with N fertilization at 20 cm depth, (c,g) ZD10 = zigzag planting with N fertilization at 10 cm depth, and (d,h) ZD20 = zigzag planting with N fertilization at 20 cm depth. 
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Figure 3. Leaf source characteristics of spring maize under different cultivation patterns in 2018 (a–c) and 2019 (d–f). Different letters indicate statistically significant differences at p < 0.05. Error bars indicate SEM (n = 3). LAI = leaf area index; Pn = net photosynthetic rate; LAD = leaf area duration. CK = linear planting with N fertilization at 10 cm depth, LD20 = linear planting with N fertilization at 20 cm depth, ZD10 = zigzag planting with N fertilization at 10 cm depth, and ZD20 = zigzag planting with N fertilization at 20 cm depth. VE = emergence; R1 = silking; R6 = maturity. 






Figure 3. Leaf source characteristics of spring maize under different cultivation patterns in 2018 (a–c) and 2019 (d–f). Different letters indicate statistically significant differences at p < 0.05. Error bars indicate SEM (n = 3). LAI = leaf area index; Pn = net photosynthetic rate; LAD = leaf area duration. CK = linear planting with N fertilization at 10 cm depth, LD20 = linear planting with N fertilization at 20 cm depth, ZD10 = zigzag planting with N fertilization at 10 cm depth, and ZD20 = zigzag planting with N fertilization at 20 cm depth. VE = emergence; R1 = silking; R6 = maturity.
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Figure 4. Vertical distribution of the canopy biomass under different cultivation patterns. (a,e) CK = linear planting with N fertilization at 10 cm depth, (b,f) LD20 = linear planting with N fertilization at 20 cm depth, (c,g) ZD10 = zigzag planting with N fertilization at 10 cm depth, and (d,h) ZD20 = zigzag planting with N fertilization at 20 cm depth. 






Figure 4. Vertical distribution of the canopy biomass under different cultivation patterns. (a,e) CK = linear planting with N fertilization at 10 cm depth, (b,f) LD20 = linear planting with N fertilization at 20 cm depth, (c,g) ZD10 = zigzag planting with N fertilization at 10 cm depth, and (d,h) ZD20 = zigzag planting with N fertilization at 20 cm depth.
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Figure 5. Effect of different cultivation patterns on soil properties after harvest in 2018 and 2019. Different letters indicate statistically significant differences at p < 0.05. Error bars indicate SEM (n = 5). (a) SWC = soil water content; (b) NH4+-N = ammonium nitrogen; (c) NO3−-N = nitrate nitrogen; (d) TC = total carbon; (e) AP = available phosphorus; (f) AK = available potassium. CK = linear planting with N fertilization at 10 cm depth, LD20 = linear planting with N fertilization at 20 cm depth, ZD10 = zigzag planting with N fertilization at 10 cm depth, and ZD20 = zigzag planting with N fertilization at 20 cm depth. 
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Figure 6. Pearson correlation coefficients of soil properties, dry matter accumulation, leaf source characteristics, and yield under different cultivation patterns. * = significant at the 5% probability level; ** = significant at the 1% probability level; AN = ammonia nitrogen; NN = nitrate nitrogen; AP = available phosphorus; AK = available potassium; SR = silking root dry weight; MR = maturity root dry weight; BS = before silking dry matter accumulation; AS = after silking dry matter accumulation; SL = silking leaf area index; ML = maturity leaf area index; BL = before silking leaf area duration; AL = after silking leaf area duration; SN = silking net photosynthetic rate; MN = maturity net photosynthetic rate; AY = yield. The red circle represents the positive correlation between the two variables, the blue represents the negative correlation, and the size of the circles represent the strength of the correlation. 
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Table 1. Leaf angle (LA) and leaf orientation value (LOV) of spring maize under different cultivation patterns.






Table 1. Leaf angle (LA) and leaf orientation value (LOV) of spring maize under different cultivation patterns.





	
Treatment

	
Leaf Angle (°) (LA)

	
Leaf Orientation Value (LOV)




	
Upper Leaf

	
Middle Leaf

	
Lower Leaf

	
Average of Total

	
Upper Leaf

	
Middle Leaf

	
Lower Leaf

	
Average of Total






	
2018

	
CK

	
20.96 ± 1.54 a

	
29.01 ± 0.71 a

	
29.16 ± 0.21 a

	
26.37 ± 0.56 a

	
68.10 ± 0.84 a

	
48.20 ± 0.65 c

	
40.45 ± 0.89 b

	
52.25 ± 0.44 c




	
LD20

	
20.39 ± 0.78 a

	
26.20 ± 1.09 ab

	
27.75 ± 0.76 a

	
24.78 ± 0.45 ab

	
68.34 ± 0.60 a

	
48.85 ± 0.99 bc

	
43.05 ± 0.45 a

	
53.41 ± 0.52 bc




	
ZD10

	
18.16 ± 1.59 a

	
23.37 ± 0.13 b

	
27.35 ± 1.10 a

	
22.96 ± 0.74 b

	
70.67 ± 0.75 a

	
52.32 ± 0.87 a

	
42.71 ± 0.34 a

	
55.23 ± 0.46 a




	
ZD20

	
20.21 ± 0.40 a

	
25.24 ± 1.38 b

	
26.30 ± 1.14 a

	
23.92 ± 0.90 b

	
69.09 ± 0.88 a

	
51.30 ± 0.43 ab

	
43.68 ± 0.80 a

	
54.69 ± 0.64 ab




	
2019

	
CK

	
21.46 ± 0.83 a

	
24.52 ± 1.23 a

	
29.80 ± 2.00 a

	
25.26 ± 1.28 a

	
66.08 ± 2.28 b

	
49.08 ± 4.11 a

	
41.85 ± 2.81 a

	
52.34 ± 2.92 a




	
LD20

	
21.46 ± 0.68 a

	
23.70 ± 1.25 a

	
29.19 ± 0.53 a

	
24.78 ± 0.47 ab

	
67.60 ± 1.30 ab

	
49.94 ± 2.33 a

	
43.56 ± 0.38 a

	
53.70 ± 1.23 a




	
ZD10

	
17.85 ± 0.30 b

	
22.87 ± 0.70 a

	
25.90 ± 0.96 a

	
22.21 ± 0.44 bc

	
70.04 ± 0.79 ab

	
51.49 ± 1.14 a

	
46.27 ± 0.49 a

	
55.94 ± 0.58 a




	
ZD20

	
17.77 ± 1.17 b

	
22.27 ± 0.76 a

	
27.54 ± 1.24 a

	
22.52 ± 0.26 c

	
72.23 ± 1.17 a

	
53.90 ± 1.47 a

	
43.68 ± 0.33 a

	
56.61 ± 0.76 a




	
ANOVA Year (Y)

	
NS

	
14.09 **

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Planting (P)

	
12.73 **

	
12.07 **

	
7.84 *

	
23.04 ***

	
12.57 **

	
5.94 *

	
5.48 *

	
9.60 **




	
N depth (D)

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
P × D

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Y × P × D

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS








Different letters indicate statistically significant differences at p < 0.05. Error bars indicate SEM (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001. NS = no significance. CK = linear planting with N fertilization at 10 cm depth, LD20 = linear planting with N fertilization at 20 cm depth, ZD10 = zigzag planting with N fertilization at 10 cm depth, and ZD20 = zigzag planting with N fertilization at 20 cm depth.
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Table 2. Biomass accumulation and accumulation rate before and after silking of spring maize under different cultivation patterns.






Table 2. Biomass accumulation and accumulation rate before and after silking of spring maize under different cultivation patterns.





	
Year

	
Treatment

	
R1

	
R6

	
Before R1

	
After R1




	
Shoot

Biomass

(t ha−1)

	
Root

Biomass

(t ha−1)

	
Shoot

Biomass

(t ha−1)

	
Root

Biomass

(t ha−1)

	
Biomass

Accumulation (t ha−1)

	
Accumulation Rate

(%)

	
Biomass Accumulation (t ha−1)

	
Accumulation Rate

(%)






	
2018

	
CK

	
8.83 ± 0.25 a

	
1.31 ± 0.03 a

	
21.17 ± 0.84 c

	
1.07 ± 0.03 b

	
10.14 ± 0.27 a

	
0.46 ± 0.03 a

	
12.10 ± 1.10 b

	
0.54 ± 0.03 b




	
LD20

	
8.81 ± 0.27 a

	
1.36 ± 0.06 a

	
22.50 ± 0.74 b

	
1.08 ± 0.11 b

	
10.17 ± 0.33 a

	
0.43 ± 0.03 b

	
13.41 ± 1.15 ab

	
0.57 ± 0.03 a




	
ZD10

	
9.00 ± 0.13 a

	
1.41 ± 0.09 a

	
23.03 ± 0.47 ab

	
1.30 ± 0.06 a

	
10.42 ± 0.22 a

	
0.43 ± 0.00 b

	
13.91 ± 0.31 ab

	
0.57 ± 0.00 a




	
ZD20

	
9.11 ± 0.25 a

	
1.42 ± 0.08 a

	
23.91 ± 0.71 a

	
1.36 ± 0.10 a

	
10.53 ± 0.32 a

	
0.42 ± 0.03 b

	
14.75 ± 1.11 a

	
0.58 ± 0.03 a




	
2019

	
CK

	
9.01 ± 0.34 a

	
1.41 ± 0.05 a

	
21.69 ± 0.82 c

	
1.14 ± 0.06 b

	
10.41 ± 0.38 a

	
0.46 ± 0.01 a

	
12.42 ± 0.71 b

	
0.54 ± 0.01 b




	
LD20

	
9.13 ± 0.50 a

	
1.43 ± 0.11 a

	
22.81 ± 1.36 bc

	
1.22 ± 0.12 b

	
10.56 ± 0.56 a

	
0.44 ± 0.01 a

	
13.47 ± 1.01 b

	
0.56 ± 0.01 b




	
ZD10

	
9.38 ± 0.47 a

	
1.52 ± 0.06 a

	
23.92 ± 1.22 ab

	
1.38 ± 0.07 a

	
10.90 ± 0.53 a

	
0.43 ± 0.04 a

	
14.41 ± 1.79 ab

	
0.57 ± 0.04 b




	
ZD20

	
9.18 ± 0.89 a

	
1.55 ± 0.11 a

	
25.19 ± 1.06 a

	
1.43 ± 0.07 a

	
10.73 ± 1.00 a

	
0.40 ± 0.02 b

	
15.90 ± 0.31 a

	
0.60 ± 0.02 a




	
ANOVA Year (Y)

	
NS

	
9.58 **

	
NS

	
7.15 *

	
NS

	
NS

	
NS

	
NS




	
Planting (P)

	
NS

	
9.20 **

	
26.23 ***

	
50.10 ***

	
NS

	
6.72 *

	
19.68 ***

	
6.72 *




	
N depth (D)

	
NS

	
NS

	
8.90 **

	
NS

	
NS

	
7.55 *

	
NS

	
NS




	
P × D

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS




	
Y × P × D

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS

	
NS








Different letters indicate statistically significant differences at p < 0.05. Error bars indicate SEM (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001. NS = no significance. CK = linear planting with N fertilization at 10 cm depth, LD20 = linear planting with N fertilization at 20 cm depth, ZD10 = zigzag planting with N fertilization at 10 cm depth, and ZD20 = zigzag planting with N fertilization at 20 cm depth. VE = emergence; R1 = silking; R6 = maturity.
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Table 3. Spring maize yield and its components under different cultivation patterns.
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Year

	
Treatment

	
Effective Ear

(×104 ear ha−1)

	
Kernel Number

(ear−1)

	
1000-Kernel Weight

(g)

	
Yield

(t ha−1)






	
2018

	
CK

	
6.70 ± 0.05 ab

	
499.92 ± 11.4 b

	
343.21 ± 5.09 a

	
9.53 ± 0.12 c




	
LD20

	
6.67 ± 0.06 b

	
509.25 ± 5.02 ab

	
347.48 ± 1.52 a

	
9.98 ± 0.07 b




	
ZD10

	
6.73 ± 0.06 ab

	
518.42 ± 2.75 a

	
345.11 ± 1.77 a

	
10.12 ± 0.24 b




	
ZD20

	
6.80 ± 0.05 a

	
522.00 ± 8.51 a

	
343.99 ± 8.88 a

	
10.48 ± 0.07 a




	
2019

	
CK

	
6.60 ± 0.10 a

	
511.08 ± 4.02 b

	
351.74 ± 2.22 a

	
9.58 ± 0.16 c




	
LD20

	
6.68 ± 0.08 a

	
513.42 ± 4.30 b

	
353.17 ± 1.15 a

	
10.21 ± 0.33 b




	
ZD10

	
6.72 ± 0.10 a

	
534.08 ± 12.98 a

	
353.07 ± 0.90 a

	
10.58 ± 0.25 ab




	
ZD20

	
6.75 ± 0.10 a

	
542.50 ± 14.98 a

	
350.96 ± 2.53 a

	
10.96 ± 0.25 a




	
ANOVA Year (Y)

	
NS

	
12.01 **

	
20.62 ***

	
13.12 **




	
Planting (P)

	
7.60 *

	
31.44 ***

	
NS

	
71.51 ***




	
N depth (D)

	
NS

	
NS

	
NS

	
29.87 ***




	
P × D

	
NS

	
NS

	
NS

	
NS




	
Y × *P × *D

	
NS

	
NS

	
NS

	
NS








Different letters indicate statistically significant differences at p < 0.05. Error bars indicate SEM (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001. NS = no significance. CK = linear planting with N fertilization at 10 cm depth, LD20 = linear planting with N fertilization at 20 cm depth, ZD10 = zigzag planting with N fertilization at 10 cm depth, and ZD20 = zigzag planting with N fertilization at 20 cm depth.
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