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The limited available information on variations in yield gaps (differences between actual yields and the theoretically attainable yields) restricts the development of rational strategies to optimize yields and reduce environmental costs. Quantifying the yield potential and the variations in yield gaps will help identify factors that limit yields and will enable a narrowing of the current yield gap. Here, we applied an analytical framework to yield data to identify options for closing the yield gap at the county level. We used a database containing yields for 40 counties and data from 87 representative on-farm experiments in Jilin Province, China, from 2006 to 2008. The yield potential was simulated for each region-year using a Hybrid-Maize model (http://www.hybridmaize.unl.edu/) and weather data. We then conducted a systematic and spatial analysis of actual yields to identify yield gaps at the county level. The simulated average potential yield at 27 representative sites was 15.2 Mg ha−1 (range 8.1–17.6 Mg ha−1) in Jilin Province. The on-farm experiments suggested an attainable potential yield ranging from 8.7 to 16.7 Mg ha−1 across Jilin Province. During this period, the actual maize yield varied between 4.1 and 11.9 Mg ha−1, according to the county-level data. Farmers’ fields, therefore, achieved 52% of the model yield potential and 77% of the attainable potential yield. Widely different amounts of P fertilizer input among farmers contributed significantly to regional variations in YGE. Soil Olsen-P and rainfall were also major factors. The results indicate that there is great potential to substantially increase the maize yield in non-optimal P management regions, such as in the western Jilin Province. Hence, improvements in regional P management strategies, such as at the county level, need to be assessed separately to provide a basis for increasing the actual maize yield.
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1 INTRODUCTION
Global agriculture is facing a great challenge to ensure food security with an urgent need to increase crop production by around 60% before 2050 (David Tilman et al., 2011). In 2014, China produced 20.7% of the global maize on 19.6% of global the agricultural land and consumed 21.5% of the global maize production (FAO, 2015). As a consequence of expected economic growth and changing diet, the demand for maize in China is anticipated to increase by 47% by 2030 compared to the present time (Cui et al., 2014). However, the rates of gain in maize yields have slowed markedly in the past 10–20 years, even though agricultural inputs such as phosphorus (P) have continued to increase (Chen et al., 2014). As a result, the net P surplus (P input minus output) was 23.6 kg ha−1 year−1 in the current maize system in China (Zhang et al., 2015). P surplus on land with already adequate P availability accelerates the rate of phosphate reserve depletion and increases the risk of water problems (Townsend and Porder, 2012). The consequences of these problems are meaningful on a global scale.
Northeast China is one of the major agricultural production areas in China. Maize production in this area accounts for approximately 53% of total production in China and for approximately 52% of the land devoted to this crop (2001–2015). A recent study reported the modeled potential yield of maize in this region varies from 8.3 t ha−1 (Lv et al., 2015) to 17.7 t ha−1 (Meng et al., 2013). Yield gaps for maize production (defined as the difference between yield potential and the yield actually achieved) are large and vary among different regions (Meng et al., 2013; Tao et al., 2015). In practice, most farmers and even extension staff still believe that high P fertilization rates and high grain yields are always directly related (Li et al., 2015). However, our previous studies showed that phosphorus fertilizer use efficiency (PUE) conflicts with increased yield under the current maize system in Northeast China (Zhang et al., 2015). This variation in yield gap and PUE underlines the importance of accurate estimates across meaningful land scales (Meng et al., 2013). Understanding the variation of yield gaps and their responses to P fertilization is necessary to devise improved broad-scale P management strategies and minimizing negative environmental impacts.
A previous study reported that potential yield and actual yield did not have good relevancy by region (Ciampitti and Vyn, 2014). Observations on maize yields in different regions indicate that different factors contribute to the sizes of their yield gaps and their responses to P management (Lv et al., 2015; Tao et al., 2015). However, there is still a considerable knowledge gap that makes it difficult for decision makers to develop appropriate P management strategies to increase maize production and P use efficiency.
In China, the county is the lowest administrative tier for executive policy implementation; most agricultural policies and recommended practices are conducted at a county scale. Therefore, understanding the variation of yield gaps and assessing the related impacts of P management strategies at the county level will aid policymakers to optimize future management strategies. The objectives of this study were (i) to estimate the model-based yield gap (YGM, model yield potential–actual farm yield) and the attainable yield gap (YGA, attainable maximum yield–actual farm yield) at the county level in Jilin Province; and (ii) to quantify yield gaps and their responses to P fertilization.
2 MATERIALS AND METHODS
2.1 Study site
The study region in Jilin Province (41°−46°N, 121°−130°E) was divided into three areas based on their ecological function: eastern humid mountainous area (EHMA), central semi-humid plain area (CSPA), and western semi-arid plain area (WSPA) (2013) (Figure 1). The most important crop in this region is spring maize, which is sown at the end of April and matures in early October. This region of Jilin Province has a warm-temperate and sub-humid climate, with cold winters and hot summers (Cui et al., 2013). Soil types include ablic luvisol, calcaric arenosol, calcaric fluvisol, haplic chernozem, haplic kastanozem, haplic luvisol, and luvic phaeozem (Gong et al., 1999; FAO, 2015). Long-term (1960–2012) average temperature in the study region during the growing season was 16.2–20.9°C, increasing from east to west (Figure 2A); average annual precipitation was 258.3–756.3 mm, increasing from northwest to southeast (Figure 2B). More than 70% of the annual precipitation (600–800 mm in EHMA, 450–500 mm in CSPA, and 250–350 mm in WSPA) falls during the May–September growing season of the rain-fed maize. Data were collected from farm land, and no specific permissions were required for these locations. The field studies did not involve endangered or protected species.
[image: Figure 1]FIGURE 1 | Locations of the eastern humid mountainous area (EHMA), central semi-humid plain area (CSPA), western semi-arid plain area (WSPA), and 27 meteorological stations in Jilin province.
[image: Figure 2]FIGURE 2 | Spatial distribution of average precipitation (A) and temperature (B) during the growing season (May to September) from 1960 to 2012. Black lines are the boundaries of counties, and dark-blue lines are the boundaries of the eastern humid mountainous area (EHMA), central semi-humid plain area (CSPA), and western semi-arid plain area (WSPA).
2.2 Database description
The county-level modeled potential yield was simulated by Hybrid-Maize model, which has been validated and widely used in China, and has been shown to be reasonably accurate at estimating maize potential yield (Chen et al., 2011; Meng et al., 2013). In this study, water-limited yield potential (Yw) was estimated as 72% as the farmland grows maize under rain-fed conditions (2007–2009). The daily weather data, including maximum and minimum temperatures, relative humidity, precipitation, and wind speed used for the model were based on the 1960–2012 averages and were obtained from 27 meteorological stations in Jilin Province (Figure 1), operated by the National Meteorological Networks of China Meteorological Administration. The sowing and harvest dates, plant populations, and hybrid maturity dates for simulations at each site were similar to those for the actual crops grown by the local farmers. The spatial distribution of Yw was estimated by interpolation based on the simulated results from all 27 weather stations and a map using the ordinary Kriging method in ArcGIS (http://www.esri.com/software/arcgis). We used the Lambert-projected coordinate system with a spatial resolution of 200 m per pixel, and the latitude and longitude of each sampling point were provided by Google Earth (http://www.google.com/earth/).
The attainable potential yield (YA) was obtained from a total of 139 on-farm experiments, which were conducted from 2006 to 2008 on 40 farms in 40 counties of Jilin Province (41°−46°N, 121°−130°E); these experimental farms covered the humid and sub-humid areas, and included seven soil types (Figure 1). The experiments were conducted in farmers’ fields based on the recommendations of local agronomists as to the selection of cultivars, plant density, and fertilizer rates.
Our experimental design consisted of a single replication of three P treatments, no P as a control (P0), the recommended P rate (RPR), and 150% of the recommended P rate (150% RPR). The RPR was determined by an agronomist’s recommendation based on soil test results and a target yield (1.1 times the average yield of the past 5 years) (Zhang et al., 2010), which received 60–130 kg P2O5 ha−1 as triple superphosphate before planting. All plots received 75–220 kg N ha−1 (one-third was applied before sowing, and the remaining two-thirds, during sowing) and 60–120 kg K2O ha−1 before planting, based on soil N and K test results. The highest yield recorded from each experiment represents the YA for the farmer at the selected location.
A questionnaire survey on crop yield and nutrient inputs was conducted from 2006 to 2009 by the Soil and Fertilizer Station of Jilin Province (Li et al., 2011). We used data of maize yield and P input from 261 farmers located in the same villages as the experimental sites. Average farmers’ yields (YF) at the county level were calculated as average yields for 2006–2008 to increase accuracy and were mapped to the county level.
2.3 Yield gap calculation
YW and YA at the county level were obtained by converting grid map data into county map data using the command tools of “zonal statistics as table” according to the maize sowing area for 2006–2008. In combination with the county map, we used the YW and YA at the county level based on weighted averages according to the maize sowing area in 2006–2008. We estimated two different yield gaps using different measures of yield potential or attainable yields: (i) model-based yield gap (YGM), which was estimated as the difference between Yw and YF in each county; and (ii) the experiment-based yield gap (YGE), which was estimated as the difference between YA and YF in each county.
A mixed-model ANOVA was used to assess the variability of modeled yield potential, experimental yield potential, the average yields YGM and YGE among counties, [degrees of freedom (df) = 39], P input (df = 260), soil types (df = 6), and rainfall levels (df = 26) for all the experimental site-years.
3 RESULTS
Modeled yield potential (Yw) was estimated by interpolation (Figure 3A) and by “zonal statistics as table” (Figure 3B). Average potential yield at the county level showed no significant differences among counties using these two methods of estimation. This means that it is reasonable to convert yield potential from a grid map into a county map. Yw varied across Jilin Province from 8.1 to 17.6 t ha−1, with a weighted average of 15.2 t ha−1 for the entire province based on the average maize sowing area during 2006–2008. Average potential yield increased with decreasing longitude for most of the Jilin Province except for the arid western part. In the EHMA, potential yield varied from 11.4 to 15.7 t ha−1, with a weak trend to decrease with increasing longitude. In the CSPA, potential yields ranged from 12.9 to 16.3 t ha−1, with a trend to increase with decreasing longitude.
[image: Figure 3]FIGURE 3 | Spatial distribution of the modeled yield potential and attainable yield potential for Jilin province. (A) Modeled yield potential using the ordinary Kriging method in ArcGIS based on the simulated results of all 27 weather stations; (B) modeled yield potential at the county level using the tool command of “zonal statistics as table” according to the maize sowing area for 2006–2008. (C) Attainable yield potential was estimated by interpolation and a map using ArcGIS based on the simulated results of all 87 sites; (D) attainable yield potential at the county level using the tool command of “zonal statistics as table” according to the maize sowing area for 2006–2008. Black lines are the boundaries of counties, and dark-blue lines are the boundaries of the eastern humid mountainous area (EHMA), central semi-humid plain area (CSPA), and western semi-arid plain area (WSPA).
Attainable rain-fed maize yield in Jilin Province, which is the average experimental yield potential, was 11.6 Mg ha−1 (range, 8.7–16.7 Mg ha−1) across all 87 experimental sites (Figures 3C,D). In the WSPA, the experimental yield ranged from 8.5 to 12.0 Mg ha−1. The lowest experimental yield was found in Tongyu Prefecture that suffers from the effects of soil salinization. The EHMA showed a large variation in experimental yields with a range from 8.7 to 15.6 t ha−1. The areas included Dunhua Prefecture and a narrow zone in the northeastern part that contained both plains and hilly areas where maize yield are low (less than 9.0 t ha−1). In the CSPA, traditionally, the main maize production area due to low temperature stress and high soil quality, the experimental yield ranged from 10.0 to 16.7 t ha−1.
The weighted average value of farmers’ yields in Jilin Province during 2006–2008 was 8.7 Mg ha−1 based on the harvest area (range, 4.1–11.9 Mg ha−1; Figure 4A). In 80% of the maize area, yields were above 7.5 Mg ha−1; in 43% of the area, mainly in the central part of Jilin Province, the yield exceeded 9.0 Mg ha−1. In 8% of the maize area, yields were between 4.1 and 6.5 Mg ha−1, and this area comprised mainly the eastern mountainous and semi-mountainous areas. Generally, the productivity of spring maize was much higher in the center than in the eastern and western parts of Jilin Province (Figure 4A). The yield gap between the average farmers’ yield and the modeled yield potential (YGM) at the county level was between 4.9 and 11.0 Mg ha−1 (Figure 4B). YGE totaled 3.6 Mg ha−1 (range, 2.3–10.8 Mg ha−1; Figure 4C).
[image: Figure 4]FIGURE 4 | Spatial distribution of actual farms’ yield (A), YGM (B), and YGE (C) for Jilin province. YGM was estimated as the difference between the modeled yield potential and average farmers’ yield in each county; and YGE was estimated as the difference between the attainable yield potential and average farmers’ yield in each county. Black lines are the boundaries of counties, and dark-blue lines are the boundaries of eastern humid mountainous area (EHMA), central semi-humid plain area (CSPA), and western semi-arid plain area (WSPA).
In our study area, averaged soil Olsen-P was 23.7 mg kg−1 and ranged from 8.3 to 48.9 mg kg−1. Mean soil Olsen-P values was 13.9 mg kg−1 for low soil P fertility (Olsen-P <20 mg kg−1) counties (n = 16), 23.4 mg kg−1 for medium soil P fertility (20 mg kg−1<Olsen-P <30 mg kg−1) counties (n = 18), and 31.9 mg kg−1for high soil P fertility (Olsen-P>30 mg kg−1) counties (n = 16). The areas of high soil P fertility and low soil P fertility were mainly located in EHMA and WSPA, respectively (Zhang et al., 2015). Under these conditions, YGE averaged 5.0, 4.1, and 4.2 Mg ha−1 (ranged from 4.5 to 10.7 Mg ha−1, 3.1–6.6 Mg ha−1 and 3.3–5.6 Mg ha−1) for the counties with low, medium, and high soil P fertility, respectively (Figure 5A). The maximum yield classification distributions of P0 and maximum YGE were both located in Jiutai and Helong, as was the minimum yield distribution, indicating a close relationship between the attainable yield gap and P0 yield. Based on established regression models, the yield gap increased with an increase in yield of the P0 treatment (YGE = 0.79 YP0 + 4.6; R2 = 0.80). Across all 261 farmers’ site-years, YGE with suitable P input (RPR±20%) averaged 3.8 Mg ha−1 and varied from 2.3 to 4.7 Mg ha−1 (Figure 5B). Comparing suitable P input to overuse of P (>120% RPR), adding more P did not close yield gaps, but reduced PFPP. A relative decrease in P (<80% RPR) led to a 16% yield gap expansion, confirming that the RPR±20% was within a reasonable range for farmers’ practice. Non-optimal P management significantly increases yield gap in the field with low soil P fertility.
[image: Figure 5]FIGURE 5 | YGE with different soil Olsen-P ranges (A) and P fertilizer input (B) among farmer’s field (n = 261) in Jilin province.
The YGE averaged 4.4 Mg ha−1 and ranged from 2.3 Mg ha−1 to 10.7 Mg ha−1, varying significantly between counties (p < 0.01; Table 1). Little change occurred in mean YGE among soil types, which ranged from 3.8 Mg ha−1 to 5.6 Mg ha−1. In contrast, the mean YGE among different P input ranged from 2.3 Mg ha−1 to 10.7 Mg ha−1 (Table 1, p < 0.01), indicating that P input significantly affected variation in YGE. Precipitation and soil Olsen-P among different areas also led to significant variation in YGE (p < 0.05). The YGE increased with an increase in seasonal total rainfall, but decreased with an increase in soil Olsen-P. These data indicate that farmers’ P fertilizer practices and environmental conditions contribute significantly to regional variation in yield gap.
TABLE 1 | Variability of the modeled yield potential, experimental yield potential, the average farmers’ yields, YGM, and YGE among counties and factors contributing to variation for YGE.
[image: Table 1]4 DISCUSSION
Sustainably increasing global food output to feed the world’s growing population is a crucial challenge, and closing the yield gap is one of the strategies to achieve this goal (Zhang et al., 2015).
On-farm experiments provide data that demonstrate the variations in yield gap among different regions. In this study, the average model yield potential was 15.2 t ha−1 in Jilin Province, and this varied between different areas from 8.1 to 17.6 t ha−1. This yield potential is similar to those reported previously for this province (Lv et al., 2015; Liu et al., 2016). For Jilin Province as a whole, farmers achieved approximately 57% of the predicted yield potential; this rate is similar to that achieved in global maize production (Licker et al., 2010) but is considerably lower than that in the western United States where farmers achieve more than 80% of the yield potential (Grassini et al., 2011). The large YGM in Jilin Province indicates a great potential to substantially increase yield.
Evidence suggests that the large YGM for maize production in Northeast China is related to climatic factors (Liu et al., 2012; Tao et al., 2015). In this study, a positive correlation was found between the long-term average annual temperature and YGM. One of the ways to close the existing YGM is redesigning the crop system in different regions to improve light and heat resource use efficiency, for example, by increasing maize plant density in the central regions, adjusting the sowing dates, using long-duration varieties in the western regions, and using cold-resistant varieties in the eastern regions. A second possible approach will be to persuade farmers to adopt water-saving techniques such as residue mulching and no-tillage systems in Jilin Province, particularly in the arid western areas.
We found that farmers’ fields achieved 77% of the associated experimental yield potential, and YGE averaged 3.6 Mg ha−1. This yield gap is similar to those reported for other major maize-producing areas in Northeast China (Meng et al., 2013). Evidence shows that inefficient crop management practices constitute a principal factor for a large YGE in maize production (Chen et al., 2011; Li et al., 2015; Zhang et al., 2015). In the present study, farmers’ P fertilizer practices and environmental conditions contributed significantly to regional variations in the gap between actual farmers’ yields and attainable potential yields. Non-optimal P management by farmers is a major factor in YGE in the counties with low soil P fertility. For example, in Yongji Prefecture, a high YGE (exceeding 9.0 Mg ha−1) was mainly due to the low rate of P application (less than 60 kg ha−1). Yongji Prefecture is traditionally a rice-growing area and much less attention has been paid to the P fertilizer requirements for maize production. There is great potential to substantially increase maize yield by improvement of non-optimal P management in areas with low soil P fertility, such as in western Jilin Province.
The use of variable levels of P application among farmers is an important factor in the wide variation in YGE. In the short term, closing YGE seems to be a more effective approach to increase grain yield due to the similarities between experimental and farmers’ field conditions. In this study, the YGE increased with an increase in yield of the P0 treatment. However, in those areas with P0 yield over 8.9 Mg ha−1, the YGE increased, but the increased yield due to phosphorus fertilization decreased (data not shown). A potential explanation is that excessive P is no longer necessary to closing YGE though another yield-limiting factor may be present (e.g., hybrids, plant density, N supply, pest/disease management). In Northeast China, improving P management strategies other than applying more P fertilizer are crucial to closing yield gap and achieving high PUE, due to low soil temperature during spring that inhibits development of maize even in areas with high soil P fertility. Rhizosphere-based P managements, such as banding starter P fertilizer (Shen, et al., 2018) or increasing the colonization of roots by AM fungi (Hou, et al., 2021), provide effective approaches to improving PUE and closing the yield gap by exploiting the biological potential for efficient P acquisition by maize and achieve higher crop yields.
For the regional level, uniform P management strategies in hot spots would be a valuable first step to narrowing the variation in YGE. First, improvements in agro-technical service provision and agricultural machinery support could be offered to help farmers improve sowing quality, balance P concentrations, and to adopt proper plant-protection controls. Second, encouraging land transfer to merge small farms into larger land holdings should improve P use efficiency and yield.
The Chinese government has more than tripled its investment in agricultural research since 2000 to realize its goal of a 30–50% increase in crop yields. It has allocated 3 billion RMB annually since 2008 to a national network of organizations for developing modern agricultural technology (Zhang et al., 2013). Identifying the regional attribution benefits could help show the priorities for future adaptation practices aimed at resuming yield growth. This information may help policymakers identify areas of high potential for increased maize yield and enable the development of targeted innovative approaches.
5 CONCLUSION
In this study, we explored factors associated with yield potential and yield gaps in spring maize production. Our analyses provided insights into the causes of regional variation among counties in Northeast China and highlighted the constraints imposed by current P management practice and also the potential for closing the yield gap. Our results showed that farmers’ fields achieved 52% of the model yield potential and 77% of the attainable potential yield. Widely different amounts of P fertilizer input among farmers contributed significantly to regional variations in the YGE. Soil Olsen-P and rainfall were also major factors. Our results indicate that there is great potential to substantially increase maize yield in non-optimal P management regions, such as western Jilin Province. Hence, improvements in regional P management strategies, such as at the county level, need to be assessed separately to provide a basis for increasing actual maize yield. This study has demonstrated how to identify areas that would benefit most from improved cultivation practices and provides useful information for proper management strategies to close the yield gap.
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