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Abstract

:

Potassium (K) is the second most important plant nutritional element and is used for numerous physiological processes. We established an eight-year experiment comparing the effects of five K fertilization treatments (0, 48, 84, 120 and 156 kg K ha−1) on crop yield, K use efficiency and soil apparent K balance under the maize–wheat rotation system in the North China Plain. The highest maize and wheat yields were achieved in the K120 treatment, increasing by up to 16.7% and 25.1%, respectively. The increase in grain yield and K agronomic efficiency (AEK) with K application was greater in wheat than in maize. The K recovery efficiency (REK) and K accumulative recovery efficiency (ARE) significantly decreased with the increase in K fertilization in the maize and wheat seasons. However, the soil apparent K balance and soil available K content increased; the former was deficiency (−24.3 kg ha−1 yr−1) in the K0 treatment, but the latter did not decrease significantly compared with that in the initial year of the experiment. The soil available K content increased by 10.9 mg kg−1 per 100 kg ha−1. In conclusion, the yield response to K fertilization was greater in wheat than in maize and alleviated soil K depletion, but the K fertilizer efficiency was lower. We believed that K fertilizer can be increased moderately in the wheat season and decreased in the maize season.






Keywords:


potassium application; crop yield; potassium use efficiency; potassium fate












1. Introduction


Potassium is one of the essential nutrient elements for crop growth and development. It promotes enzyme activation and protein synthesis and facilitated photosynthesis. Potassium also plays important roles in improving crop quality and enhancing crop resistance [1,2,3]. To maximize productivity and yield while maintaining quality for crop growers, nitrogen (N) and phosphorus (P) fertilization are usually given more attention than potassium (K) [4,5]. In addition, unreasonable fertilization can also lead to soil nutrient imbalance, soil hardening, CEC anomaly, and other problems [6]. Therefore, improving K fertilization is considered to be crucial for a better understanding of the productivity and sustainability [7] and to recommend management solutions that would promote efficient use of K.



The application of K fertilizer increases wheat and maize yields [8,9]. On the basis of nitrogen (N) and phosphorus (P) fertilization, the application of K fertilizer increased winter wheat yield by more than 10.2% [10] and summer maize yield by 9.9–14.9% [11]. However, crop yield did not increase with continually increasing K fertilizer input [12,13]. Similarly, most studies show that K fertilizer use efficiency decreases with increasing fertilizer [11,14]. It has been reported that the average K recovery efficiency (RE) of maize and wheat in China is still relatively low, 30.3% and 31.9%, respectively [15]. The K fertilizer efficiency varied evidently even under the same K fertilization rates [11]. The environmental conditions, crop varieties, husbandry practices, soil K supply capacity and their interactions all influence the resulting K use efficiency [16,17]. Previous studies were mainly focused on the effect of K fertilizer application on one-season crop yield [2,18], and most studies believed that maize was relatively sensitive to K and that applied K fertilizer had a higher yield effect in maize than in wheat [17,19].



Most of the K in soil is unavailable to crop and is divided into three pools: rapidly available K (including exchangeable K and water soluble K), nonexchangeable K, and mineral K [20,21]. There are dynamic equilibrium reactions between different forms of K in soils. The soil K begins with the release of K into the soil solution from clay minerals [22]. Soil K input is available from the decomposition of crop remains and fertilizers. The crop removal of K can be momentous due to its large amount of plant uptake [6]. The loss of K with eroded soil and K leaching can occur with irrigation water and carelessly soil management practices [23]. According to statistics, soil K deficiency has been shown in a wide range of croplands worldwide [24,25]. The annual apparent soil K deficit was 134–258 kg ha−1 with neither K fertilization nor straw return in North China, resulting in soil K depletion [26]. Majumdar [27] showed that removal of K by crop biomass yield makes the annual soil balance deficit 14 million tons in India. The apparent K balance in Bangladesh was also severely deficient (−80–109 kg ha−1) [28]. It has been argued that the soil K balance is affected by excessive N and P fertilizers, straw removal, and high-yielding varieties in recent years [29,30,31]. To maintain and/or improve soil K fertility in farmland and to achieve stable and high crop yield, additional attention should be given to the balance of soil K. The application of K fertilizer also immediately influenced the soil available K content, and the change in soil available K content was a closely related parameter that directly reflected the K budget in the soil crop system. In addition, long-term field experiments that can evaluate the fertilizer effects and predict nutrient balance with its influencing factors are needed to give more rational fertilization recommendations, thus ensuring the sustainable development of intensive agriculture [32,33].



In order to clarify the effect of long-term different K application rates on crop yield, K utilization and the fate of K of maize–wheat rotation system in North China Plain, an eight-year field experiment (from 2010 to 2018) was conducted. The main objectives were (i) determining the response of crop yield to different K fertilizer application rates, (ii) understanding the variations in K use efficiency with different K fertilization rates, and (iii) identifying the influence of soil apparent K balance under different K fertilization rates.




2. Materials and Methods


2.1. Site Description


The long-term field experiment was conducted from 2010 to 2018 under a maize–wheat rotation system in Qingyuan County (38.77′ N, 115.48′ E), Hebei Province, China. The study site has a warm–temperate, subhumid, continental monsoon climate. The average annual temperature is 12 °C, and the average annual precipitation is 550 mm (Figure S1). The test soil was classified as Loamy fluvo-aquic soil. The basic properties of the plow layer soil prior to the start of the experiment were as follows: pH, 8.3; organic matter content, 16 g kg−1; total nitrogen content, 0.8 g kg−1; available phosphorus content, 13.2 mg kg−1; and available potassium content, 96.7 mg kg−1.




2.2. Experimental Design


The experiment was carried out in a randomized complete block design with three replications (plot size = 44 m2). Five treatments of different K fertilization rates were applied in each maize and wheat season: (1) K0, control with no K fertilizer application; (2) K48, K fertilizer application rate at 48 kg K ha−1; (3) K84, K fertilizer application rate at 84 kg K ha−1; (4) K120, K fertilizer application rate at 120 kg K ha−1; and (5) K156, K fertilizer application rate at 156 kg K ha−1. Summer maize was sown in the middle of June after the harvest of winter wheat and was harvested in early October each year. The maize cultivar used in this study was ‘Zhengdan 958’, which is widely cultivated in the North China Plain. In each maize growing season, a total of 255 kg N ha−1 was applied, with 30% of the N broadcast as a basal application, 50% of the N applied at the 11-leaf stage and the remaining 20% applied at the silking stage. Phosphorus fertilizer was basally applied at 120 kg P ha−1 to each K treatment in one application.



Winter wheat was planted in early October shortly after the harvest of summer maize and was harvested in the middle of June in the following year. The wheat cultivars used were ‘Shixin 539’ in 2011–2012 and ‘Jimai 22’ in the rest of the experimental years. For wheat, a total of 255 kg N ha−1 was applied in the form of urea, with 40% of N applied at sowing before the soil was plowed, 50% of N was furrow fertilized at the jointing stage, and the remaining 10% of N was broadcast at the flowering stage. Phosphorus fertilizer was applied at 120 kg P ha−1 in each treatment. The P and K fertilizers were all applied at sowing. Straw was returned to the soil surface at the wheat harvest. The fertilizers used in this study were urea (of 46% N), calcium superphosphate (of 12% P), and potassium chloride (of 60% K). The straw was crushed and returned to the soil during maize harvest.




2.3. Sampling and Analysis


Summer maize was harvested from two 15 m2 areas in each plot, and the grains were dried naturally in the sun to determine the grain yield. For wheat, two 1 m2 areas in the center of each plot were harvested manually to determine the grain yield. Plant samples were separated into subsamples, grains and other biomass. The subsamples of maize and wheat were dried in an oven at 105 °C for 30 min and then dried to a constant weight at 70 °C. Afterward, subsamples were ground and digested in 70% concentrated H2SO4 and 30% H2O2 to determine the K content.



Soil samples (0–20 cm) were collected before the initiation of the experiment (June 2010) to determine the soil properties. After each maize harvest season from 2010 to 2017, soil samples (0–20 cm) from three random sites were collected from each experimental plot using a core sampler (5 cm diameter). The soil samples were mixed thoroughly, and the visible roots, organic residues, and stone fragments were removed. Soil samples were then passed through a 1 mm sieve and extracted with 1 mol L−1 NH4OAc to determine the available K content [34].




2.4. Indicator Calculation Methods


K recovery efficiency (REK), K agronomic efficiency (AEK), and K accumulative recovery efficiency (ARE) were calculated using the following equations:


  R  E K   ( % )  =   U − N  F  × 100  



(1)






  A  E K   (  kg    kg  − 1    )  =   Y −  Y 0   F   



(2)






  A R  E n   ( % )  =      ∑  i = 1  n    C  U i  −    ∑  i = 1  n    C  N i      ∑  i = 1  n   C  F i    × 100  



(3)




where F is the K fertilization rate;  U  and N are the aboveground plant K uptake with and without K fertilizer applications, respectively; Y and    Y 0    are the grain yield in the K fertilizer application treatments with and without K fertilizer treatment, respectively;   A R  E n    is the K accumulative recovery efficiency in maize and wheat under the nth season (n = 1–8);   C  U i    and   C  N i    are the sums of aboveground plant K uptake in maize and wheat with and without K fertilizer application during the nth season, respectively; and   C  F i    is the sum of the K fertilization rates in maize and wheat during the nth season.



The apparent K balance was calculated using the following equation:


   Apparent   K   balance     (     kg   ha    − 1    )  =  K  i n p u t   −  K  o u t p u t    



(4)




where    K  i n p u t     includes the K fertilizer application and the K returning from straw of the previous crop and    K  o u t p u t     refers to the K uptake in crop aboveground. The amount of straw K returned from wheat cultivation at the start of maize sowing in 2010 was calculated based on the farmers’ traditional practice (the farmers’ traditional practice application was 270 kg N ha−1, 75 kg P ha−1, and 75 K ha−1 before this study, and the straw K content of wheat was 85.0 (kg ha−1) in 2010). K losses by leaching and runoff were not taken into account in the equation. A positive value indicates a surplus, and a negative value shows a deficiency in the soil K balance.




2.5. Statistical Analysis


The effects of K on crop yield, K agronomic efficiency, and K accumulative recovery efficiency were tested using one-way analysis of variance (ANOVA). Vertical T bars in the histogram indicate the standard error (SE). Mean differences were determined based on the least significant difference (LSD) at the 5% level. All statistical analyses were conducted using IBM SPSS Statistics 22.0 (IBM Corporation, Armonk, NY, USA).





3. Results


3.1. Changes of Crop Yield


The application of K fertilizers (K48, K84, K120 and K156) generally increased the average maize yield compared with the K0 treatment (Figure 1). The average maize yield under the K120 treatment reached 10.5 t ha−1, which was 16.7%, 7.1% and 7.0% higher than that under the K0, K48 and K84 treatments, respectively. However, no significant differences in the average maize yield were found between the K156 treatment and the K120 treatment. There were large variations in maize yield as affected by different K fertilization treatments among years. The maize yield in 2014 and 2015 were higher than those in other years. The yield increases by K fertilizer application were lower in the first three seasons than in the remaining five seasons.



Similarly, the application of K fertilizers generally also increased the average wheat yield compared with the K0 treatment (Figure 1). The average grain yield of wheat (8.1 t ha−1) was highest in the K120 treatment, which was significantly enhanced by 25.1%, 14.8%, 6.4% and 9.2% compared with the K0, K48, K84 and K156 treatments, respectively. In addition, large variations in wheat yield as influenced by K fertilizer applications fluctuated among years. Specifically, the K0, K48, K84, and K120 treatments had the highest wheat yields in 2011, which were 7.7, 8.5, 8.7, and 9.3 t ha−1, respectively. The K fertilizer applications were positively correlated with wheat yield but not with maize yield (Figure S2), and the increase in grain yield by K84, K120, and K156 was greater in wheat than in maize. The theoretical K fertilizer application and optimal K fertilizer application in the maize season by the fitting equation showed a decreasing trend (Figure 2).




3.2. Changes of Potassium Use Efficiency


The K use efficiency with REK for the mean averaging over years in maize seasons significantly decreased with the K application rates (Table 1). The average REK from the K48 treatments was 39.5%, which was decreased to 16.4% from the K156 treatments. The AEK was highest for the maize season under the K48 treatment but was not significantly different under the K84 and K120 treatments. For the wheat season (Table 2), the mean REK also decreased with increasing K fertilizer. Between the K120 and K0 treatments, there were significant differences in AEK in three of eight years. The REK and AEK in the K84, K120, and K156 treatments in the wheat season were higher than those in the maize season. Over the experimental period, the average REK decreased from 73.4% in the K48 treatment to 44.9% in the K156 treatment, and the average AEK was highest in the K120 treatment, which was 12.3 kg kg−1. Furthermore, differences in the ARE were demonstrated among the K fertilization treatments (Table 3). The highest ARE was shown in the K48 treatment, ranging between 56.4% and 63.3%, while the lowest ARE was achieved in the K156 treatment, ranging from 28.1% to 31.6%. The ARE remained relatively stable in each treatment without obvious variations across years.




3.3. Changes of Soil Apparent K Balance


Soil K input included fertilizer K and straw K. The input of straw K for maize and wheat was 62.1–79.3 kg ha−1 and 55.7–114.9 kg ha−1, respectively (Figure 3). The output of soil K was the absorption of aboveground crop. In the maize season, the soil K output was 84.7–114.1 kg ha−1. The aboveground maize absorption in the K0 treatment exceeded the soil K input of wheat straw, and the soil apparent K balance was deficient by −29.0 kg ha−1. The soil apparent K balance increased with increasing fertilizer application rate in the other treatment groups. The K output aboveground in wheat was 54.7–131.6 kg ha−1, which was highest in the K120 treatment. The soil apparent K balance was surplus for all five treatments in the wheat season. For the maize–wheat rotation system, the annual straw input was 117.8–185.9 kg ha−1, and the average crop output was 142.1–237.7 kg ha−1. Even with straw return application to the field, the K output exceeded the K input without K fertilizer application (K0), resulting in a deficiency in the soil apparent K balance of 24.3 kg ha −1. For the treatments with K fertilizer applications, the soil K input was higher than the K output, and the soil K exhibited a surplus of 53.7, 120.0, 188.1 and 260.2 kg ha−1 in the K48, K84, K120 and K156 treatments, respectively. The regression equation showed that a significant positive correlation existed between the soil K balance and the K fertilizer input (y = 0.5417x + 16.835, R2 = 989**). Consequently, the soil K deficit needs to be replenished by adequate inputs of K as fertilizer and residue returning in the maize–wheat rotation system.




3.4. Soil Available K


The average soil available K content increased with increasing K fertilizer application rates, but the difference between K156 and K120 treatments was not significant (Figure 4). Compared with the K0 treatment, the average soil available K content in the K48, K84, K120 and K156 treatments was significantly increased by 8.1%, 20.8%, 26.5% and 32.7%, respectively. Compared with the initial soil available K content in 2010 (96.7 mg kg−1), the soil available K content in the K0 treatments was basically at the same level after eight years of rotation. However, the soil available K content in the K84, K120 and K156 treatments increased with the extension of rotation years and by 18.0%, 25.1%, and 32.5% in 2018 compared with 2011, respectively. The regression equation showed that a significant positive correlation existed between the average soil available K content and the soil K balance (Figure 5). In addition, the soil available K content was affected by the accumulated K balance. For every 100 kg ha−1 soil apparent K accumulation, the average soil available K content was increased by 10.9 mg kg−1.





4. Discussion


4.1. Potassium Fertilization Rates versus Crop Yield


Potassium is one of the necessary macronutrients for crop growth. Adequate K supply is of great significance for increasing yield and improving the quality of crop [35]. In the present study, the yields of maize and wheat increased with increasing K fertilizer application rates in the range of 0 to 120 kg K ha−1, while there was a tendency to decreased with further increases in K fertilization rates up to 156 kg K ha−1 (Figure 1). This might due to increased the crop chlorophyll content and the photosynthetic efficiency when applied K fertilizer application, leading to enhanced starch-based carbohydrate supply to the grains [36]. However, crop did not absorb luxurious amounts of K at the higher K fertilizer input (K156) (Figure 3), and the grain weigh of maize and wheat have not increased significantly (Tables S1 and S2), which was supported by Singh [37]. The regression test showed that the yield for maize and wheat were achieved with 111 and 115 kg K ha−1, where the crop yields were 10.2 and 7.8 t ha−1, respectively (Figure S2). Furthermore, the yield of maize and wheat varied among the experimental years (Figures S2 and S3). For maize, the yield variation was positively associated with the 1000-grain weight in the present study (Table S3); similar results were reported by others [38,39]. However, the variations in wheat grain yield resulted from not only grain weight but also the number of spikes and grains per spike (Table S3), with correlation coefficients of 0.706**, 0.552** and 0.324*, respectively. The linear regression between yield components and increased yield also indicated that the interannual variation in crop yield was due to the effect of K fertilization on 1000-grain weight (Figure S3), which was in accordance with the findings of Rajicic [40]. Moreover, our study indicated that the yield response of wheat affected by K fertilization was higher than that of maize (Figure S2). This might be due to the maize yield are generally higher than in wheat at this region, so the effect of K fertilizer application on yield is slightly lower than wheat [41]. This result was also supported by the lower soil K recovery efficiency of maize compared to that of wheat (Table 1 and Table 2). By fitting the theoretical and the optimal K fertilizer application over 8 years (Figure 2) (The optimal fertilizer application was based on annual maize and wheat prices, as shown in Figures S4 and S5), it can be seen that the K fertilizer application for the maize season tended to decrease with increasing farming years under the return of straw to the field, but this trend was nonsignificant in the wheat season. This may be due to the large variability of the treatment and year in the wheat season. Additionally, it also requires long-term experimental monitoring, which does not obvious over shorter periods.




4.2. Potassium Fertilization Rates versus Potassium Use Efficiency


The REK in the maize and wheat seasons was significantly decreased with K fertilization, which was highest under the K48 treatment (Table 1 and Table 2). This observation was mainly because the K input of the K156 treatment was higher than that of the K48 treatment (Figure 3). Zhan [12] stated that the K use efficiency decreased once the K application rate exceeded the crop demand. Maize season has the highest AEK at lower K fertilizer application (K48 treatment). However, the AEK of the K120 and K84 treatments were higher than K48 treatment in the wheat season, which was due to the better yield of wheat increasing in the K120 and K84 treatments (Figure 1). In addition, the AEK of the wheat season was higher than that of the maize season in the K84, K120, and K156 treatments (Table 1 and Table 2), and the yield response increase of wheat under these treatments was also higher than that of maize under K fertilization (Figure S2). Moreover, the REK of wheat under the K48, K84, K120 and K156 treatments was much higher than that of maize, which was in agreement with the findings of Zhang [41] and Bai [42]. This result may be due to the one-time input of straw K and K fertilizer, soil K resulted in a large amount of loss by leaching, runoff and infiltration in the maize season with high temperatures and heavy precipitation (Figure S1) [16,43]. In addition, REK was also affected by soil fertility [44], climatic characteristics [16], crop genetic [45], K fertilization rates [13] and other factors. From the perspective of the maize–wheat rotation system, the ARE in the four K fertilization treatments increased during the third rotation system period (2010–2013) and then stabilized without many variations (Table 3). These results indicated that although K fertilization had a residue-effect on accumulative recovery efficiency, it was not expansile with consecutive application of K fertilizers throughout the years.




4.3. Potassium Fertilization Rates versus Soil Potassium Balance


Long-term unbalanced fertilization (i.e., relatively low K input compared to high N and P inputs) in agricultural production will eventually cause severe soil K deficiency in China [46,47]. In the present experiment, the negative soil K balance in the K0 treatment was −29.0 kg ha−1, other treatments were gradually increased with increasing fertilizer and wheat straw inputs in the maize season (Figure 3). However, for the wheat season, the apparent balance of soil K was greater under the five treatments. This also shows that the K loss of wheat straw in the maize season was influenced by rainfall and irrigation, while the K application combined with straw can supply the needs of crop growth and supplement soil K. In terms of the maize–wheat rotation system, the soil K deficit was 24.3 kg ha−1 under the K0 treatment, which was consistent with the results from Singh [48]. However, Ju [49] showed that the soil apparent K balance was −163 kg ha−1 when 38 kg K ha−1 was applied. This result may be because the application of K fertilizer combined with the return of maize and wheat straw to the field supplemented the soil K. In addition, the average apparent K balance in the maize–wheat rotation system was surplus in the K48, K84, K120, and K156 treatments. These results indicate that the application of K fertilizer with straw return to the field was able to supplement the K removal by crop and achieve a surplus of the soil apparent K balance, which was consistent with previous studies [50,51]. Except for the fraction of which may be uptake by plant, the large amounts of surplus K may be fixed to nonexchangeable K (Figure 6) [52,53]. However, the fraction of fixed K is gradually released for crop uptake when there is rigorous depletion of K from the soil [54]. The soils was 2:1 clay minerals (illite, vermiculite and smectite) in our study region. Shakeri and Abtahi [55] reported that the high negative charge of these minerals increases the absorption capacity of cations such as K. Other researchers have also showed an increase in K fixation of soils by increase in added K levels into the soil [56,57].Therefore, the fixation of K can be seen as potential K reservoir. In the future g study, we will explore the dynamics of K fixation and release of the agricultural use of soils.




4.4. Soil Available Potassium versus Soil Potassium Balance


In this study, the soil available K under the K48, K84, K120, and K156 treatments was higher than that under the K0 treatment and increased with increasing K fertilization rates (Figure 4). There was the same K level after eight years of rotation in the K0 treatments compared with the initial soil available K content in 2010. This may be attributed to the release of nonexchangeable K in the soil, which supplements the depletion of soil available K [58]. This results also indicated that only straw return to the field can neither alleviate the depletion of soil K, and nor fundamentally maintain the supply capacity of the K reservoir. Although a high soil apparent K balance was surplus in the K84, K120 and K156 treatments in the present study (Figure 3), the soil available K content after eight years of rotation compared to the initial soil was only increased by 18.0%, 25.1% and 32.5%, respectively (Figure 4), and the soil available K content increased by 10.9 mg kg−1 per 100 kg ha−1 surplus K. It means that approximately 24.5 kg in 100 kg surplus K was transferred into available K pool in 0–20 cm soil profile and the 75% K surplus would be lost or fixed into nonexchangeable K and mineral K (Figure 6) in the lattice of clay minerals such as vermiculite and mica [59], thus mainly increasing the slowly available K and total K content in the soil [24]. This region has a high rainfall and frequency in summer. The transformation of straw K into water solution K after entering the soil was sensitive to rainfall, which can also lead to loss of K [60]. The variability of transformation into soil available K was greater when the soil K balance was higher than 100 kg ha−1, which could also explain these changes (Figure 5). In soil, there is a gradual change between each form of K (i.e., exchangeable K, water-soluble K and nonexchangeable K), and these forms remain in a dynamic equilibrium. The equilibrium is affected by soil organic, clay content and cation exchange capacity and environmental conditions [14,61].





5. Conclusions


Our studies have shown that the crop yields of maize and wheat were generally higher under K120 treatment, and the yield was not increased under excessive fertilization (K156). The REK was also significantly decreased with K fertilization supply in maize and wheat season. From the perspective of AEK, which was higher under the K48 treatment in the maize season. While the AEK in K84 and K120 treatments were higher in wheat season. The AEK and yield response increase in the wheat season was higher than that of the maize season. Meanwhile, the K fertilizer application in maize season showed a slight decreasing trend with fertilizer periods. In addition, the four fertilization treatments (K48, K84, K120, and K156) had large surpluses of soil K except for the non-fertilization treatment, and increased soil available K content. However, soil K surplus transformed to soil available K was smaller with massive fertilizer input (K120 and K156 treatments). In summary, we believe that K fertilizer application in the wheat season can be higher than in the maize season. In order to improve the K fertilizer efficiency and avoid the waste of large K surpluses, it is necessary to pay attention to the transformation between different K forms in the soil after K fertilizer application in the further study.
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Figure 1. Effects of different K fertilization rates on maize and wheat yield between 2010 and 2018. K0, no K fertilizer application; K48, 48 kg K ha−1; K84, 84 kg K ha−1; K120, 120 kg K ha−1; K156, 156 kg K ha−1. Vertical T bars in the histogram indicate SE. Different letters indicate significant differences among treatments. Lowercase letters represent significant differences between different fertilization treatments in the same year (p < 0.05). * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. 
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Figure 2. Relationship between the theoretical K fertilizer application and the optimal K fertilizer application of maize and wheat for eight years. The black solid line represents the fitting equation of the theoretical K fertilizer application. The red solid line represents the fitting equation of the optimal fertilizer application. ns, represents nonsignificant differences at the 0.05. 
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Figure 3. Effects of different K fertilization rates on soil K balance. K0, no K fertilizer application; K48, 48 kg K ha−1; K84, 84 kg K ha−1; K120, 120 kg K ha−1; K156, 156 kg K ha−1. Vertical T bars in the histogram indicate SE. Different letters indicate significant differences among treatments. 
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Figure 4. Effects of different K fertilization rates on soil available K content between 2010 and 2018. K0, no K fertilizer application; K48, 48 kg K ha−1; K84, 84 kg K ha−1; K120, 120 kg K ha−1; K156, 156 kg K ha−1. Vertical T bars in the histogram indicate SE. Different letters indicate significant differences among treatments. ** Significant at the 0.01 probability level. 
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Figure 5. Relationship between soil apparent K balance and soil available K content. Linear regression is shown as a red solid line and dashed curve represents 95% confidence intervals (CI). ** Significant at the 0.01 probability level. 
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Figure 6. Relationship among available K, nonexchangeable K and mineral K in the soil-plant system. 
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Table 1. Effects of different K fertilization rates on K recovery efficiency (REK) and K agronomic efficiency (AEK) in maize season between 2010 and 2017.
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Year

	
REK (%)

	
AEK (kg kg−1)




	
K0

	
K48

	
K84

	
K120

	
K156

	
K0

	
K48

	
K84

	
K120

	
K156






	
2010

	
-

	
49.2 a

	
36.5 b

	
33.1 bc

	
20.5 c

	
-

	
12.5 a

	
3.7 b

	
4.7 b

	
3.7 b




	
2011

	
-

	
57.1 a

	
39.7 b

	
31.4 bc

	
22.6 c

	
-

	
11.8 a

	
3.3 b

	
4.4 b

	
3.5 b




	
2012

	
-

	
58.0 a

	
44.3 b

	
32.8 c

	
20.9 d

	
-

	
3.6 a

	
5.8 a

	
5.6 a

	
3.0 a




	
2013

	
-

	
38.3 a

	
27.6 b

	
23.0 bc

	
14.2 d

	
-

	
16.0 ab

	
12.8 ab

	
20.6 a

	
4.7 b




	
2014

	
-

	
27.0 a

	
27.7 a

	
22.6 ab

	
16.1 b

	
-

	
27.5 a

	
14.5 ab

	
14.1 ab

	
6.5 b




	
2015

	
-

	
24.6 a

	
24.4 a

	
18.1 b

	
13.0 bc

	
-

	
12.7 ab

	
12.6 ab

	
20.4 a

	
5.3 b




	
2016

	
-

	
28.7 a

	
22.4 ab

	
16.3 b

	
11.2 bc

	
-

	
35.4 a

	
13.8 b

	
16.8 b

	
9.5 b




	
2017

	
-

	
32.9 a

	
25.7 b

	
18.6 c

	
12.5 d

	
-

	
16.4 a

	
11.7 a

	
14.2 a

	
7.1 b




	
Mean

	
-

	
39.46 a

	
31.04 b

	
24.49 c

	
16.38 d

	
-

	
16.3 a

	
9.4 ab

	
12.6 a

	
5.4 b




	
F values

	

	

	

	

	

	

	

	

	

	




	
Treatment

	
**

	

	

	

	

	
**

	

	

	

	




	
Year

	
**

	

	

	

	

	
**

	

	

	

	




	
T*Y

	
**

	

	

	

	

	
ns

	

	

	

	








Values followed by lower case letter(s) within a column are significant at p < 0.05. ** indicated the significant at the 0.01 probability level. ns, represents nonsignificant at the 0.05 probability level.
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Table 2. Effects of different K fertilization rates on K recovery efficiency (REK) and K agronomic efficiency (AEK) in wheat season between 2011 and 2018.
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Year

	
REK (%)

	
AEK (kg kg−1)




	
K0

	
K48

	
K84

	
K120

	
K156

	
K0

	
K48

	
K84

	
K120

	
K156






	
2011

	
-

	
68.5 a

	
63.1 ab

	
48.5 c

	
35.7 d

	
-

	
16.1 a

	
12.5 a

	
13.5 a

	
2 b




	
2012

	
-

	
72.3 a

	
67 bc

	
54.1 c

	
37.9 d

	
-

	
1.1 d

	
9.6 b

	
12.8 a

	
4.5 c




	
2013

	
-

	
74.5 a

	
67.8 ab

	
65 bc

	
49.3 c

	
-

	
3.8 b

	
7.5 a

	
6.7 a

	
0.2 c




	
2014

	
-

	
75.6 a

	
67.5 b

	
66.8 b

	
49.2 c

	
-

	
24.2 a

	
24.2 a

	
21.4 a

	
13.8 b




	
2015

	
-

	
76.3 a

	
66.3 b

	
65.8 b

	
49.2 c

	
-

	
13.2 b

	
23.1 a

	
22.1 a

	
11.8 b




	
2016

	
-

	
73.7 a

	
65.7 b

	
58.8 c

	
39 d

	
-

	
21.5 a

	
20.6 a

	
16.4 b

	
11.3 bc




	
2017

	
-

	
70.7 a

	
68.5 ab

	
67.1 ab

	
48.1 c

	
-

	
14.4 a

	
9.5 b

	
10 ab

	
4.3 c




	
2018

	
-

	
75.4 a

	
71.5 a

	
68.5 ab

	
50.9 c

	
-

	
3.9 ab

	
2.8 b

	
6.9 a

	
1.2b c




	
Mean

	
-

	
73.4 a

	
67.2 b

	
61.8 c

	
44.9 d

	
-

	
12.3 a

	
13.7 a

	
13.7 a

	
6.1 b




	
F values

	

	

	

	

	

	

	

	

	

	




	
Treatment

	
**

	

	

	

	

	
**

	

	

	

	




	
Year

	
**

	

	

	

	

	
**

	

	

	

	




	
T*Y

	
*

	

	

	

	

	
ns

	

	

	

	








Values followed by lower case letter(s) within a column are significant at p < 0.05. *, represents significant differences at the 0.05. **, represents significant differences at the 0.01. ns, represents nonsignificant differences at the 0.05.
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Table 3. Effects of different K fertilization rates on accumulative recovery efficiency (ARE) in the maize–wheat rotation periods.
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Treatment

	
ARE (%)




	
2010–2011

	
2011–2012

	
2012–2013

	
2013–2014

	
2014–2015

	
2015–2016

	
2016–2017

	
2017–2018






	
K0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
K48

	
58.8 a

	
61.8 a

	
63.3 a

	
61.7 a

	
59.7 a

	
57.9 a

	
56.8 a

	
56.4 a




	
K84

	
49.8 b

	
51.6 b

	
53.1 b

	
51.7 b

	
50.7 b

	
49.8 b

	
49.2 b

	
49.1 b




	
K120

	
40.8 c

	
41.8 c

	
44.2 c

	
44.4 c

	
44.3 bc

	
43.3 bc

	
43.1 bc

	
43.2 c




	
K156

	
28.1 d

	
29.2 d

	
31.2 d

	
31.3 d

	
31.6 d

	
30.6 d

	
30.5 d

	
30.6 d




	
F values

	

	

	

	

	

	

	

	




	
Treatment

	
**

	

	

	

	

	

	

	




	
Year

	
**

	

	

	

	

	

	

	




	
T*Y

	
ns

	

	

	

	

	

	

	








Values followed by lower case letter(s) within a column are significant at p < 0.05. ** represents significant at the 0.01 probability level. ns, represents nonsignificant at the 0.05 probability level.
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