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Abstract

:

The low availability of phosphorus in most Brazilian soils causes a heavy dependence of agricultural production on phosphate fertilizers, which are generally agronomically inefficient in tropical soils. Breeding for increased longevity of sugarcane ratoons is extremely important, but understanding how the efficiency of phosphate fertilization can be improved is equally necessary. The objective of this research was to evaluate the effects of phosphate fertilizers with and without polymer coating on the productivity and nutritional status of sugarcane ratoons and phosphorus availability in the soil. The experiment was carried out on a commercial sugarcane field on a dystrophic Ultisol over two growing seasons in a randomized complete block design with four replications. Two phosphorus sources (monoammonium phosphate (MAP) and MAP + Policote) were tested at four rates (20, 40, 60 and 80 kg P2O5 ha−1) in addition to the control (no P fertilization). The Policote-coated phosphate fertilizer induced higher stalk and TRS yields in the first experimental year, while the same effect was not observed in the second year. Nevertheless, with the reapplication of the treatments in the second study year, the mean stalk yield was high in response to the application of 20 kg P2O5 ha−1 of coated fertilizer and very different from that of the higher rates of the same fertilizer, which yielded 88 Mg ha−1, i.e., 8 Mg ha−1 more than the mean of the other rates.
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1. Introduction


Sugarcane is an internationally significant crop for the production of renewable energy and is planted on a global acreage of approximately 24.3 million hectares [1]. Brazil is the largest producer, with a cultivated area of around 8 million hectares and an estimated annual output of 521.67 million tons [2]. These data stand for the relevance of sugarcane cultivation in the context of the ongoing expansion of a clean and renewable energy matrix. Under tropical conditions, the yield potential of the crop is enormous. Sugarcane can be grown in approximately 100 countries [3] and due to its versatility of use and high biomass and sucrose production, it has become a focus of global interest [4,5]. All over the world, ways to increase sugarcane yield are being studied, and improving the nutrient supply of the crop may be the answer.



Phosphorus, an essential macronutrient for plants, is often available at insufficient levels, limiting crop yield and productivity [6]. In the case of deficiency of this nutrient, plants cannot complete the production cycle and the structural integrity (nucleic acids, phospholipids) as well as energy production (ATP) for most cellular processes and storage are affected [7]. The importance of P for plants is fundamental and seriously hampered by the reactivity of the nutrient with the soil, making it less available to crops.



Phosphorus in the soil is affected by adsorption and fixation, mainly by binding to Fe and Al oxides, which is intensified in acidic soils, reducing P utilization by plants. In tropical climate regions, soils are deeply weathered and the high complexity of P in relation to the colloidal phase prevents the crop from exploiting more than 15 to 25% of the applied fertilizer P [8,9]. The reason is the high soil P adsorption, depressing the plant available levels, mainly in soils with a predominance of sesquioxides [10].



High phosphorus rates are applied at sugarcane planting, although the residual effect of this initial fertilization is insufficient to meet the crop requirements for subsequent years, causing a decline in ratoon cane yield [11,12]. Phosphate fertilization of ratoon cane is essential to meet the nutritional demand of the crop [13], and more efficient fertilizer sources are being sought, with fixation inhibitors or soil adsorption blockers, as an alternative to increase crop productivity or longevity [14]. Several strategies have been used to increase P fertilization efficiency. Lately, the most frequently used strategy has been the application of enhanced-efficiency fertilizers [9]. These fertilizers contain aggregate technologies that control the nutrient release or stabilize their chemical transformation in the soil, increasing nutrient availability to plants [15].



The need to increase the efficiency of phosphate fertilizers and the lack of information about the issue motivated the hypothesis that the application of polymer-coated fertilizer raises phosphate fertilization efficiency and crop yields. In light of the global importance of sugarcane, the crop requirements during the cycle and low P levels in highly weathered soils, the purpose of this study was to evaluate the effects of phosphate fertilizers with and without polymer coating (fixation inhibitors) on the productivity and nutritional status of sugarcane ratoon and its effects on soil phosphorus availability.




2. Materials and Methods


2.1. Experimental Site and Treatments


The experiment was carried out in Ouro Verde (21°33′15″ S; 51°43′32″ W; 420 m asl) in São Paulo State, Brazil on a commercial sugarcane plantation with variety RB 92579 in the 2018/19 and 2019/2020 growing seasons (Figure 1). The experiment was set up in an area in the third crop cycle (second ratoon) on an Argissolo Vermelho Amarelo soil with sandy texture [16], corresponding to a dystrophic Ultisol [17] and evaluated for two successive growing seasons. The results of soil chemical and particle-size analysis of samples collected after harvesting the first ratoon, from the layers 0.00–0.10 m, 0.10–0.20 m and 0.20–0.40 m are described in Table 1 [18,19].



The experiment was arranged in a randomized complete block design with four replications, with treatments in a factorial scheme (2 × 4) + 1, represented by two sources, uncoated MAP and Policote-coated MAP (MAP + Policote) at four rates (20, 40, 60 and 80 kg P2O5 ha−1) and without P fertilization (control). The N and P2O5 concentrations in MAP and coated MAP were 11% and 52%; and 10% and 49%, respectively. To coat the MAP fertilizer, the granules were covered with water-soluble additives based on copolymers with iron and aluminum affinity, called Policote, marketed by Wirstchat Polímeros do Brasil.



The experimental plots consisted of six 20 m long rows with alternating row spacing of 0.90 and 1.5 m on a total area of 144 m2. Planting of the crop occurred in 2015, with the first cut in 2016 (plant-cane), the second cut in 2017 (first ratoon) and the experiment installed on 16 October 2018 (second ratoon). Phosphate fertilizers were applied on the crop row together with 120 kg N ha−1 (34 and 86 kg ha−1, respectively, of ammonium sulfate-N and N urea) and 120 kg K2O ha−1 (potassium chloride), in both growing seasons (2018/20 and 2019/20). After the second cut, 2 Mg ha−1 of limestone was applied.




2.2. Weather Conditions


According to the Köppen classification, the climate is Aw, characterized by seasons of a tropical climate with dry winters [20]. Rainfall, temperature and relative humidity data of the experimental period were provided by a meteorological station close to the experimental area and the National Institute of Meteorology (INMET) [21] (Figure 2). The historical average was 1.366 mm, and 1.322 and 1.046 mm in the growing seasons 2018/19 and 2019/20, respectively.




2.3. Soil Phosphorus


After each harvest, six soil samples per treatment were taken, crumbled, air-dried and sieved (2 mm mesh). Soil P availability was evaluated by the methods of Ion-Exchange Resin (P-Resin) and Mehlich-1 (M1). For P-Resin analysis, the methodology described by Raij et al. [18] was used, in which cationic resin is treated with 1 mol L−1 NaHCO3 at pH 8.5. Extractor Mehlich-1 was prepared with a mixture of two dilute acids (0.05 mol L−1 HCl and 0.0125 mol L−1 H2SO4), as described by Tedesco et al. [22]. The P concentration in the solution of the two extractors was determined by a methodology of recording the phosphomolybdate complex in a UV visible spectrophotometer, with a wavelength reading at 660 nm, proposed by Murphy and Riley [23].




2.4. Plant Analysis


To assess the nutritional status of sugarcane plants, 20 diagnosis leaves (leaf + 1) per plot were randomly collected from the four central rows, leaving a 2 m border. For analysis, the middle third of the leaves were used, excluding the midrib. The N content was determined by the method of sulfuric digestion, titration by micro Kjeldahl and the P, K, Ca, Mg and S levels by nitroperchloric digestion. The P concentration was assessed with a spectrophotometer and the K, Ca, Mg, and S concentrations with an atomic-absorption spectrophotometer [24].



For the technological quality analysis of sugarcane, 12 stalks were randomly sampled at each harvest throughout the experiment. After identification and weighing, the stalks were sent to the laboratory to analyze the following parameters [25]:



Brix (Bj): soluble solids content in percent of juice weight, determined by an automatic digital refractometer.



Fiber (F): stalk fiber content calculated as:   F = 0.08 ∗ P B U + 0.876   Where: PBU = Wet bagasse weight.


  Moisture   %   ( U ) :   calculated   as :   U =   W w m − W d m   W w m   ∗ 100  








where: Wwm = wet matter weight; Wdm = dry matter weight.



Pol in juice (S): apparent sucrose content per juice weight, measured with an automatic digital saccharimeter and calculated as:   S = L P o l ∗  (  0.26047 − 0.0009882 ∗ B j  )   . Where: LPol = Sucrose reading of clarified juice; and, Bj = Juice Brix.



Pol in cane (PC): calculated as:


  P O L = S ∗  (  1 − 0.01 ∗ F  )  ∗ C  








where: S = Pol in juice; F = Fiber; C = Coefficient for transformation of pol from juice extracted in press (S) into pol in cane (PC).



Juice purity (Q): apparent purity of cane juice (Q), defined as the ratio of pol to brix expressed as percentage, calculated by:


  Q = 100 ∗ S / B j  








where: S = Pol in juice; Bj = Brix in juice.



Reducing sugars in juice % (RS): percent of reducing sugars (RS) per juice weight was calculated as:


  R S = 3.641 − 0.0343 ∗ Q  








where: Q = juice purity.



Total Recoverable Sugar (TRS): computed from pol in cane (PC) and reducing cane sugars (RCS); calculated as:


  T R S = 9.526 ∗ P C + 9.05 ∗ R S  











Forage and stalk weight were determined by cutting 15 neighboring plants of the four central rows (excluding plot borders), resulting in a total of 60 plants per plot. After cutting, the plants were weighed immediately on a scale, then husked and shoot tips removed. The material was weighed again and trash weight estimated as the difference between forage and stalk weight. To determine cane yield, the number of stalks within 3 m of the four central rows was counted, discarding 2 m at either end. From these results, the sugarcane yield was calculated.




2.5. Statistical Analysis


Data analysis was performed using Statistical Analysis System software [26]. Residual normality and variance homogeneity were analyzed. To meet the prerequisites, the data were subjected to analysis of variance (ANOVA) at a probability of 5%. In case of significance, the means of the P sources were compared with each other by the F-test and the rates by regression equations [27]. Graphs were plotted using Sigmaplot® version 14.5 (Systat Software, Inc., San Jose, CA, USA, www.sigmaplot.com, accessed on 18 October 2022).





3. Results


3.1. Phosphorus Availability in the Soil


Soil phosphorus levels varied in response to the P sources and rates applied to sugarcane (p < 0.05). In the second ratoon crop, extraction by P-Resin detected interaction in both layers (0–0.10 and 0.10–0.20 m) (Figure 3a,c), which became significant in the third ratoon in the lower layer (0.10–0.20 m) (Figure 3g). In the surface layer (0–0.10 m), there was a response to isolated factors, with a linear effect for rates (Figure 3e). Comparing the sources, MAP + Policote made the highest levels of nutrients available (12.72 mg P dm−3) (Table 2). Between the first and second year of evaluation, P-Resin detected a decrease in the mean P concentration of 32% and 41%, respectively, in the 0–0.10 and 0.10–0.20 m layers.



By the Mehlich-1 method, there was no significant interaction between rates and sources (p > 0.05). However, there was an isolated effect for the two factors, with a linear response to P rates in the two evaluated years and two layers (Figure 3b,d,f), except in the 0.10–0.20 m layer in the second year when a quadratic response was observed (Figure 3h). Regarding the sources, results in soil P contents were positive in response to Policote-coated fertilizer in the 0–0.10 m layer in the third ratoon and the 0.10–0.20 m layer in both years (Table 2). Between the first and second years of evaluation, Mehlich-1 detected a mean increase of 10.94% in the surface layer and a reduction of 4% in the layer below.




3.2. Plant Nutritional Status


The phosphorus rates and sources had no effect on the nutritional status of sugarcane (p > 0.05). However, there was a difference between the years of cultivation (Table 3). Nitrogen and K contents decreased by 29 and 50%, respectively, from the second to the third ratoon crop (Table 3). The levels of P, Ca and Mg soil availability increased from the first to the second year of evaluation, respectively, by 43%, 14% and 39% (Table 3), while S remained constant in the evaluated cycles (p > 0.05).



Leaf macronutrient contents were within the range considered adequate for the nutritional status of sugarcane [24,28], and in the second and third ratoon crops, S was the only macronutrient below the critical level (1.4 g kg−1), while the levels of the others were within the range considered adequate. In the third ratoon crop, the levels of the macronutrients N, K and S were below the ideal (18, 10 and 1.4 g kg−1 respectively), whereas those of the others were adequate.




3.3. Effects on Sugarcane Technological Quality and Yield


The second ratoon stalk yield (Figure 4a) shows that the response to uncoated fertilizer increased linearly up to the rate of 80 kg P2O5 ha−1, reaching a production of 105 Mg ha−1. In turn, the response to the Policote-coated phosphate source fitted a quadratic model, with a maximum yield of 106 Mg ha−1 at a rate of 58 kg P2O5 ha−1. Total reducing sugar (TRS) yield had a similar pattern to that observed for stalk yield (Figure 4c). In the third ratoon, after reapplication of the treatments, no mathematical model could be fitted relating P rates with stalk and TRS yield (Figure 4b,d). However, the rate of 20 kg P2O5 ha−1 in coated fertilizer stood out among the other treatments, with a yield of 88 Mg ha−1 (Figure 4b).



Fertilization with P sources and rates had no significant effect on the interaction, nor the separate factors on the technological quality of sugarcane (p > 0.05). Comparing the growing seasons, the levels of Brix, Fiber, POL, PC and TRS differed (p < 0.05), with an increase of, respectively, 9.5, 9.2, 13.8, 11.7 and 10.8% in the second year of evaluation, while the moisture content was 2.5% higher in the first year (Table 4). For RS and juice purity, no significant differences were observed between the evaluated cultivation cycles.





4. Discussion


In response to soil application of the two phosphorus sources, the methods P-Resin and Mehlich-1 detected increasing concentrations with increasing rates. In the second ratoon crop, the P-Resin extractor better differentiated the fertilizer responses in the 0–0.10 and 0.10–0.20 m layers (Figure 3a,c) based on the principle of ion exchange, affecting the colloidal system. This pattern can be explained by the principle of the polymers used as fertilizer coating, which, when in contact with the soil solution, release charges to saturate positive soil colloid charges. This reduces P adsorption and fixation in the soil colloidal fraction, leaving the nutrient available for plant uptake. In this way, the results can be different depending on the soil characteristic, especially in relation to the colloidal fraction as well as other factors e.g., crop, management system, and climate, among others [29].



In the second year of evaluations (third ratoon), no interaction was observed between rates and sources in phosphorus contents 0–0.10 m by the P-Resin method, showing only a linear effect for rates (Figure 3e). This result can be attributed to factors related to low rainfall in the period (Figure 2b) and intensified by the low water retention capacity due to the sandy texture of the surface layer, which reduces granule solubility and levels out the effect of the two sources on the soil. In the subsurface, an interaction between phosphorus sources and rates was stated, which can be attributed to some residual effect of fertilization applied in the previous year, since rainfall was restricted.



The soil P contents determined by Mehlich-1 were significantly influenced by the rates (Figure 3b,d,f,h), but no difference was identified between the sources in both layers and the two evaluated years, unlike the pattern detected when using P-Resin. These results can be attributed to factors inherent to the Mehlich-1 method, which preferentially extracts P forms bound to Ca, leading to an overestimation of P availability in recently fertilized soils [30]. For the evaluation of fertilizer sources, the results of the extraction methods must be discriminated according to the soil characteristics, especially with regard to the texture class [31].



Several studies correlate the extractors P-resin and Mehlich-1 [32,33,34]. These authors claimed that the lower the amount of clay, the higher the contents extracted by Mehlich-1. This confirmed the results of this study, which were mostly higher than those obtained by the P-Resin method. However, Mumbach et al. [35] reported contrary results, emphasizing that apart from soil texture, which can be explained by the natural phosphates that are often used for phosphating, the acid extractant predominantly solubilizes Ca-P, resulting in an overestimation of available P.



Table 3 shows the foliar levels of macronutrients, which indicate lower N and K uptake in the second than the first year of evaluation. These results may be related to the lower rainfall in the second year (Figure 2), since N and K movement in the soil is strongly influenced by mass flow, affecting root uptake [36,37], along with the sandy soil with low organic matter content and water retention capacity [38]. Water stress also affects the development of the root system [39,40], reducing the soil volume exploited for nutrient uptake. For both nutrients, the values in the second year were below the critical level considered adequate for the crop [24,28].



The levels of P, Ca and Mg increased in the soil in the second year of evaluation. The difference in P content can be attributed to the increase in the availability of the element in the soil due to phosphate fertilization in the application of treatments in two successive years. While the differences in Ca and Mg observed between the growing seasons must be related to the 2 Mg ha−1 limestone applied after the first ratoon harvest, this application may also have affected K uptake due to an imbalance in the K/Ca/Mg ratio [41]. According to the values found, the three nutrients are within the range considered suitable for sugarcane [24,28].



Leaf concentrations of S, although applied in fertilization via ammonium sulfate, were low. This can be attributed to the low amount of soil organic matter, high nutrient mobility in the soil profile, mainly due to the predominant sandy fraction, or to varietal characteristics, as also observed by Calheiros et al. [42] in a study with the same variety.



The concentration of parameters that make up the technological quality of sugarcane stalks was not significant between treatments (Table 4). However, there was a difference between the two years evaluated in some parameters. In the second year, the leaf moisture content (U) was lower than in the first, leading to a concentration effect of brix, PC, Pol and TRS. In turn, the reduction in moisture was a result of the water deficit in the second crop growth cycle (Figure 2). It is worth emphasizing that the plant, even under water stress, continues to synthesize sugar, while photosynthesis is affected if the annual water deficit exceeds 145 mm [43]. According to Araújo et al. [44], the effects of water stress can be beneficial to accumulate TRS, since the increase in TRS is inversely proportional to the moisture decrease up to 51 days of water stress before harvesting the stalks.



Another reason for the positive response in the high levels of technological quality parameters in the second year (Table 4) may be due to the better supply of the system with P since the nutrient influences the apparent sucrose percentage or pol in cane contained in sugarcane juice (PC) and juice purity [45]. Although the difference in purity between the growing seasons was not significant, it increased, confirming the data of Albuquerque et al. (2016) [46] who attributed an increase in Pol to purity to P application.



The cane stalk yield had a quadratic response to Policote-coated fertilizer, while in the absence of the Policote, the response was linear up to the rate of 80 kg P2O5 ha−1. The maximum stalk yield (105.85 Mg ha−1) in response to coated fertilizer was reached at a rate of 58.58 kg P2O5 ha−1. This yield was similar to that obtained with 80 kg ha−1 uncoated P2O5, representing a 26% reduction in the applied P rate when using the technology of fertilizer coating (Figure 4). The yield potential is close to that reported by Gava et al. (2011); Abreu et al. (2013) [47,48].



An important parameter in the evaluation of sugarcane fertilization is the production of total reducing sugars, for which the same pattern as for stalk yield was observed, with maximum yield produced at a rate of 47.57 kg P2O5 ha−1 by applying Policote-coated fertilizer, reaching a TRS yield of 13.85 Mg ha−1. The response to the uncoated monoammonium phosphate source fitted a linear model up to the rate of 80 kg P2O5 ha−1, with a TRS yield of 13.34 Mg ha−1 (Figure 4). Based on these values, the agronomic efficiency was computed, i.e., 33.21 and 15.87 kg of TRS per kilogram of P2O5, respectively, for fertilization with or without Policote coating.



In the evaluations of stalk and TRS yield in the second year (third ratoon), only the difference in the mean of the sources was verified, with higher stalk yield in response to the application of uncoated fertilizer. The difference between fertilizers may be related to the lower biodegradability of the polymer [49,50]. This may explain the lower productivity with the MAP + Policote fertilizer. Clearly, the sparse rainfall directly influenced the dissolution of the coated fertilizer in the soil, hampering the enzymatic action responsible for breaking down the polymers. Along with these factors, the soil SOM levels were low and consequently, the interactions of organisms and enzymes with the fertilizer were reduced.



Although without significant effect, with the reapplication of the treatments in the second study year, the mean stalk yield was high in response to the application of 20 kg P2O5 ha−1 of coated fertilizer, a very different mean in relation to the higher rates of the same fertilizer. These results suggest the need for further investigation into causes and effects in the application of high rates of fertilizers with technologies for enhanced efficiency, which may allow the use of lower rates due to the use of technology in successive years. Multiple authors describe the beneficial effects of phosphate fertilization with Policote-coated fertilizer and reported no negative effects due to applications of high fertilizer rates [9,31,51,52,53].




5. Conclusions


Fertilizers with or without Policote coating induced positive responses in soil P, as shown by the extractors P-Resin and Mehlich 1. However, the P-Resin extractor proved to be an adequate detection method of the importance of the polymer in increasing soil phosphorus availability. Leaf contents did not vary in response to phosphate fertilization. The technological quality of cane stalks varied between the studied growing seasons with better results in the second year. The Policote-coated phosphate fertilizer induced higher stalk and TRS yields in the first experimental year, while the same effect was not observed in the second year. Nevertheless, with the reapplication of the treatments in the second study year, the mean stalk yield was high in response to the application of 20 kg P2O5 ha−1 of coated fertilizer, a very different mean in relation to the higher rates of the same fertilizer.



Further research should be encouraged to understand the dynamics between polymer and the availability of P in soil and the possible effect on the physiology and production of enzymes that may contribute to nutrient use efficiency. These studies will allow the understanding of the physiological phenomena that occur with the highest phosphorus rates in the presence of the polymer.
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Figure 1. Location of the experimental area under sugarcane, Ouro Verde—SP, Brazil. 
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Figure 2. Weather conditions in the growing seasons 2018/19 (a) and 2019/20 (b). 
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Figure 3. Phosphorus content in soil in response to fertilization with different phosphorus rates with and without Policote coating, extracted by P-Resin from the layer 0–0.10 m (a,e) and 0.10–0.20 m (c,g), and by Mehlich-1 from the layer 0–0.10 m (b,f) and 0.10–0.20 m (d,h). Growing seasons 2018/2019 and 2019/2020. 
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Figure 4. Stalks and TRS yield in the second ratoon (a,c) and in the third ratoon crop (b,d) of sugarcane fertilized with phosphorus rates and sources without or with Policote coating in two sugarcane production cycles. Growing seasons 2018/2019 and 2019/2020. Different letters indicate significant differences according to Tukey’s test (p < 0.05), ns—p > 0.05. 
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Table 1. Soil physical and chemical properties at the beginning of the study in 2018.
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Layer

	
pH

CaCl2

	
OM

	
P

	
K

	
Ca

	
Mg

	
Al

	
H + Al

	
BS

	
CEC




	
m

	
g kg−1

	
mg dm−3

	
mmolc dm−3






	
0–0.10

	
4.99

	
10.0

	
5.19

	
1.03

	
10.91

	
3.82

	
1

	
15

	
15.76

	
30.76




	
0.10–0.20

	
4.86

	
7.02

	
7.02

	
0.36

	
9.98

	
3.92

	
1

	
15

	
14.26

	
29.26




	
0.20–0.40

	
5.59

	
7.23

	
6.97

	
0.08

	
10.65

	
6.23

	
0

	
12

	
16.96

	
28.96




	

	
Sand

	
Silt

	
Clay

	
V

	
m

	
S

	
B

	
Cu

	
Fe

	
Mn

	
Zn




	

	
g kg−1

	
%

	
mg dm−3




	
0–0.10

	
822

	
46

	
132

	
51.2

	
5.97

	
3.88

	
0.18

	
0.77

	
34.62

	
8.50

	
0.58




	
0.10–0.20

	
846

	
32

	
122

	
48.7

	
6.55

	
5.28

	
0.17

	
0.81

	
43.98

	
8.91

	
0.69




	
0.20–0.40

	
804

	
73

	
123

	
65.6

	
0

	
6.62

	
0.12

	
0.81

	
27.20

	
5.66

	
0.53








OM: organic matter; BS: sum of base; CEC: cation exchange capacity; V: base saturation; m: aluminum saturation.
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Table 2. Mean soil phosphorus contents extracted with P-Resin and Mehlich-1 after sugarcane cultivation in the second and third ratoon crops fertilized with phosphorus sources with and without Policote coating. Growing seasons 2018/2019 and 2019/2020.
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Fertilizer Sources

	
P-Resin

	
Mehlich-1




	
Third Ratoon

	
Second Ratoon

	
Third Ratoon






	

	
0–0.10 m

	
0–0.10 m

	
0.10–0.20 m

	
0–0.10 m

	
0.10–0.20 m




	

	
mg dm−3




	
Uncoated MAP

	
10.89 b

	
17.24

	
17.36 b

	
18.19 b

	
16.65 b




	
MAP + Policote

	
12.72 a

	
18.61

	
19.90 a

	
24.26 a

	
18.79 a




	
p-value

	
0.0149 *

	
0.332 ns

	
0.0018 **

	
0.0001 ***

	
0.0001 ***








Different letters within a column indicate significant differences according to Tukey’s test. *, **, *** and ns indicate p < 0.05, p < 0.01, p < 0.001 and ns—p > 0.05, respectively.
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Table 3. Mean levels of macronutrients (leaf + 1) in two sugarcane cycles. Growing seasons 2018/2019 and 2019/2020.
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Ratoon

	
N

	
P

	
K

	
Ca

	
Mg

	
S




	

	
g kg−1






	
Second

	
17.87 a

	
1.68 b

	
14.62 a

	
6.98 b

	
1.43 b

	
1.08




	
Third

	
12.65 b

	
2.41 a

	
7.35 b

	
7.95 a

	
2.00 a

	
1.15




	
p-value

	
0.0002 ***

	
0.003 **

	
0.0001 ***

	
0.0132 *

	
0.005 **

	
0.5682 ns








Different letters within a column indicate significant differences according to Tukey’s test. *, **, *** and ns indicate p < 0.05, p < 0.01, p < 0.001 and ns—p > 0.05, respectively.
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Table 4. Mean values of stalk technology quality parameters in two sugarcane ratoons. Growing seasons 2018/2019 and 2019/2020.
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Ratoon

	
Brix

	
Fiber

	
Moisture

	
POL

	
PC

	
Purity

	
RS

	
TRS




	

	
%

	
kg t−1






	
Second

	
15.06 b

	
11.64 b

	
73.31 a

	
15.40 b

	
13.13 b

	
87.17 ns

	
0.55 ns

	
131.47 b




	
Third

	
16.49 a

	
12.71 a

	
70.80 b

	
17.53 a

	
14.66 a

	
88.91

	
0.50

	
145.72 a




	
p-value

	
0.003 **

	
0.001 **

	
0.0008 ***

	
0.003 **

	
0.06 **

	
0.1262 ns

	
0.073 ns

	
0.006 **








PC: pol in cane; RS: reducing sugars in juice; TRS: total recoverable sugar. Different letters within a column indicate significant differences according to Tukey’s test. **, *** and ns indicate p < 0.01, p < 0.001 and ns—p > 0.05, respectively.
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