

  sustainability-10-02267




sustainability-10-02267







Sustainability 2018, 10(7), 2267; doi:10.3390/su10072267




Article



Responses to Potassium Application and Economic Optimum K Rate of Maize under Different Soil Indigenous K Supply



Wenting Jiang, Xiaohu Liu *, Ying Wang, Yu Zhang and Wen Qi





College of Land and Environmental, Shenyang Agriculture University, Shenyang 110866, China









*



Correspondence: liuxiaohumail@163.com







Received: 18 May 2018 / Accepted: 29 June 2018 / Published: 2 July 2018



Abstract

:

Potassium (K) is an essential macronutrient for maintaining crop productivity, but the economic benefit of K fertilizer often has been neglected. We collected a database from 60 maize field experimental sites in Northeast China between 2005 and 2012 to study the impacts of potassium (K) application rates on yield, K concentrations in grain and straw, plant K uptake, and to evaluate the economic optimum K rate (EOKR) for maize under different levels of soil indigenous K supply (IKS). The results showed that the average maize yield in Krec treatment (the recommended K rate) was highest and was 32.1% higher than that in K0 treatment (no K fertilization). Compared to K0, the application of K did not significantly increase grain K concentration, whereas it significantly increased K concentration in the straw. Plant K uptake in K150 treatment (150% of the recommended K rate) was higher than that in Krec treatment, but grain yield was lower than that in Krec treatment. Thus, the result indicates that luxury K absorption occurred in K150% treatment due to excessive K application. Thus, the application rate of K should be further optimized. Based on the modified Mitscherlich model, the average economic optimum K rate (EONR) was 135.24, 124.27, and 96.54 kg K2O/ha for the low, medium, and high levels of soil indigenous K supply (IKS), respectively. The average economic optimum yield (EOY) at a high IKS level was similar to the average yield in Krec treatment, whereas the EOKR could reduce by a K rate of 37.9–63.7 kg K2O/ha compared to Krec treatment. This study highlights the importance of K application to improve grain yield and provides a promising fertilizer recommendation method for minimizing fertilizer inputs and optimizing maize production.
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1. Introduction


Maize (Zea mays L.) is the second-largest cereal crop in China and primarily used for food and feed [1]. Maize is extensively cultivated worldwide and forms the primary food crop, providing 30% of total caloric intake to 4.5 billion people [2]. Ensuring increased maize production is critical to meet an increasing population demand for maize under declining arable cropland [3,4,5]. Annual maize yield roughly accounts for 34% of the world’s crop production and 39% of total grain output in China [6]. With the economic growth and consumption rising, demand for maize is projected to increase 47% to 2030 [7,8]. Additionally, more notably, major advances in the expansion of maize production have occurred over the past four decades through genetic improvements that enhance disease and pest resistance [9,10,11]. Since the majority of maize production systems in China are limited from low nutrient use efficiency and imbalanced fertilization [1,2], it is essential to optimize nutrient application for improving maize production.



Potassium (K) is an essential plant macronutrient and plays an important role in many physiological processes vital to plant nutrient and water uptake, nutrient transport, and growth, especially under adverse conditions [12,13]. K fertilizer is the primary K source in most modern agricultural systems. The application rates of nitrogen (N) and phosphorus (P) fertilizers have increased annually, whereas the application rate of fertilizer K is still insufficient [14,15]. Indeed, the world’s agricultural lands suffer from severe soil K deficiencies [16], especially in Africa [17], Asia [18], and Europe [19]. One reason for the K deficiency is that K fertilizer always lacks attention, and farmers generally believe that K fertilizer does not effectively increase crop yields compared to N and P fertilizers. Besides, most K fertilizer in China is imported from other countries and fertilizer K is relatively cost prohibitive to many small-scale farmers [20,21]. With the implementation of policies to return crop straws to the soil, K deficiency potential has been relieved [22]; however, many Chinese soils are still K deficient.



Recent studies have shown that K fertilizer application has markedly increased wheat, potato, and rice yield in China [21,23,24]. Due to a lack of more information of optimal K application rates for maize, an evaluation of the optimum K fertilizer recommendations at the regional scale is urgently needed. Therefore, the objectives of this study were to: (1) analyze the effects of K application on grain yield, K concentrations in grain and straw, and plant K uptake; and (2) to quantify the economic optimum K rate (EOKR) for maize under high, medium, and low levels of soil indigenous K supply (IKS).




2. Materials and Methods


2.1. Site Description


The data for the study were collected from field experiments conducted at 60 experimental sites in the main maize-producing regions in Northeast China (Liaoning Province, 38°43′ N–43°26′ N and 118°53′ E–125°46′ E) between 2005 and 2012 (Figure 1). Local maize cultivated varieties, i.e., Zhengdan985, Liaodan565, and Danyu402, were planted in early May and harvested in late September. The typical subtropical–humid monsoon climate is characterized by hot summers with intensive rainfall, abundant sunshine, and long and cold winters. The majority of rainfall was concentrated in the maize-growing seasons, where, across all sites, the average monthly precipitation was 109 mm. The mean monthly temperature was 21.8 °C during the maize-growing seasons in 2005–2012 (Figure 2).



The soil is blown soil, which could be classified as Haplic-Udic Luvisols (according to the FAO classification). The main chemical properties of the topsoil (0–20 cm) prior to the experiment are shown in Table 1.




2.2. Experimental Treatments


At each of the 60 experiment sites, 14 fertilization treatments were established; however, only the following 4 K fertilizer treatments were used in this study: (1) no K fertilization (K0); (2) 50% of the recommended K rate treatment (K50 = 60~75 kg/ha); (iii) the recommended K rate treatment (Krec = 120–150 kg/ha) based on soil testing K and local agronomist recommendations; and (4) 150% of the recommended K rate treatment (K150 = 180~225 kg/ha). At each site, treatment was arranged in a completely randomized design with three replications per treatment. Nitrogen and phosphorus fertilizer were kept identical for each treatment: 195~225 kg N/ha and 120~150 kg P2O5/ha. Sources of fertilizers were urea (46%N), calcium superphosphate (12% P2O5), and potassium chloride (60% K2O), respectively. For each maize growing season, 60% of the N fertilizer and all P and K fertilizer were broadcast by hand onto the soil surface as a basal fertilizer before planting, and approximately 40% of the N fertilizer was applied at the heading stage. Other farming practices, such as irrigation and pest control, were performed using local management practices.




2.3. Plant Sampling and K Concentration Testing


At maturity, maize plants were harvested by hand. Grain yield value was measured at each plot and recorded on a 14% moisture content basis. The fresh maize samples were rinsed with tap water before being dried at 80 °C to a constant weight for measuring dry weight. After oven-drying, the dry samples (grain and straw) were ground into powder, sieved through a 1-mm screen, and then digested separately with H2SO4–H2O2. The K concentration was determined using atomic absorption spectrophotometry [25]. The plant K uptake was calculated as the K concentration in grain/straw multiplied by the dry weight of the grain or straw.




2.4. Economic Optimum K Fertilizer Recommendation Method


To calculate the optimal K rate for maize, the modified Mitscherlich model was used to fit the relationship between K rate (x) and grain yield (y) at each experimental site and calculate the coefficients of the equation. Based on this, the economic optimum K rate (EOKR) and the economic optimum yield (EOY) at each site were calculated. The modified Mitscherlich model is given by Dobermann et al. [26] as follows:


  y = a + b  (  1 −  e  − c x    )   








where x is the K application rate (kg/ha); y is the maize grain yield (t/ha); a is the unfertilized grain yield (t/ha); b is the maximum yield increase to applied K of K (t/ha); and c is the constant related to the efficiency of soil and fertilizer K.



The economic optimum K rate (EOKR, kg/ha) was calculated as:


  EOKR  {      =  1  − c   ln  (    1 / R   bc    )      for          1  − c   ln  (    1 / R   bc    )  > 0       = 0                                         for          1  − c   ln  (    1 / R   bc    )  ≤ 0        








where R is the price of maize grain ($/t)/fertilizer K price ($/kg). Here, the prices of K fertilizer (0.89–1.087 $/kg) and maize (0.28–0.38 $/kg) are from 2005 to 2012.




2.5. Statistical Analysis


Data were descriptively analyzed using SPSS 19.0 software (Chicago, IL, USA). The LSD at 5% level was adopted to analyze the differences in grain yield and plant K uptake among the four K application treatments. Origin 2016 was used for plotting the grain yield and plant K uptake. We used ArcGIS 10.3 software to map the distribution of IKS using the Kriging method.





3. Results and Discussion


3.1. Response of K Rates to Maize Yield


Across all sites, the average unfertilized (K0) grain yield was 8.96 t/ha and ranged from 5.10 to 11.26 t/ha (Figure 3a). The average grain yield in K50, Krec, and K150 treatments were 10.86, 11.84, and 11.15 t/ha, respectively, which were increased by 21.2%, 32.1%, and 28.4% compared to K0 (Figure 3a). This indicates that the K application rate of 120–150 kg/ha contributed more grain. The K50 treatment could not greatly enhance the yield (Figure 3a); therefore, the K application rate in the K50 treatment should to be increased by 50% in order to produce higher yields. Correspondingly, the K application rate in the K150 treatment should to be reduced by 33% to achieve the same yield as Krec. The average grain yield showed an increasing trend; the ranking of the treatments was Krec > K150 > K50 > K0.



Similarly, Wu et al. [27] found that K application at the recommended K rate significantly increased grain yields by 14.7% compared with no K applied in the North China Plain. Qiu et al. [28] also found that the average grain yield (8.0 t/ha) at the K application rate of 113 kg K2O/ha was higher than that at 225 kg K2O/ha. As a whole, these studies reflected that the optimum K rate of 120 to 150 kg/ha maximized grain yield.




3.2. Grain K Concentration and Straw K Concentration


The average grain K concentrations in the K50, Krec, and K150 treatments were 1.81–4.20 g/kg, 2.42–5.41g/kg, and 2.20–4.78 g/kg with the averages of 3.01 g/kg, 3.49 g/kg, and 3.28 g/kg, respectively. Compared with K0 treatment, grain K concentration in the K50, Krec, and K150 treatments slightly increased by 0.08 g/kg, 1.91 g/kg, and 0.35 g/kg, respectively, indicating that the application of K did not significantly increase the grain K concentrations for maize (Table 2). This is probably due to the grain K concentrations being well-buffered against the deficiency or sufficiency of K fertilizer supply [29]. The result coincides with those previously reported by Qiu et al. [28].



Application of K fertilizer significantly (p < 0.05) increased straw K concentration, especially in K150 treatments (Table 2). The average straw K concentration in the K0 treatment was 10.17 g/kg and ranged from 6.13 to 14.84 g/kg (Table 2). The average straw K concentration in the K50, Krec, and K150 treatments was 12.1%, 22.2%, and 37.7% higher than that in the K0 treatment, respectively. Therefore, the treatment with the straw K concentration was highest in K150 followed by Krec and K50 and finally K0. In addition, Niu et al. [30] found that the straw K concentration of maize at a K rate of 150–225 kg/ha was highest. Similarly, Zhan et al. [31] reported that the straw K concentration of wheat at the K application rate of 72–225 kg/ha was significantly higher (by 51.4–64.7%) than that in K0 treatments. These findings are also consistent with the results of our study, which demonstrates that the maximum straw K concentration is mainly observed at a higher application rate of K.




3.3. Plant K Uptake


The K application significantly increased plant K uptake (Figure 3b). The average plant K uptake in the K0 treatment was 129.8 kg/ha and ranged from 68.7 to 254.8 kg/ha (Figure 3b). Plant K uptake in the K150 treatment was significantly increased by 55.9% compared with the K0 treatment. The average plant K uptake in the K50 and Krec treatments was 158.5 and 187.9 kg/ha, respectively, and those two treatments were 21.7% and 7.16% lower than the K150 treatment, respectively. Thus, application of K led to a significant increase in plant K uptake of maize in the following order: K150 > Krec > K50 > K0 (Figure 3b). Meanwhile, the results clearly revealed that plant K uptake gradually increased with an increase in K fertilizer input. Other crops have staged similar trends, such as wheat [31], maize [28], and rice [32].



Although plant K uptake in the K150 treatment was higher than that in the Krec treatment, the grain yield was lower than that in the Krec treatment, which is likely due to K luxury consumption having occurred in the K150 treatment. The results reflected that the K application in the K150 treatment was excessive, and therefore K150 treatment may cause residual K in the soil leading to K luxury uptake. The K luxury uptake has been widely observed in some regions of China for other crops [33,34]. Thus, an unbalanced K supply should be reduced according to the soil indigenous K supply and plant K demand for both economic benefit and environmental purposes.




3.4. Classification of Indigenous Soil K Supply


Indigenous nutrient supply was defined as the total amount of a particular nutrient uptake in the omission plots [35]. In the present study, the indigenous K supply (IKS) was defined as K uptake in the K0 treatment, which ranged from 68.7 to 254.8 kg/ha across all the experimental sites (Figure 4). The lowest IKS observed was in Huludao (68.7 kg/ha) and the highest in the Tieling and Fushun (>200 kg/ha) regions, respectively (Figure 4). The average IKS was 129.6 kg/ha, which was mostly in the range of 100–120 kg/ha (23.3%) and 120–140 kg/ha (21.6%).



To better estimate optimum K rates at different levels of IKS, the levels of IKS values were classified into three different levels. Zhang et al. [36] used the relative yield of <85%, 85–95%, and >95% soil nutrient supply for the three levels. Different from previous studies, we considered the uniformity of the classification standard of IKS, and thus established a power function relationship between relative yield (Ry) and IKS (Figure 5). Here, we used the relative yield values of <80%, 80–90%, and >90% as the grade values to divide IKS values into three different levels (low, medium, and high soil K supply) (Figure 5). This classification method has also been used for other nutrients and crops [21,37].




3.5. Economic Optimum K Rate for Maize under the Three Levels of Soil K Supply


The Mitscherlich model was used to fit the relationship of grain yield response to applied K and determine the EOKR for each site. Here, the regression coefficients for the Mitscherlich model of yield response to applied K under three levels of soil indigenous K supply (IKS) are shown in Table 3.



There were 29 experimental sites at the low IKS level (Figure 5). For the Low IKS level, the average regression coefficients a, b, and c were 8.01 t/ha, 3.52 t/ha, and 0.029, respectively (Table 3). On average, the Mitscherlich model of yield response to applied K was y = 8.01 + 3.52 (1 − e−0.029x). The calculated average EOKR was 135.24 kg/ha and ranged from 79.3 to 176.12 kg/ha and the average economic optimum yield (EOY) was 11.44 t/ha (Table 3).



In addition, a total of 27 experimental sites were at the medium IKS level (Figure 5). For the medium IKS level, the average regression coefficients in the Mitscherlich model of a, b, and c were 9.6 t/ha, 1.99 t/ha, and 0.024 (Table 3), respectively. The average Mitscherlich model of yield response to applied K was y = 9.6 + 1.99 (1 − e−0.024x). For the medium IKS level, the calculated average EOKR was 124.27 kg/ha, and the average EOY was 11.51 t/ha (Table 3).



There were four experimental sites at the high IKS level (Figure 5). For the high IKS level, the average regression coefficients in the Mitscherlich model of a, b, and c were 10.88 t/ha, 0.86 t/ha, and 0.018 (Table 3). The Mitscherlich model of yield response to applied K was y = 10.88 + 0.86 (1 − e−0.018x). For the high IKS level, the average EOKR was 96.54 kg/ha, which ranged from 56.34 to 112.10 kg/ha. Additionally, the average EOY was 11.61 t/ha (Table 3).



More remarkable, the EOY at the high IKS level was not different compared with the yield in the Krec treatment (Figure 3a), whereas the EOKR could be reduced by 37.9–63.7 kg/ha compared with the Krec treatment (recommended K rate, 120–150 kg/ha). Therefore, it is demonstrated that the calculated EOKRs tended to use lower K fertilizers to produce more grain. Furthermore, it is worthwhile noting that the ranking of the IKS levels with respect to EOKR was High IKS level < Medium IKS level < Low IKS level, implying that the low IKS levels of the soils needed more K fertilizers to produce grain. The EOY followed a different trend from that of the EOKR: Low IKS level < Medium IKS level < High IKS level. Compared to EOKRs, the EOYs did not show a significant trend among the three IKS levels. This means that the same average EOY was attained with EOKRs compensating for IKS level. These findings are consistent with the results of Cong et al. [22] for rapeseed and Zhang et al. [36] for rice and wheat.





4. Conclusions


By the data from 60 experimental sites for maize in Liaoning province of China with four K treatments from 2005 to 2012, we analyzed the effect of K fertilization on yield, K concentrations of grain and straw, and plant K uptake, and evaluated the economic optimum K rate (EOKR) under different soil indigenous K supply (IKS) levels. We found that: (1) maize yield in the recommended K rate (Krec treatment) was higher than that in other K treatments across all sites; (2) Application of K fertilizer did not significantly increase grain K concentrations for maize, but it greatly increased straw K concentration; and (3) The plant K uptake in the K150 treatment was higher than that in the Krec treatment, but the K150 treatment did not produce a significant yield increase, demonstrating that K150 treatment would result in plant K luxury uptake due to excessive K fertilizer supply. Using the modified Mitscherlich model to evaluate the average EOKRs, they were 135.24, 124.27, and 96.54 kg/ha for the low, medium, and high levels of IKS, respectively. Moreover, the EOKR could significantly reduce by 37.9–63.7 kg/ha compared to the Krec treatment. This means that the EOKRs tended to use a lower K application than the recommended rates to achieve a higher yield. As a result, these studies would help to determine the optimum K rates, avoid nutrient depletion or excess application, and improve economic yield and environment sustainability.
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Figure 1. Location map of the 60 experimental sites for maize in Liaoning province of Northeast China. 
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Figure 2. Monthly mean temperatures and precipitation amounts (mm) during the maize-growing season over the period 2005–2012 at all 60 experimental sites. 
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Figure 3. Grain yield (a) and plant K uptake (b) for maize under four different K application treatments across 60 experiment sites. Black solid and dotted lines represent the median and average values, respectively; the upper and lower of Box edges represent the 25th and 75th quartiles; whisker caps indicate the 90th and 10th percentiles; and circles denote the 95th and 5th percentiles. Lower-case letters indicate a significant difference (p < 0.01) among the four treatments. 
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Figure 4. The spatial distribution of the indigenous K supply (IKS, kg/ha) in parts of regions of Liaoning province of China. 
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Figure 5. The relationship between relative yield (Ry) and soil indigenous K supply (IKS) for maize across the 60 field experiments during 2005 to 2012. Solid lines indicate a regression curve. *** significant at 0.001. 
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Table 1. Initial chemical properties of the topsoil (0–20 cm) across all 60 experimental sites.
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	Properties
	Units
	Mean
	Range





	pH
	
	6.1
	5.4–7.3



	Total organic C
	g/kg
	9.2
	6.2–17.4



	Total N
	g/kg
	0.95
	0.64–1.23



	Olsen-P
	mg/kg
	18.4
	10.6–35.8



	NH4OAc-K
	mg/kg
	106.8
	86.5–135.8



	Clay content (<0.002 mm)
	%
	58
	45.3~64.9



	Sand content (0.05~2 mm)
	%
	18.9
	7.18~25.3



	Silt content (0.002~0.05 mm)
	%
	24.6
	20.5~31.7
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Table 2. Grain and straw K concentration for maize in the K0, K50, Krec, and K150 treatments across 60 experimental sites from 2005 to 2012.
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Treatment

	
Grain K Concentration (g/kg)

	
Straw K Concentration (g/kg)




	
K0

	
K50

	
Krec

	
K150

	
K0

	
K50

	
Krec

	
K150






	
Mean

	
2.93

	
3.02

	
3.49

	
3.28

	
10.17

	
11.40

	
12.43

	
14.01




	
SD a

	
0.41

	
0.41

	
0.56

	
0.47

	
1.93

	
1.95

	
2.15

	
2.26




	
Min

	
2.05

	
1.81

	
2.42

	
2.20

	
6.13

	
6.57

	
7.40

	
8.08




	
25th Q b

	
2.64

	
2.76

	
3.08

	
2.89

	
9.07

	
10.63

	
11.41

	
12.72




	
Median

	
2.89

	
3.03

	
3.38

	
3.27

	
9.89

	
11.26

	
12.85

	
14.50




	
75th Q b

	
3.19

	
3.31

	
3.80

	
3.51

	
11.44

	
12.54

	
13.75

	
15.63




	
Max

	
4.06

	
4.20

	
5.41

	
4.78

	
14.84

	
15.75

	
16.44

	
17.55








a SD = standard deviation; b Q = quartile.
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Table 3. Regression coefficients for the modified Mitscherlich model of yield response to applied K and economic optimum K rates (EOKR) under three levels of soil indigenous K supply (IKS) in Liaoning province.
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Soil Potassium Levels (IKS)

	
Statistic

	
Y = a + b (1 − e−cx)

Coefficients for the Modified Mitscherlich Model of K

	
Economic Optimum K Rate (EOKR) (kg/ha)

	
Economic Optimum Yield (EOY) (t/ha)




	

	

	
a (t/ha)

	
b (t/ha)

	
c

	

	






	

	
Average

	
8.01

	
3.52

	
0.029

	
135.24

	
11.44




	

	
Min

	
5.09

	
1.86

	
0.020

	
79.31

	
8.96




	
Low IKS

	
25%Q a

	
6.95

	
2.65

	
0.021

	
112.11

	
10.61




	

	
75%Q a

	
9.17

	
4.17

	
0.035

	
157.36

	
12.26




	

	
Max

	
10.19

	
5.87

	
0.060

	
176.12

	
13.94




	

	
Average

	
9.60

	
1.99

	
0.024

	
124.27

	
11.51




	

	
Min

	
8.07

	
0.86

	
0.010

	
63.21

	
9.13




	
Medium IKS

	
25%Q

	
9.05

	
1.28

	
0.018

	
107.77

	
10.68




	

	
75%Q

	
10.16

	
2.79

	
0.032

	
143.78

	
12.38




	

	
Max

	
11.25

	
5.22

	
0.040

	
180.34

	
13.75




	

	
Average

	
10.88

	
0.86

	
0.018

	
96.54

	
11.61




	
High IKS

	
Min

	
10.38

	
0.37

	
0.010

	
56.34

	
10.58




	

	
25%Q a

	
10.52

	
0.48

	
0.015

	
68.70

	
10.87




	

	
75%Q a

	
11.11

	
1.16

	
0.021

	
112.06

	
12.12




	

	
Max

	
11.12

	
1.18

	
0.020

	
112.10

	
12.19








a Q = quartile.
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