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Organic residual material such as filter cake, combined with mineral phosphate fertilizers,

may alter the soil phosphorus (P) bioavailability for sugarcane as a consequence of the

competing effect in adsorption sites. This study aimed to quantify the changes in both

the inorganic and organic soil P fractions as amended by phosphate fertilizer sources

and filter cake and to link the P fractions to sugarcane response. An experiment was

conducted in an Oxisol, in a randomized block design with factorial arrangement of

4 × 2, and three replications. Three P fertilizer sources (triple superphosphate, Araxá

rock phosphate, and Bayóvar® reactive phosphate) plus a control (no P) were evaluated

under both the presence and absence of filter cake. At the end of the second crop cycle,

the following were measured: the cane yield, the tissue P content, and soil P fractions.

All fertilizer sources were efficient in supplying P to sugarcane. Araxá rock phosphate

generated a higher accumulation in moderately labile P, whereas the soluble triple

superphosphate resulted in higher labile P. The filter cake, as a source of nutrients and

organic matter, has an important contribution to maintain more available P for sugarcane

absorption, especially when associated with triple superphosphate. The amount of P

absorbed by sugarcane was correlated with the soil labile P (r = 0.58) and also with the

inorganic P moderately labile (r = 0.42). Both fractions must be taken into account for a

short- to medium-term availability of P for sugarcane in Oxisols.

Keywords: oxisol, triple superphosphate, rock phosphate, organic matter, soil P lability

INTRODUCTION

Sugarcane is one of the leading crops in Brazil thanks to its contribution to the economic,
social, and environmental sectors, as well as being a viable alternative for renewable energy
production (1, 2). This crop has great potential for stalk production, consequently requiring
a high level of fertilizer input, since it is commonly cultivated in very weathered soils
with low cation exchange capacity and high anion adsorption sites (3, 4). These tropical
soils have naturally low total phosphorus (P) content and high P adsorption capacity,
acting as a drain on inorganic P from the soil solution (5–7). Accordingly, phosphate
fertilizer management assumes crucial importance at the planting stage of sugarcane, as it
can optimize productivity and improve crop use efficiency, both at first harvest and in
subsequent ratoons, and can increase the longevity of sugarcane plantations (8). This is
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justified by the high input of P fertilizers for sugarcane in Brazil,
reaching up to 1,263 kg ha−1 for the period of 1967–2016, with a
corresponding P offtake of 420 kg ha−1 in the same period (2).

There are many mineral P fertilizer sources available for
sugarcane, with distinct agronomical properties. Those most
commonly applied are the soluble phosphates such as single
and triple superphosphate (SSP and TSP) and mono- and di-
ammonium phosphate (MAP and DAP), accounting for more
than 90% of the phosphates used in Brazil. In the short term,
they exhibit high efficiency, but the remaining P in solution
is strongly adsorbed to Fe and Al oxyhydroxides in the soil,
resulting in strong competition between soil and plants for P
from these sources (9). As an alternative, there are less soluble
phosphates sources, such as natural rock phosphates. Although
they have less immediate P availability to plants (10), these
sources have a greater residual effect over the crop growth cycles.
Albuquerque et al. (11) tested different sources and doses of P in
sugarcane production, and they observed that Bayóvar reactive
rock phosphate led to increases in stem diameter and dry matter
at 120 days.

Faced with the high cost of mineral fertilizers, high P
adsorption, and wide availability of organic material (filter cake)
provided by the sugar-ethanol sector, there has been an upsurge
in the use of this organic material together withmineral fertilizers
in sugarcane. A valuable by-product of the ethanol and sugar
manufacturing process, filter cake is generated during the process
of clarifying the sugarcane juice and consists of crushed bagasse
and decanted sludge (12), presenting a considerable percentage of
organicmatter and nutrients for reapplication in the soil, partially
replacing mineral fertilizers (3). Furthermore, it is possible to
increase the efficiency of phosphate fertilizers in its organo-
mineral form, since filter cake can competitively reduce the
attachment of P in specific adsorption sites in soil, thereby
increasing P bioavailability (13, 14).

Chemical P fractionation is a good way to identify
changes promoted by management, even by soil tillage,
crop species, or fertilizers, in the soil P fractions (15, 16).
Hedley et al. (17) proposed a procedure well used
nowadays for a better comprehension of P dynamics. This
technique uses chemical extractors applied in sequence
to the same sample, to transfer soil P, step by step, from
the most available to the most stable inorganic P (Pi)
and organic P (Po) fractions. With this procedure, we
will be able to detect any modification promoted by
filter cake or mineral fertilizers in soil P lability under
sugarcane cultivation and consequently recommend
management practices to improve P use efficiency in
sugarcane fields.

There is evidence that after long periods of phosphate
fertilization, distinct residual fractions are accumulated in the
soil, with different degrees of binding energy (18–20). Thus,
our hypothesis is that the presence of organic compounds
associated with mineral fertilizer can increase the labile P
fractions. However, this effect is dependent on phosphate sources,
since filter cake can promote an increase in soil pH, a situation
whereby natural phosphates should maintain lower P in labile
fractions (21, 22).

In this context, we aimed to quantify changes in both
inorganic and organic soil P fractions when amended with
distinct phosphate fertilizer sources associated with filter cake
and to link the P fractions to P uptake and sugarcane yield.

MATERIALS AND METHODS

Site Information
A field experiment was conducted at Usina Catanduva SA,
a company in Santa Adelia-SP, Brazil, located at latitude
21◦20′S, longitude 43◦53′W and altitude of 600m. The soil is
classified as Latossolo Vermelho (23), equivalent to Hapludox
in Soil Taxonomy [Soil Survey (24)]. Original soil presented the
following chemical properties at the 0–20-cm-depth layer (25):
pH calcium chloride (CaCl2) = 6.0; P (resin) = 5.0mg kg−1; K+

= 1.4 mmolc kg
−1; Ca2+ = 11 mmolc kg

−1; Mg2+ = 6 mmolc
kg−1; H+ + Al3+ = 11 mmolc kg

−1; cation exchange capacity
= 29 mmolc kg−1; base saturation = 63%; and organic matter
= 7.0 g kg−1. The remaining P was determined according to the
methodology described by Alvarez et al. (26) obtaining the value
of P-remaining = 19mg dm−3. Contents of Fe2O3, Al2O3, and
SiO2 were also evaluated with the respective values of 4.5, 11.0,
and 13.2% (27). Textural composition of the soil was 180 g kg−1

of clay, 80 g kg−1 of silt, 390 g kg−1 of fine sand, and 350 g kg−1

of coarse sand (27).

Experimental Design
The trial followed a randomized complete block design with a
factorial arrangement of 4 × 2 and three replications. Each plot
was composed of five lines of sugarcane, 15m long and 1.5m
between rows, with the three central lines considered useful for
evaluation, except for the final 1.0m at each side of the plot,
which was discharged.

Three phosphate fertilizer sources were applied: TSP (44%
of total P2O5 and 41% soluble in 2% citric acid), Araxá rock
phosphate (ARP) (22% of total P2O5 and 4% soluble in 2% citric
acid), and Bayóvar R© reactive phosphate (BRP) (28% of total
P2O5 and 14% soluble in 2% citric acid) plus a control (without
P), in both the presence and absence of filter cake (7.5 t ha−1 dry
mass). Phosphate fertilizer sources were applied at the sugarcane
planting stage, at a dosage of 90 kg ha−1 P2O5 as soluble in citric
acid, which represented 50% of the amount recommended by Raij
et al. (25), in order to verify the possibility of reducing themineral
fertilizer when associated with filter cake.

Chemical characterization of filter cake was done following
the methodology described by Bataglia et al. (28), presenting the
following results based on dry mass (60–65◦C): N = 14.0 g kg−1;
P = 9.2 g kg−1; K = 3.4 g kg−1; Ca = 25.3 g kg−1; Mg = 9.0 g
kg−1; S= 3.3 g kg−1; copper (Cu)= 43mg kg−1; boron (B) 16mg
kg−1; manganese (Mn) = 753mg kg−1; iron (Fe) = 9.374mg
kg−1; and zinc (Zn)= 70 mg kg−1.

At the planting furrow, about 0.25–0.30m deep, filter cake
and phosphate fertilizer were applied together. Then, sugarcane
seedlings were distributed over the fertilizers and covered by a
0.10–0.15-m layer of soil. After 40 days of planting, 50 kg ha−1 of
N as ammonium nitrate was applied (29). After the first harvest,
in the second season, it was supplied with 120 kg ha−1 of N and
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120 kg ha−1 of K2O, with the sources ammonium nitrate and
potassium chloride, respectively (29).

Crop and Soil Evaluations
Sugarcane yield was evaluated after 24 months, considering
here only the yield of the first ratoon (second harvest)
to evaluate the residual effect of phosphate sources and
filter cake. From each of the three central rows, 3m length
was harvested manually. Stalks (t ha−1) and straw (dry
weight) were weighed separately. Samples from each plant
fraction were collected (dry leaves + top leaves + stalk)
and dried in a forced air oven (63–67◦C) until reaching
a constant dry mass mensuration. After drying, samples
were ground in a Willey mill, and the P content was
determined, according to Battaglia et al. (28). Based on these
results, the P accumulation in the shoot was determined
and, afterwards, correlated with the various P fractions in
the soil.

Soil samples were taken at 0.0–0.30-m-depth layer right after
sugarcane harvest, coincident to the plant furrow (expected place
to have greater fertilizer concentration). Composite samples were
formed by mixing 20 subsamples, taken from the three central
plant rows of each experimental unit. Soil samples were air-
dried and sieved through 2mm prior to laboratory analysis. Soil
organic matter (SOM) content was estimated according to Raij
et al. (25).

Chemical P fractionation was performed following the
methodology described by Hedley et al. (17), with some
modifications, and the fractions were grouped according to their
lability predicted by the extractants (30). Briefly, anion exchange
resin—Presin—extracts labile inorganic P readily diffusing into
solution using a resin membrane (2.0 cm2 in area); 0.5mol L−1

NaHCO3 at pH 8.5 extracts labile inorganic P (Pi NaHCO3) and
labile organic P (Po NaHCO3) (31); 0.1mol NaOH L−1 removes
moderately labile inorganic P (Pi NaOH 0.1mol L−1) (17) and
moderately labile organic P (Po NaOH 0.1mol L−1) (32); 1.0mol
HCl L−1 (PHCl) extracts moderately labile inorganic P linked
to Ca (33); 0.5mol NaOH L−1 extracts more recalcitrant forms
of inorganic P (Pi 0.5mol NaOH L−1) and non-labile forms
of organic P (Po 0.5mol NaOH L−1) (34); and residual P (P
Residual) obtained after the remaining soil was dried at 50◦C,
milled, and digested with H2SO4 + H2O2 in the presence of
saturated MgCl2 (35). Total P (Pt) in the alkali extracts (Po
NaHCO3, Po NaOH 0.1mol L−1, and Po NaOH 0.5mol L−1)
was determined by digestion with sulfuric acid (H2SO4) and
ammonium persulfate (36). Inorganic P in alkali extracts was
measured colorimetrically by Dick and Tabatabai (37). Inorganic
P in acid extracts (Presin and PHCl; and digestion of Pt NaHCO3,
Pt NaOH 0.1mol L−1, and Pt NaOH 0.5mol L−1) was measured
colorimetrically by Murphy and Riley (38). Organic P in alkali
extracts was obtained by difference between Pt and Pi.

Agronomic efficiency of sugarcane production was calculated
considering the sugarcane yield under phosphate sources, being
determined by Borges et al. (39):

Agronomic efficiency = [stalk yield with P – stalk yield
without P/dose of P applied]× 100.

Statistical Analysis
Data about P fractions and sugarcane yield were subjected
to analysis of variance (ANOVA), comparing the factors P
fertilizer source and filter cake separately and their interaction.
For significant interaction, filter cake effect on each P fertilizer
source was compared by Tukey’s test (p < 0.05). In cases
of nonsignificant interaction, the means of each factor were
compared by Tukey’s test (p < 0.05), using the SAS program 9.1.
Furthermore, a simple linear correlation between data tests and
correlation analyses between P fractions and accumulated P in
tissue was plotted using the AgroEstat statistical program (40).

RESULTS AND DISCUSSION

Soil P Fractions
Most of the P fractions were not affected by interaction between
phosphate sources and filter cake but were affected by each
factor in an isolated way (Table 1), except for the non-labile
fraction Pi NaOH 0.5mol L−1 (Figure 1). Although the dosage
of soluble P was the same for all sources, TSP was more
effective in raising the soil available P compared with BRP,
ARP, and control, as observed for the levels extracted by P
resin (Table 1). This means that P solubility from BRP and
ARP is very low in the short to medium term, especially
in soils with higher Ca levels and high pH, as observed in
the initial soil characterization of the present study. As soil
samples were collected after the second year of sugarcane
cultivation/fertilizer application, it implies that BRP and ARP
were not effective in keeping the adequate levels of soil available
P. Similar results were reported by Oliveira et al. (41) in a
study evaluating soil P fractions under pasture subjected to
phosphate amendment.

Filter cake was able to keep higher levels of P resin after
24 months (Table 1). Around 50% of the phosphate present
in filter cake is readily available, while the remaining part is
slowly mineralized in the soil over the years (42). Furthermore,
higher total organic carbon content after applying filter cake
promotes competition between available P and low-molecular-
weight organic acids for the same adsorption sites (43), keeping
more P in labile fractions in the soil. Accordingly, Bittencourt
et al. (44) recommended an organic carrier such as filter cake to
avoid P fixation and thereby increase the efficiency of phosphate
fertilizers in sugarcane, with a possible reduction of phosphate
doses over time.

A similar behavior was observed for Pi and Po extracted by
NaHCO3 as compared with P resin (Table 1), with TSP being the
best source for keeping higher levels of all labile P fractions in the
soil. Due to the importance for plants of both NaHCO3 fractions
(Pi and Po), Gonçalves andMeurer (45) suggested that they could
be included as P available indices in fertilizer recommendation
bulletins, especially in low availability of soils and low fertilizer
inputs. Under filter cake application, a significant increase in both
Pi and Po NaHCO3 levels was observed when compared with
the absence of filter cake. Moreover, most of the P extracted by
NaHCO3 is in an inorganic form, which makes it ready for plant
absorption in a short time [(46–50)].
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TABLE 1 | Soil P content extracted by each extractor in the sequence: resin, sodium bicarbonate (NaHCO3), sodium hydroxide 0.1 (NaOH 0.1mol L−1), hydrochloric acid

(HCl 1mol L−1), sodium hydroxide 0.5 (NaOH 0.5mol L−1), residual and total in soil samples cultivated with sugarcane under phosphate sources (P) and filter cake (FC)

application.

Labile Moderately labile Non-labile

P Source P resin NaHCO3 NaOH (0.1mol L−1) P (HCl) NaOH (0.5mol L−1) Residual P Total P

Pi Po Pi Po Pi Po

mg kg−1

Control 12.5b 21.4 4.3 18.8b 25.9b,c 6.7c 22.1b 23.9 133.7 269.6b

ARP§ 12.1b 18.5 4.5 18.7b 35.9a 62.7a 43.3a 24.9 137.5 358.0a

BRP 15.6b 21.7 4.3 19.0b 31.5a,b 32.4b 27.8b 19.5 139.9 311.9a,b

TSP 22.5a 31.5 7.4 29.8a 22.0c 12.1c 20.4b 15.9 125.7 287.7b

DMS 6.49 13.66 5.00 7.58 8.76 17.42 9.53 18.33 23.32 47.22

Filter cake (FC)

Without 8.2b 15.9b 2.3b 14.5b 29.4 29.3 27.8 12.7b 131.9 272.1b

With 23.1a 30.6a 8.0a 28.6a 28.2 27.7 29.2 29.5a 136.5 341.5a

LSD 6.49 7.12 2.60 3.95 4.57 9.08 4.97 9.55 12.15 24.61

F-test

P 9.38** 2.90ns 1.56ns 8.74** 8.13** 35.80** 19.93** 0.86ns 1.20ns 11.10**

FC 89.01** 19.43** 22.29** 58.28** 0.29ns 0.14ns 0.35ns 14.08** 0.66ns 36.51**

P x FC 0.76ns 0.47ns 0.15ns 0.60ns 1.35ns 0.25ns 4.73* 1.25ns 0.89ns 1.45ns

CV (%) 24.6 34.9 57.89 20.3 18.1 36.5 19.6 51.1 10.5 9.7

Means followed by different letters in the columns differ between themselves and by the Tukey test (P < 0.05). **, *, and ns: significant at 1 and 5% probability and not significant. CV,

coefficient of variation. §ARP, Araxá Rock Phosphate; BRP, Bayóvar reactive phosphate. TSP, triple superphosphate. Pi, inorganic phosphorus. Po, organic phosphorus.

The P fraction extracted by NaOH 0.1mol L−1 is an indicator
of the P adsorbed to Fe and Al oxides in the soil and
composes the moderately labile P pool (17, 51). According
to Dias (52), all the soluble P added via TSP or via apatite
dissolution (natural phosphate) might be adsorbed to Fe and
Al oxides. In this way, it is possible to follow the dissolution
of calcium phosphates by extracting with NaOH. TSP had a
higher amount of inorganic P (Pi NaOH 0.1mol L−1), and
natural phosphates (ARP and BRP) had a higher amount of
organic P (Po NaOH 0.1mol L−1) (Table 1) in this extractor
compared with the others. Carneiro et al. (53) reported similar
results while studying soil P responses to phosphate fertilization
in an Oxisol under different land uses. The increment in this
organic P fraction reduces soil P reactivity in clay structure,
especially under low P or in predominantly low clay activity
(54, 55), which can ensure that more P would be absorbed
by crops.

It is worth mentioning that all the phosphate fertilizers were
applied on planting furrow, thereby restricting soil contact. As
there were no differences in Pi NaOH 0.1mol L−1 fraction
between ARP, BRP, and the control, there was low dissolution
of these rock phosphates throughout the two crop cultivation
seasons, even under acidic soil conditions and under low P
and Ca original levels. Oliveira et al. (41), evaluating soil P
fractions under natural pasture under phosphate sources, also
reported low reactivity of Gafsa rock phosphate. Moreover, the
amount of P in moderately labile fraction was higher under TSP,
reaching mean values of 51.8mg kg−1 of Pi + Po than 44.7mg
kg−1 of the same fractions for non-fertilized soil (Table 1).

Moreover, 18% of the total P in soil under TSP application
was found in these moderately labile fractions. There was no
effect of filter cake on the Po NaOH 0.1mol L−1 fraction,
differing from labile Po fraction (Po NaHCO3). Similarly, Caione
et al. (18) reported that filter cake was not able to change
Po NaOH 0.1mol L−1. Gatiboni et al. (56), working with
successive applications of liquid swine manure in a natural
grazing situation, also observed low agronomic importance of
that organic material in terms of increasing the Po NaOH 0.1mol
L−1 fraction.

The P levels estimated by hydrochloric acid extractor (PHCl)
indicate that ARP returned the highest value in this fraction,
followed by BRP. TSP was much lower than rock phosphates,
similar to the control (Table 1). Gatiboni (57) added that the HCl
extractor can detect the P associated with phosphate fertilizer
without previous solubilization, for example, rock phosphates,
thus justifying the higher results obtained here. Otherwise, filter
cake addition did not affect PHCl fraction. Similarly, Soltangheisi
et al. (58) observed that PHCl was not influencedwhen evaluating
whether the long-term sugarcane straw removal should change
soil P dynamics.

Among the P fractions determined by the NaOH 0.5mol
L−1 extractor, inorganic P was greater under ARP application
than other sources (Table 1), which may be justified by the
amount of P present in non-available form in ARP, as tricalcium
phosphate. Supposedly, the drop in pH under previous HCl
extraction promoted changes in rock phosphate structure that
makes subsequent extraction by NaOH more effective. This
explains the lowest Pi NaOH 0.5mol L−1 under TSP, because
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FIGURE 1 | Interaction of phosphate sources (ARP, Araxá Rock Phosphate; BRP, Bayóvar reactive phosphate; TSP, triple superphosphate) and filter cake application

in sugarcane on inorganic P extracted by NaOH 0.5mol L−1. Means followed by the same letter in each source, comparing with and without filter cake, do not differ

significantly at the level of p < 0.05 by Tukey’s test.

this source has kept P in soluble forms, determined through
previous extractions. The more recalcitrant organic P fraction
(Po NaOH 0.5mol L−1) was not influenced by phosphate
sources. Organic P fractions are not normally changed by
phosphate fertilization in clay soils (59). This is supported
by our current results, except in the case of the Po NaOH
0.1mol L−1 fraction. The presence of filter cake was the only
factor that influenced Po NaOH 0.5mol L−1. The NaOH
0.5mol L−1 extractor also presented significant interaction
between phosphate sources and filter cake in Pi NaOH 0.5mol
L−1 fraction, as previously mentioned, but only under TSP
application; other sources were similar with or without filter cake
(Table 1, Figure 1).

Residual P fraction indicates no differences between
treatments, regardless of the phosphate source and/or filter
cake use (Table 1). This means that this non-labile fraction,
represented by both organic and inorganic P forms of high
recalcitrance, is barely accessed by selective chemical extractors,
presenting a lower influence on the soil P adsorption process
when phosphate fertilizers are added [30, Gatiboni et al.
(60)]. However, the largest P contents, 38–49% of the total,
were found in this fraction. Similarly, Santos et al. (61),
when evaluating P fractions in a Paleudult clayey soil under
corn cultivation with distinct fertilizer managements and

sources, detected 55% of total P in this residual fraction.
Cross and Schlesinger (30) also reported that the added P
tends to accumulate preferentially in labile fractions, with
little or no effect on the residual fraction. Otherwise, soils
with higher phosphate adsorption capacity may have a high
proportion of P strongly adsorbed, being extracted only by
strong acidic digestion. Rodrigues et al. (62) pointed out that
in Brazilian Cerrado soils, the tendency is to accumulate P in
moderately to non-labile pools when receiving regular phosphate
fertilizer additions.

There was an increment in SOM content after 24 months
under the application of filter cake (Table 2). Santos et al.
(63) pointed out that the filter cake residue, composed of a
mixture of bagasse and decanting sludge, has high levels of
organic matter, P, and Ca. The increase in organic matter
content has interfered in such a way that more P remained in
available forms (labile) in the soil, as had been observed for
the contents of P resin and P NaHCO3 (Table 1). Moreover,
the moderately labile and non-labile P fractions were also
influenced by filter cake addition, with higher content of Pi
NaOH 0.1mol L−1 and Po NaOH 0.5mol L−1. Accordingly,
Korndörfer and Anderson (64) mentioned that filter cake
promotes significant changes in soil chemical attributes, such
as increasing P availability, which was also observed by Borges
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et al. (39) on organomineral phosphate fertilizer derived from
sugarcane straw, highlighting the importance of filter cake as a
source of organicmatter and its effects on soil nutrient availability

TABLE 2 | Soil organic matter (SOM), tissue P accumulation (stalk + straw), and

stalk yield of sugarcane (first ratoon) fertilized with phosphate sources and filter

cake.

P source SOM content Tissue P accumulation Stalk cane yield

kg m−3 kg ha−1 t ha−1

Control 11 19.5b 82.5c

ARP 10 23.3b 106.3b,c

BRP 10 23.5b 126.7a,b

TSP 11 32.9 a 131.2a

Filter cake (FC)

Without 9b 21.3b 110.6

With 12a 28.4a 112.8

F-test

P 1.57ns 8.28** 13.56**

FC 34.71** 12.83** 0.14ns

P x FC 2.71ns 4.82* 0.73ns

CV (%) 8.53 19.67 13.24

Means followed by different letters in the columns differ between themselves according

to the Tukey test (P < 0.05). **, *, and ns: significant at 1 and 5% probability and not

significant. CV, coefficient of variation; ARP, Araxá Rock Phosphate; BRP, Bayóvar reactive

phosphate; TSP, triple superphosphate.

and sugarcane yield. Moreover, organic acids released from
the mineralization of organic residues such as filter cake can
block P sorption sites in soil and consequently release P to the
soil solution (65). Additionally, enhanced SOM activity of P
solubilizing microorganisms leads to increased P availability for
plant uptake (66).

Soil P Fractions and Crop P Uptake
The accumulation of P in sugarcane tissue (stalk + straw) was
more expressive under both TSP and filter cake (Table 2), with
significant interaction by Tukey’s test (p < 0.05) between them.
Consequently, cane yield was influenced by P accumulation,
being higher under TSP than under other sources. Cane yield
under BRP did not differ according to Tukey’s test (p < 0.05)
from TSP and ARP, but the latter was far lower than TSP. The
lowest yield was found in the control, differing from all P sources.
Filter cake did not affect cane yield, although an extra amount
of P and N was applied with filter cake. Similarly, Vasconcelos
et al. (67), evaluating the management of P fertilizers and filter
cake on the nutritional status and sugarcane yield in an Oxisol,
highlighted the great effect of TSP on tissue P accumulation.
They also verified higher P accumulation under filter cake than
without it, similar to the present results (Table 2). The interaction
triggering the accumulation of P indicates that filter cake effect
was more pronounced when associated with TSP (Figure 2).
Possibly, organic compounds from filter cake released into the
soil were responsible in keeping more P in labile fractions under

FIGURE 2 | Accumulated P in the sugarcane shoot after the application of phosphate sources combined with and separately without filter cake in an Oxisol. Means

followed by the same letter in each source, comparing with and without filter cake, did not differ significantly from each other at the level of p < 0.05 according to

Tukey’s test. ARP, Araxá Rock Phosphate; BRP, Bayóvar reactive phosphate; TSP, triple superphosphate.
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FIGURE 3 | Agronomic efficiency of distinct phosphate fertilizers combined with filter cake in an Oxisol in Southern Brazil.

TSP, thereby facilitating absorption by plants, which was not
observed under rock phosphate sources.

In addition, it was possible to observe that the increase in
agronomic efficiency of sugarcane after the addition of filter
cake was more pronounced when associated with the natural
phosphates BRP and ARP (Figure 3). It demonstrates that there
is an interaction between OM and phosphate fertilizers, which
can be explained by participation of organic acids in avoiding P
adsorption, as well as in the solubilization of natural phosphates
due to the supply of H+ and Ca+2 complexation by organic
acids, thus favoring the dissolution reactions (68, 69). Under TSP,
there was no difference with and without filter cake, although the
agronomic efficiency was the highest. Similar observations were
found by Matias (70) when evaluating the agronomic efficiency
of phosphate fertilizers in soils with distinct adsorption capacity
and distinct OM content.

A pooled analysis of this study revealed that the effects of
differential solubility fertilizer sources in the soil P fractions
interfered, for the most part, in the moderately labile fraction
(P NaOH 0.1mol L−1 and P HCl) and to a lesser extent in the
fractions that comprise the inorganic labile P (Pi NaHCO3 and P
resin). The gradual and restricted release of P from less soluble
sources (BRP and ARP) resulted in a residual effect different
from that produced by the most soluble sources. In the case of
TSP, the fast P solubilization made the demand of sugarcane
less dependent on soil reserves, which led to the maintenance
of P stocks of both labile and moderately labile (organic and
inorganic) fractions over the first 2 years of cultivation. As
for the other sources, slower P release meant that there was

a greater mobilization of organic and inorganic soil reserves
to meet the demand for crop cultivation, providing less stock
from the most labile fractions of Pi and Po. The presence
of filter cake contributed to the soil P remaining as much
in the more labile (Pi NaHCO3 and P resin) as in the less
labile fractions.

CONCLUSIONS

1. The filter cake, as a source of nutrients and organic matter, has
an important contribution to maintain more available P for
sugarcane absorption, especially when associating with TSP.

2. Phosphate fertilizer sources were efficient in supplying P to
sugarcane, especially TSP, followed by BRP. ARP promoted
the highest accumulation of P in the moderately labile
fractions in the soil, while the other sources left more P in
labile fractions.

3. The P absorbed by sugarcane was highly correlated with the
labile P fractions (P resin, Pi NaHCO3, and Po NaHCO3)
and also with the inorganic moderately labile P fraction (Pi
NaOH 0.1mol L−1). Those fractions should be considered
when estimating P availability in sugarcane.
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