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Abstract

:

Optimizing the phosphorus (P) application rate can increase grain yield while reducing both cost and environmental impact. However, optimal P rates vary substantially when different targets such as maximum yield or maximum economic benefit are considered. The present study used field experiment conducted at 36 experiments sites for maize to determine the impact of P application levels on grain yield, plant P uptake, and P agronomy efficiency (AEP), P-derived yield benefits and private profitability, and to evaluated the agronomically (AOPR), privately (POPR), and economically (EOPR) optimal P rate at a regional scale. Four treatments were compared: No P fertilizer (P0); P rate of 45–60 kg ha−1 (LP); P rate of 90–120 kg ha−1 (MP); P rate of 135–180 kg ha−1 (HP). P application more effectively increased grain yield, reaching a peak at MP treatment. The plant P uptake in HP treatment was 37.4% higher than that in P0. The relationship between P uptake by plants (y) and P application rate (x) can be described by the equation y = −0.0003x2 + 0.1266x + 31.1 (R2 = 0.309, p < 0.01). Furthermore, grain yield (y) and plant P uptake (x) across all treatments also showed a significant polynomial function (R2 = 0.787–0.846). The MP treatment led to highest improvements in P agronomic efficiency (AEP), P-derived yield benefits (BY) and private profitability (BP) compared with those in other treatments. In addition, the average agronomically (AOPR), privately (POPR), and economically optimal P rate (EOPR) in 36 experimental sites were suggested as 127.9 kg ha−1, 110.8 kg ha−1, and 114.4 kg ha−1, which ranged from 80.6 to 211.3 kg ha−1, 78.2 to 181.8 kg ha−1, and 82.6 to 151.6 kg ha−1, respectively. Economically optimal P application (EOPR) can be recommended, because EOPR significantly reduced P application compared with AOPR, and average economically optimal yield was slightly higher compared with the average yield in the MP treatment. This study was conducive in providing a more productive, use-effective, profitable, environment-friendly P fertilizer management strategy for supporting maximized production potential and environment sustainable development.
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1. Introduction


Phosphorus (P) is the most important essential nutrient for cereal production and animals [1]. The utilization of P fertilizer for crop yield has made prominent contributions to meeting food demand with rapid global population growth. To achieve high grain yields, adequate soil P concentrations were required in the root zone [2,3]. However, phosphorus (P) deficiency decreases crop productivity on more than two billion hectares worldwide [4]. This deficiency will further increase since global P resources are limited and prices for P fertilizer are increasing [5]. Therefore, massive amounts of fertilizer P have been applied to ensure an adequate P nutrient supply in soil with low P fertility during the last century. Nowadays, the consumption of Phosphorus (P) fertilizer reached up to 47.9 Mt P in agriculture land of world. Over-application of mineral P fertilizer by farmers occurs in most cities of China, and the application rates of P fertilizer have tripled over the past three decades [6]. In China, only 15–20% of the P applied was taken up by plants in the growing season [7], and the rest was accumulated in the soil P pools. More than 50% of mineral-fertilizer cannot be recycled into the soil in China, and the discarded portions would lead to long-term production stagnation, severe soil and environmental degradation, and eutrophication of surface waters [8,9,10]. Therefore, it is urgent to identify appropriate suitable P fertilizer recommendation, which can not only meet crop nutrient requirements for high yield, but also benefit the environment. However, how to identify optimal P fertilizer recommendation in terms of increasing yield and ensuring both food security and environment friendly is a great challenge.



To overcome the challenge, optimized fertilizer management was developed on the basis of soil testing method. He et al. [11] did multiple point field experiments based on soil testing in North Central China and showed that soil-test based fertilizer recommendation could increase wheat and maize yield and improve fertilizer use efficiency. These methods were effective for fertilizer recommendation, but they generally need some limitations associated with soil testing, including taking comprehensive field sampling, being labor-intensive, and needing annual setting field experiments due to the differences among soil types and climates in China. Thus, soil testing is viewed as a very expensive tool, and the more time required to get results are often not rapid to instruct scientific fertilization in season.



Fertilizer management strategies that yield responses to quantify crop nutrient requirements can be effective, because fertilizer nutrients applied to soils will be eventually absorbed by plants and can be reflected by crop yield increase [12]. Yield response models have been widely used to estimate economically optimal nutrient rates, such as quadratic and Line-plateau models [13,14], the recommendation from relationships between yield response and soil nutrient supply [15], and the Mitscherlich-Bray model [16]. In addition, the optimal fertilizer application rate could also be ascertained based on the relationship curves between fertilizer application rate and different indicators (such as yield, nutrient use efficiency, plant nutrient uptake, economic performance, etc.) Although numerous fertilizer recommendation methods have been proposed to improve P use efficiency, technologies and innovative management practices are still lacking, as are economic benefits, and human welfare-improvement policies [17].



Study of the agronomic optimum P rate (AOPR), optimum P rate for private profitability (POPR), and the economically optimal P rate (EOPR) is crucial to avoid resources waste, ensure agronomic effective and protect the ecological environment. Besides, fertilization recommendations for large areas based on limited data cannot meet the demands of intensive agricultural production. As a result, it is urgent to research on the regional scale on the basis of multiple experiments. In the study, the database of 36 experimental sites for maize in Liaoning province of Northeast China were as follows: (1) To analyze the current maize yield, plant P uptake, agronomic efficiency, P-derived yield benefits and private profitability; (2) to determine the inter-relationships curves among P application rate, grain yield, plant P uptake, yield response to P application and agronomic efficiency; (3) to identify AOPR, POPR, and EOPR at the regional scale.




2. Materials and Methods


2.1. Site Description


Maize in China covers an area 24.9 million ha, of which 6.47% distributed in Liaoning Province. The study was conducted at 36 experimental sites located in main maize-growing regions of Liaoning Province, China (Figure 1). This research region covers the parts of seven city-level administrative districts, including Tieling, Fushun, Benxi, Dandong, Anshan, Shenyang, and Liaoyang cities. The climate is described as temperate, sub-humid continental monsoon with abundant sunshine, cold winters, and warm summers, where pattern varies widely in terms of monthly temperature and rainfall. About 80% of the annual precipitation concentrates mostly in summer from May to September, but monthly precipitation is unevenly distributed and the precirimental months (early May to late September) from 2010 to 2014 are shown inpitatiope Figure 2. Monthly mean air temperature and precipitation during the maize planting periods ranged from 19.11 to 24.66 °C and 77.9–123.6 mm, respectively (Figure 2). The scale of annual potential evaporation was 800–1200 mm.



The typical soil type in this region is blown soil, which could be classified as Haplic-Udic Luvisols (according to the USDA system). Across all 36 experimental sites, the basic soil physicochemical characteristics before the experiment beginning for five years are shown in Table 1.




2.2. Data Source and Experimental Treatments


Data were collected from 36 experimental sites in Liaoning province during 2010–2014, which were conducted by the field experiment with fourteen fertilization treatments. Here, four P fertilization treatments chosen in this study. All experiments were arranged in a randomized complete block design and treatments as follows: (1) Without P fertilization (P0); (2) low P application rate (LP, ranged from 45 to 60 kg ha−1); (3) medium P rate (MP, ranged from 90 to 120 kg ha−1); (4) high P application rate (HP, ranged from 135 to 180 kg ha−1). Nitrogen, phosphorus, and K fertilizer was applied in the form of urea, calcium superphosphate, and potassium chloride. Two thirds of the N, and both of P and K fertilizer were evenly incorporated as basal fertilizer, and then applied into the surface layer 20 cm soil of all the plots before planting each year, the remaining N fertilizer were s applied at the heading stage. Local maize cultivar widely used, with a sowing depth of 5 cm.




2.3. Sampling and Measurements


Sample preparation and analysis of plants were performed following the same methods across the different experimental sites. Maize plant in each plot was harvested every year to determine the grain yield, and the yield was calculated and expressed on a dry matter basis. Detailed measurement on plant growth and yield components including above-ground plant dry matter, concentration of P in grain and straw, P accumulation in grain, straw and total above-ground dry matter were conducted at all sites. Plant separated into grain and straw, and the weight of which was measured before and after oven-drying at 80 °C for 30 min and then at 65 °C for 48 h to record on dry weight. The oven-dried samples were finely grinded using high speed grinders and stored individually in transparent sealed bags for concentration P determination. The samples of maize grain and straw were digested with H2SO4–H2O2, and the P content in the digesting solution was determined using the vanadate molybdate yellow colorimetric method. Total P uptake was calculated by multiplying the P concentration and dry weight of each plant part.




2.4. Calculation


Yield response to P (kg ha−1) and P agronomic efficiency (AEP, kg kg−1) were calculated for each plot using the following equations:


Yield response to P (kg ha−1) = Yp − Y0



(1)






AEP=YP−Y0F



(2)




where Yp is the grain yield in P fertilization treatments (kg ha−1), Y0 is the grain yield in without P fertilization (kg ha−1), F is the total amount of applied P (kg ha−1).




2.5. Model Description


The selected three models were used for optimizing P application rates, including the economically, agronomically, and privately optimal P fertilizer (Figure 3).



2.5.1. Evaluated the Economically Optimal P Rates (EOPR)


The spherical function model was used to calculate the economically optimum P fertilizer rates (EOPR) based on the data of K application rates (x) and grain yield (y) from each site. A spherical function is widely used to estimate the economically optimum N fertilizer rates (EONR) used by Dobermann et al. [18] and Setiyono et al. [19]. The detailed equation is provided below:


Y=a+b[3x2c−12(xc)3]  if c≥0Y=a+b     if c<0








where Y is the estimated grain yield for maize (t ha−1), x is the P rate (kg ha−1), a and b are grain yield without P applied (kg ha−1) and the maximum yield increase with the application of K fertilizer (t ha−1), respectively, c is the P rate at which maximum yield approached (kg ha−1).



The economically optimal P rate (EOPR) is calculated by using the spherical model equation (Dobermann et al. [18]) as:


EOPR=1.5bc2−(c3/R)1.5b








where R is the ratio of maize grain price (US$ t−1) / fertilizer P price (US$ kg−1). Here, we provide the average prices of P fertilizer (0.709 $ kg−1) and maize grain (0.33 $ kg−1) in Northeast China.




2.5.2. Evaluated the Agronomically Optimal P Rates (AOPR)


The calculation approaches of agronomically (AOPR) and privately optimal P rates (POPR) were widely used for wheat [20]. Thus, the calculation approaches majorly adhere to Hao et al. [20]. A description of formula as follows. To calculate the agronomically optimal K rate (AOPR) for maize, the quadratic functions model were used to fit the relationship between the P-derived grain yield (BY) and the P application rates (x).



The estimated P-derived yield benefit ($ ha−1) and agronomically optimal K rate (AOPR) associated with P inputs were calculated as Equations (3)–(6) followed by [20]:


YP = Y − Y0



(3)






BY=YP×MPrice



(4)






BY = Bx + Ax2



(5)






XAOPR = −B/2A



(6)




where YP is the increased grain yield (kg ha−1), based on grain yield (Y, kg ha−1) and yield with no-N treatment (Y0, kg ha−1). BY is the P-derived yield benefit ($ ha−1), and Mprice is the price of maize ($ ha−1). XAOPR is an agronomically optimal K rate (AOPR), and B and A are the regression coefficients of quadratic functions model.




2.5.3. Evaluated the Privately Optimal P Rates (POPR)


Correspondingly, the privately optimal P rates (POPR) was determined by fit the relationship between the private profitability (BP) and the P application rates (x) in all sites. The estimated the private profitability (BP, $ ha−1) and privately optimal P rates (POPR) associated with P inputs were calculated as Equations (7)–(10) followed by [20]:


Pcost=Prate×MPrice



(7)






BP = BY − Pcost



(8)






BP = Dx + Cx2



(9)






XAOPR = −D/2C



(10)




where Pcost are the cost of P fertilizer rates, which were calculated by multiplying the unit price of the P fertilizer by the P application rate (with an average of 0.709$ per kg P fertilizer). BP is the private profitability ($ ha−1), XPOPR is privately optimal P rate (AOPR), and C and D are the regression coefficients of quadratic functions model.





2.6. Statistical Analysis


Descriptive statistical analysis showed an increasing yield and P use efficiency was carried out using SPSS 19.0. The averages for different treatments were compared with the least significant difference (LSD) test at the 5% probability level (p ≤ 0.05). Curve correlation was performed to assess the relationship among grain yield, plant P uptake and P application rates across sites. Figures were made using Origin pro 2016 software packages.





3. Results and Discussion


3.1. Grain Yield to P Application Rate


Based on a large database of experimental data from 2010 to 2014 covering a wide range of P application rate levels (45–60 kg ha−1, LP treatment), (60–120 kg ha−1, MP treatment), and (135–180 kg ha−1, HP treatment) was used to determine the relationship between P rate and grain yield in Liaoning province, respectively. For all P fertilization treatments, P fertilization significantly (p < 0.05) increased grain yield, especially in MP treatment (Figure 4a). The average maize yield in LP and MP treatment were 9450 kg ha−1 (range, 6325–12,567 kg ha−1) and 10,262 kg ha−1 (range, 7340–13,199), which increased by 5.19% and 12.69% compared to P0 treatment. Specifically, the average yield in HP treatment was 9.55% higher than P0 treatment, but which was 4.3% lower than that in MP treatment (Figure 4a). Although the P input in HP treatment was higher than that of the other treatment, the corresponding increase in grain yield was not relatively high, and indicates that P fertilizer application in HP treatment would probably be an excessive supply. Overall, the grain yields in these treatments that received different P application rates were in the order: MP > HP > LP > P0 (Figure 4a). Xin et al. [21] also reported similarly results, which conducted a case study on maize in northwest Mexico from 1968 to 1990 and found that 48% of the total yield gain was attributed to increased use of P fertilizer. In addition, our current studies also demonstrated that there is no continuous increasing in yield when P application rates beyond MP treatment. Similarly, Yan et al. [22] also found that grain yield increased with increasing P fertilizer and then more slowly to a plateau. Thus, P fertilizer could benefit maize yield, and excessive P fertilizer input does not lead to an increasing yield, or may bring a potential fertilizer residue. Similar results were also detected in N and K fertilizer in winter oilseed [6,14], barley and rape [23], soybean [24].



A close relationship between P application rate and grain yield for each site was observed (Figure 4b). The quadratic model has been commonly used to describe the relationship between grain yield and fertilization [25,26]. As for maize, yield increased initially and then decreased gradually with increases in P application (Figure 4b). The relationship between grain yield and P application rate can be represented by the equation y = −0.0647x2 + 17.16x + 8900.9 (R2 = 0.06, p < 0.01) (Figure 4b).




3.2. Plant P Uptake


In all the maize experimental regions, significant differences among the three P application levels in plant P uptake were found, with an average value of 36.2 kg ha−1, 42.1 kg ha−1, and 43.2 kg ha−1 in LP, MP, and HP treatments, respectively (Figure 5a). Furthermore, the plant P uptake was in an approximate range of 22.2–52.7 kg ha−1 in LP, 27.2–57.6 kg ha−1 in MP, and 26.8−56.9 kg ha−1 in HP (Figure 5a). The average plant P uptake in LP, MP, and HP treatments were significantly higher by 15.2%, 34.1%, and 37.5% relative to P0. P application led to a significant increase in plant P uptake of maize in the following order: HP > MP > LP > P0 (Figure 5a).



The relationship between P uptake by maize plants (y) and P application rate (x) can be described by the equation y = −0.0003x2 + 0.1266x + 31.1 (R2 = 0.309, p < 0.01) (Figure 5b). These results also clearly revealed that plant P uptake gradually increased with P fertilizer input. P fertilizer significantly increase P uptake because it can bring more available P to the soil directly and enhanced the soil available P content. Furthermore, although the plant P uptake in HP treatment was highest, the HP treatment did not create the highest grain yield, indicating the plant P uptake in HP treatment showed both excessive and luxury.



Additionally, the relationship between grain yield (y) and plant P uptake (x) in different treatments showed a significant polynomial function (p < 0.01) (Figure 5c–e). About 84.3%, 83.7%, and 78.7% of the variation in plant P uptake were explained by grain yield for the LP, MP, and HP treatments (Figure 5c–e). This result observed that grain yield was largely affected by plant P uptake (Pearson’s R: 0.787–0.843, p < 0.01).




3.3. P Agronomy Efficiency (AEP)


Agronomic efficiency (AEP) could be used to characterize the nutrient effects. Among these treatments, there were significant differences (p < 0.05) in P agronomy efficiency in experimental years (2010–2014) (Figure 6). The average AEp in LP, MP and HP treatments were 8.81, 11.59, and 5.13 kg kg−1, and ranged from 2.98−12.00, 4.94−15.41, and 2.12−8.24 kg kg−1, respectively (Figure 6). The average AEP in LP and HP was significantly decreased (by 23.9% and 55.7%) than that for MP treatment (Figure 6). Thus, soil pH exhibited the following orders: MP > LP > HP. The MP treatment had highest AEP, because of the lower P application rate and highest increase of grain yield. As Chuan et al. [27] indicated that the higher AE values were usually from the optimum nutrient management practice. In contrast, the most important reason for the HP treatment had the lowest AEP was the overuse of P fertilizer. Xu et al. [28] and Chuan et al. [27] reported that the mean AEP for P were 15.7 kg kg−1 for maize and 10.2 kg kg−1 for wheat respectively in China [26,27]. Dobermann et al. [18] suggested that the AEP in modern cereal production systems with no severe P fixation should range between 30 and 50 kg kg−1. Compared with reported by Dobermann et al. [18], the nutrient use efficiency in China was still only at the baseline [18]. Moreover, phosphorous is reducing availability worldwide, which is perhaps the main reason why increased P efficiency are needed [29]. Generally, agronomic efficiency (y, kg kg−1) was positively correlated with yield response to P application (x, t ha−1) (p < 0.01), which can be described by y = 2.82x2 + 11.47x + 0.79 (R2 = 0.695) (Figure 6). Overall, great efforts still need to be taken on best management practices to further improve nutrient use efficiency in China.




3.4. The Benefits of Different P Application Treatments


The benefits to P-derived grain yield (By, $ ha−1) was influenced by the different P fertilization treatments (Table 2). The average P-derived yield benefit (BY) in LP, MP, and HP treatment was 162 $ ha−1, 424 $ ha−1, and 282 $ ha−1, ranged from 59 to 238 $ ha−1, 196 to 590 $ ha−1, and 131 to 489 $ ha−1 (Table 2). The average P-derived yield benefit (BY) in LP and HP treatment were significantly lower (by 61.8% and 33.4%) than MP treatment, showing that the MP treatment result in a higher in P-derived yield benefits (By, $ ha−1).



Similar to the effects on P-derived yield benefit, different fertilization treatments also had different effects on private profitability (BP, $ ha−1) (Table 2). The mean private profitability in MP treatment were also 223 $ ha−1 higher than that in LP treatment (Table 2). Furthermore, the mean private profitability only increased by 42 $ ha−1 in the HP compared with LP.




3.5. Estimated Optimal P Rate for Agronomy (AOPR), Privately (POPR) and Economically (EOPR) for Maize


We would be able to establish the model to calculate the agronomically optimal P rate (AOPR), private Profitability optimal K rate (PPOR), and economically optimal P rate (EOPR) for each site, respectively (Table 3). For agronomically optimal P rate (AOPR), which was calculated by the quadratic model of the P-derived grain yield benefit (BY) to the P application rates (x). The average regression coefficients in the quadratic model of A and B were −0.023 and 5.26 (Table 3). On average, the Quadratic model of P-derived grain yield benefit (BY) to applied P was y= −0.023x2 + 5.26x. Thus, the calculated average AOPR was 127.9 kg ha−1, ranged from 80.6 to 211.3 kg ha−1 (Table 3).



Correspondingly, privately optimal P rate (POPR) was calculated by the quadratic model of the private profitability (BP) to the P application rates (x). The average regression coefficients in the quadratic model of C and D were −0.023 and 4.94 (Table 3). Therefore, the average quadratic model of P private profitability (BP) to applied P was y = −0.023x2 + 4.94x. The calculated average POPR was 110.8 kg/ha, ranged from 78.2 to 181.8 kg/ha (Table 3).



In addition, the spherical model provides a good fit the relationship between K rate (x) and grain yield (y) at each experimental site, and the average regression coefficients in the spherical model of a, b and c were 8.88 kg ha−1, 1.24 t ha−1, and 124.3 kg ha−1 (Table 3). Therefore, the calculated average economically optimal P rate (EOPR) was 114.4 kg ha−1, which ranged from 82.6 to 151.6 kg ha−1. Additionally, the average economically optimal yield (EOY) was 10.11 kg ha−1 (Table 3).



Furthermore, it is worthy to note that the ranking of the P rate was POPR < EOPR < AOPR. If private profitability were considered, the POPR were further reduced by 3.4–10.2% compared to AOPR and EOPR. However, the privately optimal P rate (POPR), may result in nutrient supply was deficient, and an extra input was needed to meet the plant demand and maintain nutrient balance in the long term. Furthermore, in a more remarkable way, the EOPR was lower by 10.5% compared with the AOPR, whereas average economically optimal yield (EOY) was slightly higher compared with the average yield (10262 kg ha−1) in the MP treatment. Therefore, this demonstrates that the EOPR tended to use lower P fertilizers to produce more grain. This analysis suggests that economically optimal P application (EOPR) is recommended. Overall, our study used field experiments in multiple experimental sites to offer a more precise way to recommend optimal P fertilizer rate of maize, especially in planting in large-scale regions.





4. Conclusions


P fertilizer application more effectively increased grain yield. The highest grain yields from receiving MP treatment were significantly increased by 12.69% compared with P0 treatment. Plant P uptake gradually increased with P fertilizer input. The average plant P uptake in HP treatments were significantly higher than other treatments. Furthermore, MP treatment produced greater improvements in P agronomic efficiency (AEP) and P-derived yield benefits (BY) and private profitability. The average agronomically (AOPR), privately (POPR), and economically optimal P rate (EOPR) in 36 experimental sites were suggested 127.9 kg ha−1, 110.8 kg ha−1, and 114.4 kg ha−1, which ranged from 80.6 to 211.3 kg ha−1, 78.2 to 181.8 kg ha−1, and 82.6 to 151.6 kg ha−1, respectively. The EOPR had significantly reduced P application compared with AOPR, and the average economically optimal yield was slightly higher compared with that of the average yield in the MP treatment. It can be concluded from these results that economically optimal P application (EOPR) is recommended for field management. The findings of the current study can be used to optimize P fertilizer application has potential to raise yields and lower environmental risks while reducing excessive P use and losses in regions.
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Figure 1. Map of the seven main maize-growing regions in Liaoning Province of China. Solid triangle shows locations of experimental sites. Thick lines show urban boundaries while fine lines show county boundaries. 
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Figure 2. Average monthly precipitation (green bars) and temperature (lines) measured during the planting periods at seven regions in Liaoning province, China (2010–2014). 
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Figure 3. Three models method used for optimizing P rates. 
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Figure 4. (a) Grain yield under different P application treatments across 36 experiment sites. Note: Solid and dotted lines within the box represent median and mean of all the data, respectively; Box boundaries indicate the upper and lower quartiles; whisker caps indicate 90th and 10th percentiles; dots denote the 95 and 5 percentiles. Different letters indicate a significant difference (p < 0.01) among different treatments. (b) Relationship between P application rate and grain yield (p < 0.01) using the data in 36 experimental sites of Liaoning province, Northeast China, during 2010–2014. 
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Figure 5. Plant P uptake under different P application treatments across 36 experiment sites (a,b) the relationship between P application rate and plant P uptake (p < 0.01) using the data in 36 experimental sites of Liaoning province. Polynomial fitting and correlation coefficients between grain yield and plant P uptake across LP, MP and HP treatment (c–e). The Red line is the polynomial linear fitting and the red zone delineate the 95% confidence interval of the regressions. 
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Figure 6. P agronomy efficiency across LP, MP, and HP treatment (a,b) the relationship between P agronomy efficiency (AEP, kg kg−1) and yield response to P application (t ha−1) (p < 0.01). 
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Table 1. Basic soil physicochemical characteristics of the 36 experimental sites of Northeast China measured before the experiment.
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Years

	
2010

	
2011

	
2012

	
2013

	
2014




	
Parameter

	






	
PH

	
5.8

	
5.6

	
5.9

	
6.2

	
6.1




	
Organic C (g kg−1)

	
9.4

	
8.8

	
9.9

	
10.6

	
9.2




	
Total N (g kg−1)

	
0.85

	
0.97

	
0.92

	
0.81

	
0.79




	
NH4-N (mg kg−1)

	
3.2

	
4.5

	
3.8

	
3.9

	
4.6




	
Olsen-P (mg kg−1)

	
16.6

	
20.2

	
19.7

	
19.2

	
18.2




	
Exchangeable K (g kg−1)

	
103.2

	
114.3

	
120.2

	
106.7

	
99.8




	
Soil bulk density (g cm−3)

	
1.2

	
1.3

	
1.2

	
1.4

	
1.1




	
Sand contents (%)

	
19.6

	
22.3

	
20.6

	
19.2

	
18.7
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Table 2. P-derived yield benefit (By) and private profitability (Bp) for maize in LP, MP, and HP treatments.
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Treatment

	
P-Derived Yield Benefit (By, $ ha−1)

	
Private Profitability (BP, $ ha−1)




	
LP

	
MP

	
HP

	
LP

	
MP

	
HP






	
Mean

	
161.7

	
424.2

	
282.4

	
122.2

	
345.2

	
164.0




	
SD a

	
36.3

	
90.4

	
77.7

	
34.0

	
86.3

	
72.8




	
Min

	
58.9

	
195.6

	
131.0

	
16.4

	
110.5

	
3.4




	
25th Q b

	
138.5

	
362.3

	
227.8

	
100.3

	
288.4

	
114.4




	
Median

	
159.2

	
436.1

	
280.5

	
124.5

	
356.6

	
164.1




	
75th Q b

	
189.6

	
486.1

	
329.7

	
147.1

	
401.1

	
205.9




	
Max

	
237.6

	
590.1

	
489.4

	
195.0

	
505.0

	
361.8








a = standard deviation; b = quartile.
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