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Abstract: Phosphate fertilizer placement at sugarcane (Saccharum spp.) establishment can strongly
influence the distribution of soil P pools over crop cycles, and has a great influence in the availability
of this nutrient to plant uptake. Our main objective was to evaluate sugarcane yield as well as
changes in the distribution of soil P pools, under phosphate fertilizer sources and their management,
over two years of sugarcane cultivation. The experiment was established in August 2013 with
two phosphate sources (TSP (triple superphosphate) and RP (Bayovar rock phosphate)) and three
application methods: as broadcast, at planting furrow and combining half broadcast/half plant
furrow, all at the rate of 180 kg ha−1 soluble P2O5 being applied at crop establishment. Sugarcane
yield and P uptake was evaluated, and soil was sampled after harvest in August 2015 to analyze P
fractions. Substantial amounts of P derived from fertilizers were accumulated as inorganic and/or
organic moderately labile P. Broadcast application of TSP was not able to enhance total P in 0–40 cm
layer compared to control treatment. In general, TSP was more effective to supply P for sugarcane
and keep more of this nutrient in all labile fractions in the soil. However, the potential residual effect
of RP (Ca-P) is expected in the following years, slowly solubilizing over the time.

Keywords: triple superphosphate; rock phosphate; phosphorus fractionation; broadcast application;
banded application; Saccharum spp.

1. Introduction

Brazil grows 9.1 Mha of sugarcane. It is the world’s largest producer of sugar and accounts for
one-third of the global production of bioethanol [1]. Sao Paulo is the top producing state with 4.7 Mha,
accounting for 55.1% of Brazil’s sugarcane area [2]. It is estimated that a further 6.4 Mha of new
sugarcane area will be required to meet the Brazilian demand for ethanol by 2021 [1]. This additional
land will primarily come from areas currently in degraded pasture [3], which are classified as low yield
environments because of their acid soils, low natural fertility and low phosphorus (P) availability [4].

Phosphorus plays an indispensable role in plant development, for photosynthesis,
root development and tillering, and its addition to tropical soils is necessary for maximizing yield [5].
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The typically acid soils in the Brazilian cerrado are naturally low in available P and have a large
potential to immobilize P to clay and Fe and Al (hydr) oxides surfaces via adsorption. Only 10–30%
of water soluble P fertilizer sources are taken up by plants in the year of application in tropical soils,
with the remainder rendered largely unavailable for plant uptake through soil immobilization [6].
This adsorption increases with fertilizer–soil contact time and is greatest when highly soluble P
fertilizers are applied to areas that have been recently converted from impoverished and degraded
grassland [7]. Thus, high inputs of P fertilizer are continuously needed to optimize sugarcane yield,
typically ranging 40–180 kg ha−1 of P2O5, and mostly applied at planting [8,9].

Phosphate fertilizer sources show distinct differences in soil P availability. Soluble sources are
fully available for plants immediately after application, but are susceptible to rapid adsorption by the
soil. Sources of P with low solubility such as rock phosphate (RP) release P more slowly into solution
but are much less expensive and also less susceptible to adsorption over time [6,7,10]. In addition,
phosphate fertilizer placement can strongly influence its agronomic efficiency in sugarcane. Previous
research suggests that RP works better when broadcast and incorporated uniformly into the soil
rooting layer, being as efficient as soluble P fertilizer sources. In this way, there are more roots in
contact with zones of higher P concentrations, although the higher soil–P contact can increase chemical
adsorption and keep more P in non-labile forms [10]. In contrast, localized P application (furrow)
promotes less soil–P contact and hence minimizes adsorption and improves uptake of P by plants [11].
Understanding the dynamics of P when fertilizers are applied by different placement strategies can
help to utilize P more efficiently in sugarcane fields, especially in newly converted areas with very low
inherent soil P fertility.

More investigations are needed to understand the distribution of the different forms of P in the soil
profile after P application with the aim of improving the efficiency of phosphate fertilizer management.
Phosphorus fractionation procedures can contribute to our understanding of P availability dynamics by
differentiating soil inorganic and organic P forms into operationally defined pools of labile, mod-labile
and non-labile [12–14]. The objective of this study was to evaluate sugarcane yield and the distribution
of soil P in the profile after two years of sugarcane cultivation following different sources and
application methods of P fertilizer, to sugarcane grown in an area recently converted from degraded
grassland in the Brazilian Cerrado.

2. Materials and Methods

2.1. Site Description and Experimental Treatments

A field experiment was established in Agudos, Sao Paulo State, Brazil, located at latitude 22◦33′ S
and longitude 49◦06′ W with an altitude of 715 m, in August 2013. The first two cropping cycles
of 2013/2014 and 2014/2015 were evaluated and the total rainfall was 914 and 1191 mm in each
12-month crop cycle, respectively. Here, we present only the results of the second season for cane yield
and P extraction since we focused on the residual effect of fertilizers applied at plant establishment.
The mean annual temperature in this region is approximately 21 ◦C with the maximum monthly mean
temperature of 28 ◦C in February and the minimum of 11 ◦C in July.

The research site was previously a pastureland for extensive grazing for more than 20 years
after Cerrado deforestation. Previous to sugarcane establishment, the pasture was desiccated with
the application of glyphosate at the rate of 4 L of active ingredient ha−1. The soil was limed with
2.0 t ha−1 and treated with 1.0 t ha−1 of gypsum. Lime and gypsum were incorporated by two disc
harrows to the layer of ~0–20 cm. The soil type is a loamy sand soil classified as Latossolo Vermelho
Amarelo distrófico [15] or Hapludox [16]. Selected properties of the soil before the trial establishment
are presented in Table 1.
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Table 1. Selected physical and chemical properties of the soil before establishment of the sugarcane trial in 2013.

Depth pH CaCl2 OM a P-resin K Ca Mg Al H + Al
SB b CEC BS c m d Texture DCB Oxalate PMAC g

Sand Silt Clay Fed
e Ald

e Feo
f Alo

f

cm g kg−1 mg kg−1 mmolc kg−1 % g kg−1 mg kg−1

0−20 4.3 12.5 4 1.6 6.0 4 3 27 11.8 38.1 31 16 884 4 112 15.3 42.3 0.6 1.4 342
20−40 3.9 3 1.9 3.0 2 6 38 6.8 44.8 15 48 835 27 138
40−60 4.0 2 0.8 2.8 0.8 7 34 4.3 38.5 11 63 832 17 151
60−80 3.9 1 0.7 2.8 0.9 9 31 3.8 34.6 11 70 825 24 151

a Organic matter; b Sum of basic cations; c Base saturation; d Al saturation; e Fe and Al extracted by dithionate-citrate-bicarbonate; f Fe and Al extracted by ammonium oxalate; g Maximum
soil adsorption capacity of P.
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The treatments were composed of two phosphate sources and three distinct fertilizer placements
at sugarcane planting. Triple superphosphate (TSP—46% soluble P2O5) and Gafsa rock phosphate
(RP—9.6% soluble and 28.5% total P2O5) were both: (i) broadcasted and incorporated to 0–20 cm
(B); (ii) applied in the bottom of the planting furrow, around 20–30 cm deep (F); or (iii) applied half
broadcast incorporated and half at planting furrow (B + F). The rate used was 180 kg ha−1 of soluble
P2O5 (78 kg P ha−1) for all treatments (equivalent to a row material total of 391 and 1875 kg ha−1

for TSP and RP, respectively). A treatment without P application was also established as control.
The arrangement was in a split-plot design with P sources as main plots and application methods as
sub-plots, with three replicates. Each sub-plot consisted of 6 rows of 10 m, with 1.5 m of row space,
comprising 90 m2 in total.

At establishment, the furrow was opened and the sugarcane (buds/stalks) planted manually at
18–20 buds per row meter, with the stalks arranged tip to end, cutting the stalks to a common length
to ensure three to four buds on each individual piece. The stalks were then covered with a soil layer
of 5–10 cm by mechanical operation. The sugarcane variety used was RB867515, which is the most
currently cultivated variety in the Central-Southern Brazil, accounting for over 27% of the cropping
area [17]. This variety is recommended for medium to low natural fertility soils. At planting, before
disposing the stems in the furrow, the respective P fertilizer treatments were applied in combination
with 60 kg ha−1 of N and 125 kg ha−1 of K as urea and potassium chloride, respectively. Fertilizer
application for the second season was performed one and a half months after harvest, in August 2014,
using 90 kg ha−1 of N and 90 kg ha−1 of K2O as ammonium nitrate and KCl, respectively. It was
top-dressed in soil surface right beside the plant line (~10 cm). No P fertilizer was added in the
second season.

Sugarcane yield and P uptake responses to the treatments after two growing seasons were
investigated in August 2015. Harvest and tissue sampling were performed manually. Yield was
considered for the four center row of sugarcane in the subplot (total 60 m2). Tissue samples were taken
from top leaves, dead leaves and cane stalk, recording the total DM and P content of each plant part,
determined by acid digestion method [18]. After determination, total P uptake was estimated by the
sum of proportional amount in each part of the crop, being presented in the results only the total P.

2.2. Soil Sampling and Phosphorus Analyses

Soil samples were collected in August 2015 after the second harvest to account for P fractionation
analysis. These samples were taken from the central rows of each sub-plot, right up the plant line, using
an auger with 2 cm internal diameter, at the depths of 0–10, 10–20 and 20–40 cm. Four sub-samples
were taken to form one composite sample in each sub-plot. Soil samples were air dried, passed through
2 mm sieve, and packed in polyethylene bags until the laboratory analysis.

The soil P fractionation was performed according to the methodology proposed by
Hedley et al. [13], with modifications made by Condron et al. [19]. Different extractants were added to
0.5 g of soil in sequential order of: anion exchange resin (PAER) and NaHCO3 0.5 mol L−1 (PiBIC and
PoBIC); labile inorganic and organic P; NaOH 0.1 mol L−1 and HCl 1.0 mol L−1 (PiHID-0.1, PoHID-0.1

and PHCl); moderately labile inorganic and organic P; and NaOH 0.5 mol L−1 (PiHID-0.5, PoHID-0.5)
non-labile inorganic and organic P. In all steps, the suspension was stirred for 16 h in an end-over-end
shaker (33 rpm). At the end of the sequential extraction, the remaining soil residue was dried at 50 ◦C,
ground to homogenize, and digested with a mixture of concentrated H2SO4, 30% H2O2 and saturated
magnesium chloride to determine the residual P (PResidual) [20]. The inorganic P was measured directly
in extractant solutions by colorimetric method of Murphy and Riley [21] at 882 nm for acid extracts,
and Dick and Tabatabai [22] at 700 nm for alkaline extracts, using spectrophotometer (Femto 600
plus, Femto, São Paulo-Brazil). The organic P in alkaline extractants was estimated by the difference
between total P, determined after digestion of the extracts with 7.5% (weight/volume) ammonium
persulfate ((NH4)2S2O8) solution and 50% H2SO4 in an autoclave (103 kPa, 121 ◦C) for 2 h [23], and the
inorganic P in each extractant.
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The maximum soil P adsorption capacity (PMAC) was estimated in soil samples collected at
the depth of 0–20 cm before trial establishment, according to the methodology proposed by Sui and
Thompson [24]. Two grams of soil were placed in 50 mL falcon tubes, in triplicate, and mixed with 20
mL of 13 different solution concentrations, equivalent to 0, 5, 10, 20, 40, 60, 80, 120, 200, 280, 360, 440,
and 520 mg L−1 P. The solutions were prepared by dissolving KH2PO4 in 0.01 M CaCl2. The tubes were
stirred for 48 h at 25 ◦C. After that, they were centrifuged at 2500 rpm for 10 min. The P concentration
in supernatant was measured by colorimetric method of Murphy and Riley [21]. The P adsorption
data were fitted to Langmuir equation, presented as value of PMAC in Table 1.

To identify the main minerals which can interfere with the availability of P in the soil, X-ray
diffraction (XRD) analysis of the clay fraction was performed in the same 0–20 cm soil sampled
previously to trial establishment, following the methodology described by Jackson [25] for glass
slide preparation (Figure 1). The diffractograms were generated using a Miniflex II Desktop X-Ray
Diffractometer (Rigaku Corporation, Tokyo, Japan), with CuKα radiation, with intervals from 5◦ to
30◦ 2θ and from 10◦ to 50◦ 2θ for samples without (Figure 1A) and with iron (Figure 1B), respectively.
According to this analysis, a predominance of kaolinite and anatase in the soil was detected, otherwise
a small amount of gibbsite and hematite were present, which influenced directly the small PMAC
value mentioned above.
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dithionate-citrate-bicarbonate (DCB) (A) and without DCB (B). An, anatase; Cl, chlorite; Gb, gibbsite;
Hm, Hematite; Kt, Kaolinite.

2.3. Statistical Analysis

Variance homogeneity and normality of data were tested for each analysis before conducting
analysis of variance (ANOVA). Data were transformed using Box–Cox techniques [26] and outliers
were removed when needed. Then, the data were submitted to ANOVA using GLM procedure to test
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the effect of phosphate fertilizer sources and application methods on soil P fractions, cane yield and
P uptake. When the interaction source × placement and/or each individual factor were significant,
means were tested using t-LSD (Student) (p < 0.05). All the statistical analyses were performed in SAS
9.4 (SAS Institute, Inc., Cary, NC, USA).

3. Results

3.1. Cane Yield and P Uptake

Cane yield was significantly improved by P fertilizer sources used at establishment (139.8 and
135.2 t ha−1 under TSP and RP, respectively) when compared to control treatment (119.4 t ha−1)
(Figure 2A) without significant effect of placement. Phosphorus uptake by sugarcane under TSP in all
application methods and RP applied as broadcast and B + F were higher than control treatment and
RP in planting furrow (Figure 2B).
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Figure 2. Cane yield (A); and sugarcane total P uptake (B) in different treatments. Means followed by
the same letter were not significantly different at p < 0.05 by LSD test. Control treatment: no phosphorus
addition; TSP, triple superphosphate; RP, rock phosphate; B + F, half broadcast and half furrow.

3.2. Labile P Fractions (PAER, PiBIC and PoBIC)

The evaluation of P lability after two years of trial establishment, right after sugarcane second
harvest, is presented in Figure 3. The first fraction extracted was PAER, which is the labile inorganic
P most readily diffused into soil solution and the most available one, easily taken up by sugarcane.
According to our data, in the layer 0–10 cm, PAER level was lower than the other depths (Figure 3A),
recording the highest value under RP broadcasted, but only significantly higher than TSP at planting
furrow. The highest PAER levels were recorded under TSP applied in planting furrow in 10–20 and
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20–40 cm, significantly higher than the other treatments. Broadcasted RP and TSP were not able to
increase PAER significantly related to control treatment in 10–20 and 20–40 cm, respectively, while other
treatments successfully increased PAER in these two depths.
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soil layers. Horizontal bars show the standard error for the mean comparisons. Control treatment:
no phosphorus addition; TSP: triple superphosphate; RP, rock phosphate; B, broadcast; F, furrow; B + F,
half broadcast and half furrow.

The highest accumulation of inorganic P extracted by NaHCO3 0.5 mol L−1 (PiBIC) was observed
in 10–20 cm for all sources and placements evaluated here, except for broadcasted RP which was
in 0–10 cm surface layer (Figure 3B). Triple superphosphate applied all at planting furrow or B + F
promoted a great increase in PiBIC level compared to the other treatments in 10–20 and 20–40 cm layers.
Broadcast application was the most effective way to increase PiBIC in the layer 0–10 cm, while not
detected in deeper layers since PiBIC fraction is not capable to move through the soil profile.

Organic P extracted by NaHCO3 0.5 mol L−1 (PoBIC) tended to accumulate more in 20–40 cm
layer under all treatments, being TSP applied at furrow the one that promoted the highest PoBIC in all
three evaluated layers (Figure 3C).

3.3. Moderately Labile P Fractions (PiHID-0.1, PoHID-0.1 and PHCl)

When we look into the P fractions of moderate lability in the soils it is clear that PiHID-0.1 level
was significantly higher than control treatment in all the treatments except for RP both as broadcasted
and at planting furrow in the layer 0–10 cm (Figure 4A). Triple Super Phosphate applied as B + F and
at furrow promoted the highest PiHID-0.1 level compared to the other treatments in 10–20 cm, while RP
broadcasted did not change this fraction compared to control treatment. In 20–40 cm depth, TSP at
planting furrow and B + F promoted the highest content of PiHID-0.1, significantly higher than all other
treatments, being 2.3 times higher than control treatment when applied at furrow. Meanwhile, RP at
any application method and TSP broadcasted were not able to change this fraction compared to control
treatment. Averaged across P sources and placements, PiHID-0.1 represented 8.5% of total P in 0–40 cm
soil layer.
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The use of RP did not change the organic P extracted by NaOH 0.1 mol L−1 (PoHID-0.1) in the top
layer, keeping it similar to the control treatment (Figure 4B). However, TSP in all application methods
resulted in lower contents of PoHID-0.1 compared to control treatment and RP. TSP and RP applied as
B + F promoted the highest contents of PoHID-0.1 in 10–20 and 20–40 cm, respectively. Other sources
and placements did not increase PoHID-0.1 compared to control treatment in 10–20 and 20–40 cm
depth layers.

Triple superphosphate in all application methods did not enhance P extracted by HCl in all the
layers compared to control treatment (Figure 4C). Broadcasted RP has accumulated the highest PHCl in
0–10 cm (83.3 mg kg−1), 12.8 times higher than TSP in the same application method, while in 10–20
and 20–40 cm B + F and furrow application of RP were the most effective methods to increase this
P fraction, respectively. The highest concentration of PHCl was recorded in 10–20 cm depth under
RP as B + F (114.5 mg kg−1), being 5.5 times higher than the average of the other treatments in the
same layer.

3.4. Non-Labile P Fractions (PiHID-0.5, PoHID-0.5 and PResidual)

Broadcasted RP was the only treatment which increased the content of non-labile inorganic
P (PiHID-0.5) compared to control treatment in the top surface 0–10 cm (Figure 5A). In 10–20 cm,
RP applied as B + F and at furrow promoted high contents of this P fraction, significantly higher
than the others. In 20–40 cm, RP applied as B + F resulted in the highest content of PiHID-0.5. Overall,
PiHID-0.5 tended to accumulate more in 20–40 cm depth and RP application was more successful to
increase this P fraction compared to TSP in all three depths evaluated.
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Organic P extracted by NaOH 0.5 mol L−1 (PoHID-0.5) in 0–10 cm was higher than control treatment
in all treatments except for broadcasted TSP (Figure 5B). In 10–20 cm, TSP and RP at furrow application
and RP at broadcast application resulted in the higher contents of PoHID-0.5 compared to the other
treatments. Furrow application of TSP showed the lowest PoHID-0.5 content in 20–40 cm depth and it
was the only one significantly different from control treatment. Looking at the soil profile, PoHID-0.5

followed the same trend as PiHID-0.5, i.e. enhanced with depth and tended to have more accumulation
in 20–40 cm.

The highest content of residual P was recorded under control treatment in 0–10 cm, significantly
higher than the other treatments, which is not clearly explained since other treatments were not
different from each other (Figure 5C). In 10–20 cm, RP presented the highest PResidual level when
applied at planting furrow. TSP applied at furrow promoted less PResidual compared to the other
methods, while under RP the application method did not show any effect on this P pool. In 20–40 cm,
B + F and furrow application of TSP resulted in significantly higher PResidual than RP applied in the
same ways. The highest PResidual in this layer was recorded under TSP as B + F. Most of the PResidual
accumulated in 10–20 cm when both P sources were applied, while control treatment presented the
highest value in surface layer and decreased over the soil profile.
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3.5. Soil P Balance over Time

The P balance was averaged over the whole soil profile (0–40 cm) according to the equation:
{[(P0–10 × 10) + (P10–20 × 10) + (P20–40 × 20)]/40} − P concentration (0–40 cm) in control treatment
(Table 2). The results showed that the highest accumulation of P derived from RP was recorded in
PHCl for all application methods, as expected; broadcasted TSP was not able to enhance soil total P
in the way we evaluated here; the P derived from TSP was more expressively observed in the form
of PiHID-0.1 under all application placements (less expressive in broadcasted way) after two years;
TSP applied at planting furrow resulted in the highest positive balance of labile P fractions (PAER, PiBIC

and PoBIC); and PoHID-0.5 had a negative balance in all application methods under TSP, which may be
indicative of P mineralization from organic forms after two years from the application of this soluble
P source.
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Table 2. Changes in soil P fractions compared to control treatment under sugarcane cultivation submitted to distinct phosphate sources and management after two
years from cultivation.

Management

PAER PiBIC PoBIC PiHID-0.1 PoHID-0.1 PHCl PiHID-0.5 PoHID-0.5 PResidual PTotal

TSP RP TSP RP TSP RP TSP RP TSP RP TSP RP TSP RP TSP RP TSP RP TSP RP

mg kg−1

0–40 cm

Broadcast 1.4 4.8 1.8 0.7 2.5 2.5 5.4 1.5 −11.9 −2.2 −1.9 49.5 0.0 6.1 −1.2 12.3 3.3 −0.9 −0.6 74.2
B + F 6.0 4.2 4.3 1.6 1.7 5.0 14.9 4.6 7.2 33.9 2.5 55.3 3.7 9.5 −4.3 −1.4 6.6 −2.1 42.6 110.5

Furrow 11.4 5.0 5.9 0.1 12.5 1.3 17.2 1.1 16.8 5.2 3.2 42.0 6.1 3.6 −1.9 9.3 0.5 −0.3 71.7 67.2

TSP—Triple superphosphate; RP—Rock phosphate; B + F—Half broadcast and half furrow. PAER —P extracted by anion exchange resin; PiBIC and PoBIC—Inorganic and organic P
extracted by NaHCO3 0.5 mol L−1 respectively; PiHID-0.1 and PoHID-0.1—Inorganic and organic P extracted by NaOH 0.1 mol L−1 respectively; PHCl—Inorganic P extracted by HCl
1.0 mol L−1; PiHID-0.5, PoHID-0.5—Inorganic and organic P extracted by NaOH 0.5 mol L−1 respectively; PResidual—P extracted by H2SO4 + 30% H2O2 and saturated MgCl; PTotal—Sum of
all previous fractions.
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4. Discussion

Sugarcane yield was positively influenced by the application of P fertilizers, with gains of
13.2% and 17.1% under TSP and RP, respectively, compared to control treatment, irrespective of
their placement (Figure 2A), which emphasizes the great importance of P supplementation for
sugarcane development when introduced in new areas of low fertility soils. However, distinct fertilizer
placements were not effective to change the yield, which means that broadcast or furrow applications
are working in the same way for plant development. Similarly, Caione et al. [27] reported greater
yield responses to P sources in the first cycle of sugarcane when TSP, Araxá and Bayovar RP were
used at planting furrow, reaching up to 34% increase under TSP. In addition, dos Santos et al. [28]
reported positive yield responses to many P fertilizer sources used, from 11.2% to 28.3% in Paddy soils
of Northeast region of Brazil, being the worst as NPK formula and the best as TSP. Tsado et al. [29],
working in an Alfisol in Nigeria, showed a profitable increase in sugarcane yield in the first plant
cycle when SSP and RP were applied, with no significant differences among them. de Sousa et al. [30]
investigated three seasons (ratoons) of sugarcane under five different P sources (TSP, termophosphate,
MAP, Itafos RP, and Arad RP) in central Brazil and showed that all P sources enhanced the yield of the
first ratoon, but the cumulative yield after three ratoons was not affected by P sources, while sugar
production per hectare increased under fertilizer use.

Phosphorus uptake under P fertilizer sources was also much higher than control treatment, except
for RP at furrow (Figure 2B). RP is not recommended to be applied at planting furrow since the
accumulation of Ca-P in a specific region of the soil can delay P dissolution and does not enhance P
uptake by the plants, as observed here. Broadcast and B + F placements of RP worked well for P uptake
and may reach the equivalent yields of TSP over a longer timeframe. The use of RP in tropical acid
soils can raise pH, reduce exchangeable Al and supply substantial amounts of P for cane, but needs
longer incubation time to be as effective as soluble P sources, which is supported by the work of
Hammond et al. [31] who showed that Bayovar RP can be as effective as TSP in yield improvements
in sub-humid climates. In addition, de Sousa et al. [30] showed that the residual effect of less soluble
phosphate sources was increased over the years. They recorded the following order for agronomic
efficiency of different P sources after three years of cultivation: TSP > thermophosphate > MAP > Itafos
RP > Arad RP.

The readily available fraction of P (PAER) was accumulated in deeper layers (10–20 and 20–40 cm)
because of the application method, since at furrow and B + F treatments the fertilizers were applied
close to or inside those layers. However, it was expected to see more PAER in the surface layer when
broadcasted, but it was not (Figure 3), probably due to the leaching to lower soil layers or losing in
runoff during high rainfall, as this P fraction is susceptible to such factors. Triple superphosphate
application at planting furrow was found the best way to enhance PAER for sugarcane growth;
otherwise, broadcast application of both sources should not be recommended as it did not enhance
PAER as much as the other ones, besides being more susceptible to erosion. In general, the PiBIC

under TSP was higher than RP in all depths since all P in TSP is readily soluble otherwise RP needs
some dissolution to be available, demanding Ca-P linkage breaking from the mineral structure.
Similar results were reported by Caione et al. [27], with TSP presenting higher PiBIC levels than RP
sources. Otherwise, Ruaysoongnern and Keerati-Kasikorn [32] reported significantly higher amounts
of PiBIC under RP in comparison to soluble P fertilizers. PiBIC levels were higher in 10–20 cm depth
under all sources and placements compared to control treatment, showing that it can possibly move
from the surface layers downward to deeper layers (here 20–40 cm).

The organic labile P (PoBIC) constituted a great proportion of labile P in our results (on average
52%). Furrow application of TSP resulted in the highest content of PoBIC in all depths which contrasted
to what was reported by Caione et al. [27] whose results showed no effect of P sources on this P fraction.
High content of PoBIC was detected in the surface layer under TSP at planting furrow, which can be
explained by the recycling of organic forms by straw decomposition of the first sugarcane cycle, or by
the conversion of less labile organic forms into labile forms over the cultivation time. Except of this
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treatment, for other treatments, PoBIC levels were higher in 20–40 cm than other depths. Under low
pH (4.8 in our soil) and high activity of Fe and Al, typical of tropical weathered soils, the solubility of
the secondary Pi forms is largely controlled by the mineralization of Po, and 80% of PAER variability
can be explained by PoBIC [33].

A small amount of mod-labile P in the inorganic form was found as PiHID-0.1, averaged
~21 mg kg−1 over the profile (Figure 4), similar to those reported by Caione et al. [27], which can
be explained by the type of dominant mineralogy of this soil, with only 11%–15% clay content and very
small amounts of Fe and Al (Table 1 and Figure 1). PiHID-0.1 fraction is normally composed of P linked
to amorphous and crystalline oxides of Fe and Al. It is a very reactive pool and has been identified
as source or drain of available P in soil in the humid tropics [34], and must replenish the more labile
reservoirs when depleted by plants or microorganisms [35]. In tropical soils, it has been confirmed that
the addition of inorganic fertilizers raises the concentrations of both labile and mod-labile P [27,36,37].
Moreover, evaluating the preferred forms of P stocked in soils, Conte et al. [34] observed an increase in
PiHID-0.1 with increasing the P application rate, reaching more than 20% of the total P in this fraction
in soil. In our study, TSP applied as B + F or at planting furrow was the most effective to enhance
PiHID-0.1 in 10–20 and 20–40 cm depth layers, which can be reallocated to labile P pools when this one
is depleted.

Hydrochloric acid 1 mol L–1 can extract Ca-P from apatite, but also can extract other sparingly
soluble Ca-P compounds or negatively charged oxide surfaces [13], which can represent a great amount
of P in calcareous soils. Here, the PHCl in RP treatments was several times higher than TSP in all
depths, the same as reported by Caione et al. [27]. Zoysa et al. [38] also reported that RP increased
Ca-P fraction compared to control treatment, while TSP dominantly affected P extractable by resin and
NaOH. PHCl is not readily available for plants in a short time and its availability depends on the soil
properties, such as acidity, cation exchange capacity, soil P and Ca levels, and plant mechanisms such
as organic acids released in the rhizosphere [39]. Other more stable forms of P, such as PiHID-0.5 and
PoHID-0.5, were increased with depth, with higher amounts in 20–40 cm (Figure 5), whi h should be
explained by fertilizer deposition in the furrow bottom (Furrow and B + F treatments).

Residual P is composed of recalcitrant organic and inorganic forms not available for plant uptake
in the short term [37]. The great amount of PResidual observed here is consistent with highly weathered
soils [27–37], where highly recalcitrant forms of P are accumulated in the soil as a consequence of
chemical and/or physical ligand stability [33–37]. PResidual tended to accumulate more in 10–20 cm
depth under P sources while under control treatment it decreased with depth, being the highest values
detected in the surface layer.

Taking some notes of the general overview of the results, it can be detached that higher labile P
levels were detected under TSP after two years, being an indicative of the low adsorption capacity
(PMAC) of this soil due to its low concentrations of Fe and Al oxides in its mineralogy (Table 1
and Figure 1). Otherwise, our results show that RP needs more incubation time to react with soil
particles and solubilizes more P, similar to TSP. Tambunan et al. [40] reported that RP dissolution can
be enhanced by long time contact to the soil. In addition, Chien et al. [41] stated that the relative
agronomic effectiveness of different RPs is higher or similar than soluble P fertilizers for long-term in
perennial crops.

The agronomic efficiency of less soluble phosphate sources is generally lower in the first crop
cycle of application (data observed but not presented here), but has a greater residual effect than
soluble sources, with better agronomic efficiency in the subsequent years [42], which can be proven by
our results, with similar cane yield under TSP and RP in the second year. In general, the proportion of
labile and mod-labile P pools enhanced with fertilizer application, which is in agreement with other
studies [27,36,37,43]. It also can be stated that PiHID-0.1 can act as a buffering pool in longer timeframe
evaluations under soluble P sources, while this role is played by PHCl when RP is applied. PResidual
balance under RP was almost null or negative in all application methods, which shows that P tended
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to be stored as PHCl. The highest accumulation of P derived from TSP was obtained at planting furrow
method, which promotes a concentration of applied fertilizer and keeps it where placed.

5. Conclusions

Sugarcane yield was positively affected by phosphates application, irrespective of the source and
application method, being the same response to TSP and RP after two years of evaluation. Placement
as furrow and B + F application were the most effective for TSP and RP, respectively, to increase cane
yield; otherwise, broadcast application is not recommended for any source.

In general, TSP was more effective to supply P for sugarcane and keep it in labile fraction in the
soil compared to RP after two years of sugarcane establishment, detaching furrow application as the
best management. Phosphorus from RP was dominantly stored as PHCl fraction in soil, while TSP
tended to be stored as PiHID-0.1.

Although our results are consistent, we propose more years to better understand the potential
residual effect of RP (Ca-P) for sugarcane, which is expected to be solubilized according to pH depletion
over the cropping seasons.
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