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Abstract

:

The summer maize yields and partial factor productivity of nitrogen (N) fertilizer (PFPN, grain yield per unit N fertilizer) on smallholder farms in China are low, and differ between farms due to complex, sub-optimal management practices. We collected data on management practices and yields from smallholder farms in three major summer maize-producing sites—Laoling, Quzhou and Xushui—in the North China Plain (NCP) for two growing seasons, during 2015–2016. Boundary line analysis and a Proc Mixed Model were used to evaluate the contribution of individual factors and their interactions. Summer maize grain yields and PFPN ranged from 6.6 t ha−1 to 14.2 t ha−1 and 15.4 kg kg−1 to 96.1 kg kg−1, respectively, and averaged 10.5 t ha−1 and 49.1 kg kg−1, respectively. The mean total yield gap and PFPN gap were 3.6 t ha−1 and 43.3 kg kg−1 in Laoling, 2.2 t ha−1 and 24.5 kg kg−1 in Xushui, and 2.8 t ha−1 and 41.1 kg kg−1 in Quzhou. A positive correlation was observed between the yield gap and PFPN gap; the PFPN gap could be reduced by 6.0 kg kg−1 (3.6–6.6 kg kg−1) by reducing the yield gap by 1 t ha−1. The high yield and high PFPN (HH) fields had a higher plant density and lower N fertilization rate than the low yield and low PFPN (LL) fields. Our results show that multiple management factors caused the yield gap, but the relative contribution of plant density is slightly higher than that of other management practices, such as N input, the sowing date, and potassium fertilizer input. The low PFPN was mainly attributed to an over-application of N fertilizer. To enhance the sustainable production of summer maize, the production gaps should be tackled through programs that guide smallholder farmers on the adoption of optimal management practices.
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1. Introduction


Maize is an important food crop for both humans and animals throughout the world, with a planting area of almost 186 million hectares in 174 countries [1]. Together with rice and wheat, maize provides more than 30% of food calories for humans in 94 developing countries [2]. Many studies show that the world will need 70% to 100% more food by 2050 [3,4]. However, the stagnation of maize grain production is common not only in developed countries, but also in developing countries [5]. Closing the maize yield gap, especially on smallholder farms, is necessary in order to ensure global food security [6,7,8,9].



China is the second largest maize producer in the world, and contributes 20.8% of the global maize output [1]. The North China Plain (NCP) is an important maize production area in China, producing one-third of all of its maize (Ministry of Agriculture of People’s Republic of China, 2009). In the next 20 years, 30–50% more food will be needed in China [10], driven by increases in the population and changes in diet. To ensure food security, it is important to improve the crop yield and close the existing yield gap between the attainable yield and farmers’ actual yield.



China consumed over 31 Mt of nitrogen (N) fertilizer in 2014, approximately 29% of the total global consumption [1], to maintain the necessary rapid growth of grain production. In China, smallholder farmers dominate agricultural production with low resource use efficiency, because most farmers in China believe that more fertilizer produces a higher grain yield, and they neglect nutrient use efficiency (NUE; commonly represented by the nitrogen partial factor productivity, PFPN, which indicates grain yield per unit of N use). Excessive N use has resulted in a low PFPN and a loss of 40–57% of the applied N [11,12,13,14], which is the major contributor to air pollution and soil acidification [15,16]. Based on numerous field experiments, N usage can be reduced by 30–60% without a yield loss of rice, wheat, and maize in intensive agricultural production systems [15,17]. Therefore, there is a clear possibility of optimizing summer maize yields and PFPN of smallholders, and identifying the limiting factors is the first step.



Numerous studies of the yield limiting factors have been published [7,18,19,20,21,22]. Many of these describe the limiting factors qualitatively using a modeling approach or survey and experimental data. For example, Liu et al. (2016) reported that almost 5%, 12%, and 18% yield losses of maize grain yield were caused by soil physical properties, cultivar, and management practices, respectively. Subedi and Ma (2009) suggested that weed competition was the major maize yield-limiting factor in a humid temperate environment based on a three-year field experiment. Previous studies show that grain yield is mainly dependent on climatic conditions, soil quality, and management practices [23,24,25,26,27], and that management practice is more important than climate and soil [23,26,28]. However, few studies have analyzed the factors limiting PFPN.



Different management practices have different impacts on the yield and PFPN [9]. Identifying the most important limiting management factors in farmers’ fields is fundamental to closing the yield and PFPN gaps. The boundary line approach is a widely used and useful tool for quantitatively analyzing and identifying the most important biophysical factors controlling crop production [21,29,30]. The objectives of this study were therefore to (i) investigate the optimal factors for the sustainable production of maize in the NCP; (ii) understand the association between yield and the PFPN of smallholder farmers; and (iii) examine the variations of maize yield and the PFPN in smallholder farmers’ fields over different years and sites.




2. Materials and Methods


2.1. Study Site


The study was conducted at three sites (Laoling 37°43′N and 117°13′E, Xushui 39°06′N and 115°39′E, Quzhou 36°45′N and 114°57′E) in the NCP from June 2015 to October 2016 for two maize growing seasons (Figure 1). At each site, a village with a Science and Technology Backyard (STB; [9]) was selected: Nanxia village in Laoling county; Yangong village in Xushui county; and Wangzhuang village in Quzhou county. There were 244 fields selected randomly for research in 2015 (86, 44, and 114 fields in Laoling, Xushui, and Quzhou, respectively) and 192 fields in 2016 (74, 50, and 68 of the fields in Laoling, Xushui, and Quzhou, respectively). The per capita arable area was approximately 0.1 ha. The climate at all of the sites was a medium latitude monsoon climate, with an annual rainfall between 527–556 mm. The pH of the soil (0–20 cm) at the three sites was 7.31, 7.70, and 8.21 at Laoling, Xushui, and Quzhou, respectively. The soil nutrient contents (i.e., the soil organic matter (SOM), total nitrogen (total N), Olsen–P and available potassium) at Laoling were all slightly higher than those at Xushui and Quzhou (Table 1).




2.2. Data Collection


Farmers’ management practices that were recorded included N, phosphate fertilizer (P2O5) and potash fertilizer (K2O) applications, plant density, sowing date, and the timing of irrigation as well as of herbicide, insecticide, and bactericide applications. Researchers recorded all of these practices immediately after the farmers had completed their field work. For example, at sowing, researchers kept a record of maize varieties, sowing date, and the rate and formulation of basal fertilizers applied to each field. To obtain a precise amount of fertilizer input, researchers weighed the fertilizer and measured the field area. During the growing period, they recorded the fertilizer rate and formulation. The quantity, frequency, and formulation of fertilizers used in the fields were calculated to obtain the amounts of nutrients applied. At harvest, the average planting density in terms of plants per hectare was recorded. Maize grain yields were measured from three plots of 14.4 m2 (3 rows, each 8 m long) selected randomly in each field. Grain yields were adjusted to 15.5% moisture content.




2.3. Data Analysis


Nitrogen fertilizer partial factor productivity (PFPN) was calculated to show the N fertilizer use efficiency of summer maize production in the NCP. Standard deviation and coefficients of variation (CV) of yield and PFPN were used to compare the variation across fields, years and sites. The variation across research sites was calculated, as well as the mean yield and PFPN. Variation across years at each site was calculated together with the mean yield and PFPN. Variation between different fields was calculated for each research site every year. To evaluate the yield and PFPN of the smallholder farmers’ fields, we set standards of high yield (11.0 t ha−1) and high PFPN (60 kg kg−1). The high maize yield standard was the top 5% yield of all of the farms investigated (n = 5406), and the high PFPN was that achieved under the improved practice used to eliminate the major limitations to crop growth [31]. The fields at each site were divided into four categories: high yield and high PFPN (HH), high yield and low PFPN (HL), low yield and high PFPN (LH) and low yield and low PFPN (LL).



Boundary line analysis was used to evaluate the contribution of individual management factors to maize yield and PFPN, as originally proposed by Webb [32]. The assumption was that the data on the boundary line best represents the relationship between two variables, while the potential influence of other limiting factors can be considered minimal [32,33,34]. Recently, this approach has been widely adopted to study yield reduction factors [21,29,35]. The method of structuring a boundary line entails first eliminating abnormal values by a statistical process (the low and high outliers of box-plots in IBM SPSS Statistics 23.0, IBM, New York, NY, USA) and using empirical knowledge (e.g., a summer maize yield exceeding 16,300 kg ha−1 was regarded as an abnormal value, based on earlier research), and analyzing whether the data are consistent with a normal distribution. Boundary data were selected using the IF formula (logical-test, value-if-true, value-if-false) in Microsoft Office Excel (2010) (Microsoft, Redmond, WA, USA).



The basic steps to identify boundary data are:




	(a)

	
Grouping the data points (Y = yield, X = management factors).




	(b)

	
Arrange X (X1, X2, …, Xn) in ascending order and Y (Y1, Y2, …, Yn) in descending order.




	(c)

	
The first boundary data is Y1, the second boundary data is identified by the IF formula (Y2 > Y1, Y2, Y1).




	(d)

	
When the boundary data equals Yatt, the rest of the X and Y values are arranged in descending order.




	(e)

	
The final boundary data is Yn; the previous boundary data is identified by the IF formula (Yn−1 > Yn, Yn−1, Yn), and is continued to Yatt.









For those boundary points that had positive or negative correlations with the yield or PFPN, a trend line in Microsoft Office Excel (2010) (Microsoft, Redmond, WA, USA ) was fitted to obtain the highest coefficient of determination (R2). However, for some factors, we used a linear plus platform model in SAS (SAS Institute Inc., Cary, NC, USA) or a sigmoidal curve in Sigmaplot (10.0) (Systat Software, San Jose, CA, USA) according to agronomic principles (e.g., the rates of P2O5 and K2O application on farms were not too high to reduce the maize yield) [36,37]. The boundary line was created for each management factor using the boundary data of yield and PFPN at every site for each year (Figures S1–S13).



Each boundary line function was used to predict the attainable yield or attainable PFPN (Yxi), which can be achieved at each value of the individual management factors (i = 1, 2, 3, …, n) in each field (x). The difference between the highest attainable yield (Yatt) and the farmers’ actual yield (Yobs) was the total yield gap (Figure 2). The gap between Yatt and Yxi was defined as the explainable yield gap, which was attributed to the difference between individual management factors (i = 1, 2, 3, …, n). The gap between Yxi and Yobs was the unexplainable yield gap, which was attributed to other unknown factors, together with the analysis of the PFPN gap. The total yield (or PFPN) gap was equal to the sum of the explainable yield (or PFPN) gap, and the unexplainable yield (or PFPN) gap. This approach to quantify the yield gap has been successfully used for cereals and cash crops [29,35,38].



The contribution of each factor to explain the reduction in the gap was expressed as the proportion of the explainable gap to the total gap. The most important limiting management factor to explain the reduction at the field level was identified according to von Liebig’s law of the minimum [39]. For the factor that was the most limiting, the number of corresponding fields was counted for each site [21,29]. The average contribution proportion for each factor on all of the monitored fields in a given site was calculated, and the sum of the average proportion of the nine factors was regarded as 100%. The relative values were used to compare the relative contributions.



Boundary line analysis focuses on the relative importance of an individual factor, but ignores the interactions between factors [40]. In order to overcome this, a Proc Mixed Model was used to analyze the interactions in a multiple regression analysis [41]. The model was applied to the interactions between yield and PFPN, and the monitored management factors, after a normal distribution test for yield and PFPN. Management factors and research sites were the independent variables, while the years were regarded as a random effect. The interaction between summer maize density and N fertilizer application was considered an independent variable because of its strong influence on yield and nutrient use efficiency [42,43]. Management data was standardized before analysis according to our knowledge of agronomy: e.g., plant density and N application were standardized according to attainable yield and the PFPN targets from the boundary line for each research site, because the two management practices had the most variations among different sites (Table S1); P2O5 and K2O applications were standardized according to the PFP target in the NCP; sowing date was standardized according to the attainable yield target in the NCP; and other management factors were standardized as measured. Detailed information on management practices and classification standards is in the supplementary materials (Table S2).



Boundary line analysis was done using Microsoft Office Excel 2010 (Microsoft, Redmond, WA, USA) and SigmaPlot 10.0 (Systat Software, San Jose, CA, USA). Comparisons among different categories were based on Duncan’s test at the 0.01 probability level (p < 0.01). The Proc Mixed Model and analysis of variance (ANOVA) were applied using SAS statistical software (SAS Institute Inc., Cary, NC, USA).





3. Results


3.1. Variation of the Summer Maize Yield and PFPN


The yields at the three study sites ranged from 6.6 t ha−1 to 14.2 t ha−1, with a mean of 10.5 t ha−1 for the two years. The yield ranged from 6.6 t ha−1 to 12.9 t ha−1 in Laoling, from 7.9 t ha−1 to 12.7 t ha−1 in Xushui, and from 7.8 t ha−1 to 14.2 t ha−1 in Quzhou (Figure 3). The mean yield in Laoling (9.3 t ha−1) was significantly (p ≤ 0.01) lower than that in Xushui (10.5 t ha−1) and Quzhou (11.4 t ha−1). The Yatt in Quzhou (14.0 t ha−1) was higher than that in Laoling (12.5 t ha−1) and Xushui (12.6 t ha−1). The total yield gap ranged from 0 t ha−1 to 6.3 t ha−1 in Laoling, from 0 t ha−1 to 4.8 t ha−1 in Xushui, and from 0 t ha−1 to 6.4 t ha−1 in Quzhou. The mean total yield gaps were 3.6 t ha−1, 2.2 t ha−1, and 2.8 t ha−1 for Laoling (CV = 36.4%), Xushui (CV = 52.5%), and Quzhou (CV = 47.7%) (Figure 3), respectively. The total yield gap and total PFPN gap of summer maize were positively correlated (r = 0.4762, p < 0.0001) (Figure 4a). The PFPN gap was reduced by 6.0 kg kg−1 (3.6–6.6 kg kg−1) when the yield gap was reduced by 1 t ha−1. However, the relationships at the three sites were different.



Over two consecutive years of monitoring, the standard deviation and CV of the mean yields for the three sites were 1039.1 kg ha−1 and 10.0%, respectively (Table 2). There was a small variation in yield between different years at the same sites, except for Quzhou. For example, the yield standard deviation over the two years at the three sites ranged from 179.2 kg ha−1 to 1030.0 kg ha−1, and the CV ranged from 1.7% to 8.9%. The standard deviation of the yields among different fields at one site for a single year ranged from 1061.9 kg ha−1 to 1373.2 kg ha−1, and the CV ranged from 8.6% to 14.4% (Table 2). Therefore, the yield variation of smallholder farmers’ fields at each site was higher than the site variation and interannual variation, with the interannual variation being the lowest.



The PFPN of summer maize at the three sites ranged from 15.4 kg kg−1 to 96.1 kg kg−1, and the mean value from 38.8 kg kg−1 to 55.1 kg kg−1. The total PFPN gap ranged from 0 kg kg−1 to 64.3 kg kg−1 in Laoling, from 0 kg kg−1 to 46.7 kg kg−1 in Xushui, and from 0 kg kg−1 to 71.7 kg kg−1 in Quzhou. The mean total PFPN gaps were 43.3 kg kg−1, 24.5 kg kg−1, and 41.1 kg kg−1 for Laoling (CV = 31.7%), Xushui (CV = 48.5%), and Quzhou (CV = 45.0%) (Figure 3), respectively. The largest variation in PFPN was between fields, as it was for yield, with the standard deviation and CV ranging from 8.2 kg kg−1 to 18.2 kg kg−1 and 18.7% to 38.7%, respectively. The standard deviation over the two years at the three sites ranged from 2.1 kg kg−1 to 9.1 kg kg−1, and the CV ranged from 3.9% to 22.9%. The standard variation and CV of PFPN between different sites were 9.0 kg kg−1 and 18.0%, respectively (Table 2).




3.2. Relationship between Summer Maize Yield and PFPN


Most fields belonged to the LL category, except at Quzhou. The percentages of fields in the LL category for all of the fields for both years were 83.7%, 45.7%, and 25.3% for Laoling, Xushui, and Quzhou, respectively. Only 3.1–29.1% of the fields belonged to the HH category (Figure 5; Table 3). The proportions of high PFPN fields also in the high yield category were 31.3%, 44.1%, and 46.9% for Laoling, Xushui, and Quzhou, respectively. The proportions of high PFPN fields in the low yield category were 6.9%, 28.3%, and 33.3% for the three sites, respectively. This indicated that there was a greater chance to achieve high PFPN with high yields than with low yields.



The controlling management factors differed for the four categories. For each research site, the HH category had a higher planting density and lower amount of N than LL (Table 3). This suggests that the amount of N applied and plant density were the main factors producing a high yield and high PFPN simultaneously. However, the HH farmers’ plant density in Quzhou (58,319.1) was lower than that in Laoling (67,019.4) and Xushui (63,550.8), which indicated that the optimum plant density varies.




3.3. Key Limiting Management Factors of Yield and PFPN


Examining the boundary line analysis across all of the monitored fields, plant density was the most important yield-limiting factor in most fields, with the corresponding proportion of fields limited by this factor being 40.4%, 74.5%, and 36.8% for Laoling, Xushui, and Quzhou, respectively (Figure 6a). Not surprisingly, N application was the most important PFPN-limiting factor in 65.8%, 57.4%, and 57.7% of the fields at Laoling, Xushui, and Quzhou, respectively (Figure 6b).



However, at the site level, the top three yield-limiting management factors in Laoling were plant density, N application, and K2O application in 2015, and their relative contributions expressed as the percentage of the explainable yield gap to total yield gap were 23.1%, 18.6%, and 16.0%, respectively. In 2016, the top three factors were plant density, N application, and sowing date, accounting for 22.7%, 18.4%, and 14.8%, respectively, of the total yield gap. In Xushui, the top three constraints were plant density, N application, and sowing date in 2015, and their relative contributions were 42.3%, 16.9%, and 14.2%, respectively. In 2016, the top three factors were the same as in 2015, and their relative contributions were 39.9%, 20.5%, and 10.7%, respectively. In Quzhou, the top three limiting factors were plant density, sowing date, and irrigation times in 2015, and their relative contributions were 24.7%, 19.1%, and 18.6%, respectively. In 2016, the top three constraints were plant density, N application and K2O application, and their relative contributions were 26.8%, 20.6%, and 18.8%, respectively (Figure 7a). For PFPN, N application contributed a relatively high contribution at all three sites, with the values ranging from 33.3% to 38.9% over the two years. The contribution of plant density or sowing date ranged from 17.1% to 25.5%, far lower than that of N application (Figure 7b). Thus, for all three sites, an appropriate N application was the principal cause of a high PFPN achieved in smallholder farmers’ fields.



The results of the Proc Mixed Model indicated that the research year, site, plant density, sowing date, irrigation times, herbicide application times, and bactericide application times all had a significant influence on the summer maize yield. However, the amounts of N, P2O5, and K2O applied did not significantly affect the yield. The amount of N applied had a small, non-significant influence on yield under different plant densities. (Table 4). The yield in the first year was significantly lower than that in the second year (p < 0.0001). Yields in Laoling and Xushui were significantly lower than that in Quzhou, with a model estimate of the differences of −2.714 (p < 0.0001) and −1.378 (p < 0.0001) t ha−1, respectively. The summer maize yield was reduced significantly by a reduction in plant density (p < 0.0001) and a delay in sowing (p = 0.0089, p = 0.0216). The year, site, N applied, irrigation times, bactericide application times, and the interaction between plant density and N applied all had a significant influence on PFPN. Plant density had no influence on PFPN at low N inputs, but at medium N inputs, PFPN and plant density were significantly positively correlated (Table 4). For example, PFPN in the first year was lower than in the second year, with a model estimate of the difference being −9.170 kg kg−1. The PFPN in Laoling was lower than that in Xushui and Quzhou by −18.792 (p < 0.0001) kg kg−1 and −17.866 (p < 0.0001) kg kg−1, respectively. PFPN was reduced significantly by increasing the N input (p < 0.0001).





4. Discussion


4.1. Effects of Plant Density and N Application on Yield and PFPN


Plant density and N applied were the main limiting factors of the gaps in yield and PFPN, which is consistent with other research [44,45,46]. The relative contribution of plant density according to the boundary line approach was only slightly higher than that of other management factors in Laoling and Quzhou. Zhang et al. (2016) showed that a single technology such as increasing plant density can increase the maize yield to varying extents in 55 single-factor field experiments [9]. Others have shown that increasing plant density is likely to improve maize biomass and PFPN for both medium and high N inputs [43,47,48]. However, the choice of plant density for summer maize in farmers’ fields is more complicated than that in experimental plots. The Proc Mixed Model showed that an increase in plant density at high N inputs may reduce the maize yield, because too high a density will extend maturity due to its effect in reducing soil temperature through the thicker canopy reducing insolation [49].



The optimum plant density for maize in the NCP has been given as approximately 86,000 plants ha−1 [50]. In our study, the overall and optimum plant densities of summer maize ranged from 37,148 ha−1 to 84,445 plants ha−1. For instance, the plant densities that achieved Yatt and average yield were 70,684 ha−1 and 60,718 plants ha−1, respectively, in Laoling; 65,396 ha−1 and 59,080 plants ha−1, respectively, in Xushui; and 59,710 ha−1 and 57,244 plants ha−1, respectively, in Quzhou. Most of the farmers in the NCP have low yields because of low plant populations (Supplementary Materials Figures S1–S6), but the Yatt declined with excessive plant density, especially in Quzhou (Figures S5 and S6). Our findings also suggested that low germination rate, maize “rough dwarf disease”, and common smut were three major factors constraining plant density, and thus yield. Inappropriate tillage at sowing and too much or too little soil moisture will lead to approximately 10% of seeds not germinating (data not shown). In summary, improving tillage quality, increasing the sowing rate, and preventing pests and diseases can increase plant density, and so achieve high maize yields and a high PFPN in smallholder farmers’ fields.



Most farmers in China often overused and applied N fertilizer at the wrong times in intensive cropping systems [12,51,52,53]. We found that the amount of N applied was the most important limiting management factor for the PFPN gap in 57.4% to 65.8% of all fields (Figure 6b). The mean amounts of N applied in Laoling, Xushui, and Quzhou were 261 kg ha−1, 197 kg ha−1, and 231 kg ha−1, respectively, and the corresponding average grain yields ranged from 9.3 t ha−1 to 11.4 t ha−1. Thus, the N applied was much higher than N uptake (160–190 kg ha−1) [51,54].



In the NCP, smallholder farmers considerably overused N as a basal fertilizer, with basal dressings accounting for 23% to 100% of the total N application. However, early in the summer maize-growing season, large quantities of basal fertilizer are easily lost to the environment under the rainy climate, because the root system is not extensive [55]. Furthermore, the type of fertilizers and the timing and methods of top-dressing also affect N use efficiency [56,57]. Most of the farmers broadcast urea fertilizer at the elongation stage (V6) of summer maize, but an N top-dressing should be applied during the middle–late growing season (V10–12) in this region [58,59]. Also, an in-season N management strategy based on soil mineral nitrogen (Nmin) testing can save 40% N fertilizer without yield losses [58]. Unfortunately, smallholder farmers usually decide the amount of top-dressing based on their experience or the salesperson’s suggestions, rather than researching and testing the soil nutrients and plant growth.




4.2. Other Limiting Management Factors


Many other management factors also make significant contributions to the maize yield gap [60]. Earlier planting significantly contributes to increasing yields, and delayed planting has been shown to lead to yield declines [24]. The maize grain yield will decrease if the crop is sown before the end of May or delayed after the middle of June in the NCP [50,52]. However, farmers decide when to sow only after they have a guarantee of irrigation, because the topsoil is too dry to germinate maize seed without extra moisture. In our study, farmers used surface water in Laoling and well water in Xushui and Quzhou for irrigation. The sowing date was often delayed or prolonged due to the limited quantities of well water; sowing time in Quzhou can extend over 22 days from 6 June to 28 June. The proportions of fields in which planting was delayed were 8.0%, 42.5%, and 53.4% in Laoling, Xushui, and Quzhou, respectively. This reduced overall yield by 1.1% to 8.5%.



Due to the importance of irrigation, the average yield can increase by 4.2% if the field is within 150 m of a well or water source in Quzhou [61]. Our findings (data not shown) supported the importance of distance from a water source for summer maize yield and PFPN and that of weeds, cultivar selection, pests, and diseases for maize health and yield. In addition, the timing of herbicide and bactericide applications also had an important influence on summer maize yield, according to the Proc Mixed Model analysis. This suggests that smallholder farmers should pay more attention to crop protection practices in order to achieve high yields. Overall, our research suggests that on smallholder farmers’ fields, many management practices, rather than just one, need to be optimized to close the yield gap.




4.3. Variation of Yield and PFPN On Farms


There was a consistently large variation in yield and PFPN between fields for each year and site. Since smallholder farmers’ fields are small and scattered, farmers lack the economies of scale, and are easily affected by infrastructural and socioeconomic situations [9,62,63,64], leading to this high variability [61]. However, the interannual variation of PFPN was larger than that of the yield at all three sites; e.g., the interannual variation of yields in Laoling had a CV of 2.6%, but that of PFPN was 22.9%, the largest of the three sites. In other words, the PFPN on smallholder farms was easier to change than yield, which shows that the PFPN gap was mainly caused by one factor (N input), and the yield gap was caused by multiple management factors.



Additionally, the four distribution categories of yield and PFPN were different at different sites. To narrow the variation of yield and PFPN overall in China, we need to propose appropriate optimum solutions for each type of field at each site.




4.4. Yield and PFPN On Farms


On smallholder farms in the NCP, our research found that the average maize grain yield to be 10.5 t ha−1. This is approximately 59.7% of the yield potential according to Meng [7], but much higher than that found in previous studies, in which the on-farm average yield was 7.5 t ha−1 [52] or 7.3 t ha−1 [7]. This difference may be due to the different study years and methods for obtaining yields: Liang and Meng’s studies were conducted in 2004–2005 and 2007–2008 by surveying farmers. The increase in the yield on farms that we studied may also be due to the extension of agricultural technologies, e.g., more farmers being trained to achieve higher maize yields since Liang and Meng’s research [9,53].



Previous surveys of the PFPN of maize found values of 32 kg kg−1 [65] and 43 kg kg−1 [31]. We obtained a slightly higher PFPN of maize in smallholder farmers’ fields of 49.1 kg kg−1. However, this is far lower than that achieved in the United States. For example, the PFPN of maize was found to be 71 kg kg−1 and 64 kg kg−1 in the Tri-Basin area and Nebraska, respectively [66]. We found a large variation in N input between different smallholder farmers’ fields (102.0 kg ha−1 to 481.5 kg ha−1), so if the over-application of N was reduced, PFPN could be increased. The summer maize yield can reach approximately 12.0 t ha−1 with an N input from 180 kg N ha−1 to 210 kg N ha−1 [31,42,67], so the maize yield can be increased, and the N input reduced, on smallholder farmers’ fields by optimizing management practices.





5. Conclusions


Our findings suggest that the summer maize yield in smallholder farms of the NCP is still low compared to the potential yield, and there is a large variation across fields. The PFPN of summer maize at the three sites that we examined was slightly higher than that observed in previous studies, but still too low, as are yields. More than 50% of the fields belonged to the LL category (low PFPN; low yield) at the study sites, so there is considerable opportunity to improve smallholder farmers’ yield and N use efficiency, and thus achieve sustainable production. The analysis also clearly demonstrates that the reduction of PFPN was mainly caused by the overuse of N fertilizer. However, there is not a dominant management factor to explain the yield gap. Plant density, sowing date, the interaction between plant density and N inputs, and crop protection practices all significantly affected yield.



We conclude that, in order to achieve high yield and high PFPN on a large scale in China, a scientific integrated management strategy based on a comprehensive understanding of the causes of maize yield and PFPN limitations is required. Further research is needed to design the optimum sustainable production system for maize and test it on farms.
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Figure 1. (a) Location of the study sites in the North China Plain (NCP)—red circles; (b) an example of the distribution of monitored fields in one village of Laoling county; the red star is the location of the Laoling Science and Technology Backyard (STB). Residential areas are not shown. 
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Figure 2. Relationship between summer maize yield and plant density in Laoling in 2015. The curved black line is the boundary line; the values of the upper, middle, and lower horizontal lines are the attainable yield, predicted yield, and actual yield on farms, respectively. The total yield gap is the difference between the attainable yield and the actual yield; the explainable yield gap is the difference between the attainable yield and the predicted yield; and the remainder is the unexplainable yield gap. 
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Figure 3. Box plots of the actual summer maize yields (left) and nitrogen use efficiencies (PFPN, grain yield per unit N fertilizer, (right) obtained by farmers during 2015–2016 at the three sites. For each site, the three black horizontal lines in the boxes indicate the 75th percentile (top), median (solid line across boxes), and 25th percentile summer maize yield (bottom); the upper and lower bars outside the boxes show the 90% and 10% summer maize yields. The red dotted lines across the boxes are the mean yields of summer maize. The values followed by different letters in each box indicate significant differences at p ≤ 0.01 by the Duncan’s test. 
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Figure 4. Relationship between the total yield gap and total PFPN gap of summer maize for all three sites (a) and in Laoling (b), Xushui (c), and Quzhou (d). The lines represent trend lines. 
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Figure 5. Distribution of yield and PFPN on farms at Laoling (a), Xushui (b), and Quzhou (c). The horizontal and vertical lines are standards for high yield and high efficiency, respectively. For each site, sector (I) represents a high yield and low efficiency (HL), sector (II) represents high yield and high efficiency (HH), sector (III) represents low yield and high efficiency (LH), and sector (IV) represents low yield and low efficiency (LL). 
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Figure 6. The corresponding proportion of fields in which management factors were the most important factors limiting the yield (a) and PFPN (b) for the Laoling, Xushui, and Quzhou sites of the NCP in 2015–2016. 






Figure 6. The corresponding proportion of fields in which management factors were the most important factors limiting the yield (a) and PFPN (b) for the Laoling, Xushui, and Quzhou sites of the NCP in 2015–2016.



[image: Sustainability 10 00363 g006]







[image: Sustainability 10 00363 g007 550] 





Figure 7. Explainable yield gap (a) and explainable PFPN gap (b) attributed to management factors, expressed as a proportion of the explainable gap to the total gap for the Laoling, Xushui, and Quzhou sites of the NCP in 2015–2016. The sum of the nine factors was regarded as 100%. 
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Table 1. Characteristics of the study sites, including the per capita arable land area, annual rainfall, and soil nutrient content.
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Region

	
Per Capita Arable

Land Area

	
Annual Rainfall

	
Soil Nutrient Content *




	
Total N

	
SOM **

	
Olsen-P

	
Available Potassium

	
pH




	
ha

	
mm

	
g kg−1

	
g kg−1

	
mg kg−1

	
mg kg−1






	
Laoling

	
0.12

	
527

	
1.15

	
16.6

	
21.0

	
147.9

	
7.31




	
Xushui

	
0.09

	
547

	
0.86

	
10.6

	
19.4

	
114.1

	
7.70




	
Quzhou

	
0.08

	
556

	
1.04

	
13.6

	
20.4

	
103.2

	
8.21








* Soil properties refer to the top 0–20 cm; ** SOM: soil organic matter.
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Table 2. Variation of summer maize yield and PFPN across fields, years, and sites.
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Variations

	
Yield

	
PFPN




	
SD * (t ha−1)

	
CV ** (%)

	
SD (kg ha−1)

	
CV (%)






	
NCP

	
1.04

	
10.0

	
9.0

	
18.0




	
Laoling

	
0.24

	
2.6

	
9.1

	
22.9




	
Xushui

	
0.18

	
1.7

	
2.1

	
3.9




	
Quzhou

	
1.03

	
8.9

	
8.3

	
14.6




	
Laoling

	
2015

	
1.21

	
13.2

	
8.2

	
24.6




	
2016

	
1.37

	
14.4

	
17.9

	
38.7




	
Xushui

	
2015

	
1.23

	
11.6

	
13.6

	
24.0




	
2016

	
1.14

	
11.0

	
10.0

	
18.7




	
Quzhou

	
2015

	
1.15

	
10.6

	
17.3

	
34.2




	
2016

	
1.06

	
8.6

	
18.2

	
29.2








* SD: standard deviation. ** CV: variation coefficient.
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Table 3. Management practices of high yield and high PFPN (HH) and low yield and low PFPN (LL) farmers at the study sites. N: Nitrogen.
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Laoling

	
Xushui

	
Quzhou




	
Categories

	
HH

	
LL

	
HH

	
LL

	
HH

	
LL






	
Numbers

	
5

	
134

	
15

	
43

	
53

	
46




	
Percentage (%)

	
3.1

	
83.7

	
16

	
45.7

	
29.1

	
25.3




	
Density (plants ha−1)

	
67,019.4a *

	
59,709.7bc

	
63,550.8ab

	
56,272.3c

	
58,319.1bc

	
55,681.0c




	
N amount (kg ha−1)

	
164.6c

	
274.7a

	
163.1c

	
215.2b

	
159.5c

	
262.7a




	
P2O5 amount (kg ha−1)

	
45.5a

	
54.5a

	
56.1a

	
68.8a

	
53.3a

	
58.0a




	
K2O amount (kg ha−1)

	
45.5c

	
43.9c

	
71.0ab

	
75.4a

	
51.7c

	
57.4bc




	
Sowing date (June)

	
13.8a

	
13.8a

	
15.7a

	
15.8a

	
14.3a

	
15.8a




	
Irrigation times

	
1.0ab

	
1.5a

	
0.9ab

	
0.7b

	
0.5b

	
1.0ab




	
Yield (t ha−1)

	
11.9a

	
8.99c

	
11.6a

	
9.59bc

	
12.2a

	
10.0b




	
PFPN (kg kg−1)

	
73.5a

	
34.3c

	
71.8a

	
45.6b

	
77.2a

	
40.2bc








* Values followed by different letters within a row mean significant differences at p ≤ 0.01.
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Table 4. Results of Proc Mixed Model analysis of interactions between management factors, yield, and PFPN.
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Factors

	
Level

	
Degree of Freedom

	
Yield (t h−1)

	
PFPN (kg kg−1)




	
Parameter Estimate

	
95% Confidence

	
p-Values

	
Parameter Estimate

	
95% Confidence

	
p-Values




	
Lower

	
Upper

	
Lower

	
Upper






	
Intercept

	

	

	
13.92

	
12.34

	
15.51

	

	
62.57

	
48.48

	
76.65

	




	
Year

	
2015

	
243

	
−1.23

	
−1.60

	
−0.86

	
-

	
−9.17

	
−12.43

	
−5.91

	
-




	
2016

	
191

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
Site

	
Laoling

	
159

	
−2.71

	
−3.22

	
−2.21

	
<0.0001

	
−18.79

	
−23.29

	
−14.30

	
<0.0001




	
Xushui

	
93

	
−1.38

	
−1.76

	
−0.99

	
<0.0001

	
-0.93

	
−4.34

	
2.49

	
0.5952




	
Quzhou

	
181

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
Density

	
Low *

	
58

	
−1.38

	
−2.02

	
−0.73

	
<0.0001

	
0.08

	
−5.64

	
5.80

	
0.9785




	
Medium

	
279

	
−0.91

	
−1.37

	
−0.45

	
<0.0001

	
−0.89

	
−4.97

	
3.19

	
0.6682




	
High

	
96

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
N amount

	
Low

	
46

	
0.04

	
−0.63

	
0.70

	
0.9168

	
48.68

	
42.75

	
54.62

	
<0.0001




	
Medium

	
232

	
−0.20

	
−0.70

	
0.30

	
0.4366

	
23.09

	
18.62

	
27.56

	
<0.0001




	
High

	
155

	
0.00

	
-

	
-

	
-

	
0.00

	
0.00

	
0.00

	
-




	
P2O5 amount

	
Low

	
161

	
0.47

	
−0.13

	
1.06

	
0.1243

	
−2.29

	
−7.56

	
2.98

	
0.3943




	
Medium

	
259

	
0.45

	
−0.16

	
1.05

	
0.1465

	
−5.88

	
−11.23

	
−0.54

	
0.0315




	
High

	
13

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
K2O amount

	
Low

	
83

	
0.24

	
−0.80

	
1.29

	
0.6488

	
1.67

	
−7.63

	
10.97

	
0.7249




	
Medium

	
347

	
0.34

	
−0.68

	
1.36

	
0.5106

	
3.40

	
−5.66

	
12.46

	
0.4629




	
High

	
3

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
Sowing date

	
Low

	
7

	
1.17

	
0.30

	
2.05

	
0.0089

	
7.49

	
−0.27

	
15.26

	
0.0593




	
Medium

	
373

	
0.42

	
0.06

	
0.77

	
0.0216

	
−2.21

	
−5.35

	
0.94

	
0.1693




	
High

	
53

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
Irrigation times

	
Low

	
115

	
−0.85

	
−1.38

	
−0.31

	
0.0021

	
−5.97

	
−10.73

	
−1.21

	
0.0144




	
Medium

	
224

	
−0.67

	
−1.03

	
−0.30

	
0.0004

	
−3.19

	
−6.44

	
0.05

	
0.0543




	
High

	
94

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
Insecticide times

	
Low

	
34

	
0.13

	
−0.40

	
0.67

	
0.6249

	
−1.72

	
−6.51

	
3.07

	
0.4826




	
Medium

	
297

	
0.09

	
−0.28

	
0.45

	
0.6414

	
−2.25

	
−5.49

	
0.99

	
0.1744




	
High

	
102

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
Herbicide times

	
Low

	
321

	
−0.76

	
−1.22

	
−0.30

	
0.0013

	
−2.30

	
−6.41

	
1.80

	
0.2724




	
Medium

	
113

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
Bactericide times

	
Low

	
123

	
−0.98

	
−1.61

	
−0.35

	
0.0023

	
−0.79

	
−6.35

	
4.77

	
0.7808




	
Medium

	
280

	
−0.98

	
−1.55

	
−0.41

	
0.0008

	
−7.22

	
−12.27

	
−2.18

	
0.0052




	
High

	
30

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
Density *N

	
Low–Low

	
6

	
−0.45

	
−1.64

	
0.74

	
0.4567

	
−2.04

	
−12.60

	
8.52

	
0.7052




	
Low–Medium

	
30

	
0.02

	
−0.79

	
0.82

	
0.9669

	
−11.15

	
−18.29

	
−4.00

	
0.0024




	
Low–High

	
20

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
Medium–Low

	
26

	
0.50

	
−0.31

	
1.31

	
0.2268

	
−5.07

	
−12.25

	
2.11

	
0.1671




	
Medium–Medium

	
149

	
0.54

	
−0.03

	
1.11

	
0.064

	
−6.28

	
−11.35

	
−1.22

	
0.0155




	
Medium–High

	
102

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
High–Low

	
14

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
High–Medium

	
50

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-




	
High–High

	
30

	
0.00

	
-

	
-

	
-

	
0.00

	
-

	
-

	
-








* In order to conduct analysis by Proc Mixed Model, the management practices were divided into several groups to create levels of the variables.
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