Rev Bras Cienc Solo 2025;49nspel:€0240133 Article

Special Issue

* Corresponding author:

E-mail: filipeselaucarlos@hotmail.

com

Received: July 28, 2024
Approved: March 03, 2025

How to cite: Sousa RO, Silva
JBS, Scivittaro WB, Pasa EH,
Carlos FS. Phosphorus fractions
in a lowland production system
in subtropical soil under no-
tillage. Rev Bras Cienc Solo.
2025;49nspel:e0240133.
https://doi.org/10.36783/18069657rbcs20240133

Editors: Tales Tiecher @ and
Paulo Sergio Pavinato

Copyright: This is an open-access
article distributed under the

terms of the Creative Commons
Attribution License, which permits
unrestricted use, distribution,

and reproduction in any medium,
provided that the original author
and source are credited.

I‘ P. Revista
« Brasileira de
Ciéncia do Solo

Division - Soil Use and Management | Commission - Soil fertility and plant nutrition

Phosphorus fractions in a lowland
production system in subtropical
soil under no-tillage

Rogério Oliveira de Sousa™ (2}, Juliana Brito da Silva‘'® (*), Walkyria Bueno
Scivittaro® (=), Ezequiel Helbig Pasa'” and Filipe Selau Carlos®”

M Universidade Federal de Pelotas, Departamento de Solos, Pelotas, Rio Grande do Sul, Brasil

2 Empresa Brasileira de Pesquisa Agropecudria, Embrapa Clima Temperado, Pelotas, Rio Grande do Sul,
Brasil

ABSTRACT: Phosphorus (P) is one of the most limiting elements for plant nutrition in
tropical and subtropical soils due to its high binding energy on the surface of iron and
aluminum oxides and hydroxides. Flooded rice cultivation occurs in lowlands, influencing
redox reactions and P dynamics. This study aimed to evaluate the forms of phosphorus
and their lability after soil reoxidation subsequent to a period of flooding for irrigated rice
cultivation following four seasons of cultivation with soybean-ryegrass and corn-white
clover succession in an Albaqualf (Planossolo) fertilized with triple superphosphate under
no-tillage. The experiments were conducted in Albaqualf (Planossolo), in a 2 X 2 double
factorial scheme, with factor 1 being P fertilization and factor 2 being flooding followed
by drainage. Triple superphosphate was used as the P source. One of the experiments
consisted of a soybean-ryegrass, and the other consisted of corn-white clover, cultivated
for four years, with irrigated rice cultivated in the fifth year. Using TSP increased the
soil P-labile fraction by 107 and 114 %, for soybean-ryegrass succession and corn-
white clover succession, respectively. After the end of the flooding period and post-soil
drainage, a reduction of 17 and 13 % was observed in the P-labile and P-moderately
labile fractions, in soybean-ryegrass, respectively. And the same fractions in the corn-
white clover succession decreased 12 and 5 %, respectively. Using P fertilizer increases
the fractions of P-labile, P-moderately labile, and P-less labile in the soil. Soil drainage
after rice cultivation reduces the fractions of labile and moderately labile phosphorus in
the soil, regardless of the crop succession used.
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INTRODUCTION

Brazil plays a prominent role in the global production of food, fiber, and energy, which
will see a 30 % increase in global demand by 2050 (FAO, 2024). However, it is known
that approximately 80 % of Brazilian agricultural soils are deficient in phosphorus
(Cardoso et al., 2020; Rodrigues et al., 2021). The lack of this nutrient in the soil has
been attributed as a major limiting factor to crop productivity, which is met by using
soluble phosphate fertilizers (Richardson et al., 2011; Heuer et al., 2017). Nonetheless,
it is estimated that only 10 to 20 % of the P applied in the form of phosphate fertilizers
is made available to crops (Syers et al., 2008). The inefficiency of P use in Brazilian soils
is due to the high fixation of phosphorus in iron and aluminum oxides in tropical and
subtropical soils (Rodrigues et al., 2016). Furthermore, Brazil imports more than 80 %
of all fertilizers and raw materials for soluble phosphate fertilizers, which are the most
widely used in agriculture and have higher agronomic efficiency (ANDA, 2024). Since
phosphate fertilizers have low efficiency, it is necessary to understand techniques and
cultivation systems that improve P availability to plants.

Improving the efficiency of phosphate fertilization is necessary for adequate crop
development, as the low concentration of P in the soil occurs due to the strong interaction
of mineral surfaces and metal cations with the organic and inorganic forms of P, making it
not widely available to crops (Bortoluzzi et al., 2015). Among the forms of P that is found
in the soil, we have organic P (Po), which is composed of phosphodiesters (available as
deoxyribonucleic acid and ribonucleic acid) and phosphomonoesters (available as inositol
phosphates, adenosine phosphates and phospholipids) (Zhang et al., 2023). Another form
is inorganic P (Pi), found mainly in the soil in a smaller proportion as polyphosphates, and
in a larger proportion it precipitates and is found as orthophosphates, due to the high
affinity with cations such as Ca?*, Fe3* and Al3* (Darch et al., 2014). The low phosphate
availability in soil occurs through adsorption on surfaces such as Fe and Al oxides and
hydroxides, phyllosilicate edges and organic matter (OM), which have positive charges.
Since phosphates are anions, their largest proportion is adsorbed and becomes unavailable
to plants (Hinsinger, 2001; Gérard, 2016). Through the exchange of ligands (specific
sorption), phosphates are adsorbed on mineral surfaces, and polyvalent metal cations
can also provide a negative charge on surfaces and adsorb phosphates, reducing their
mobility in the soil (Redel et al., 2007). On the soil surface, under no-till conditions, there is
an increase in the availability of Pi in the soil solution, due to the reduction in the binding
energy of the P adsorption sites due to their saturation with the annual use of phosphate
fertilizers (Rheinheimer and Anghinoni, 2001). Futhermore, no-tillage accumulates crop
residue on the soil surface, increasing OM and its decomposition products, contributing
positively to the increase in the Po fraction close to the soil surface (Rheinheimer and
Anghinoni, 2003).

Phophorus dynamics in the soil are understood through its fractionation, which occurs
with a sequence of sample extractions with different solutions and reagents, which
selectively break the adsorption bonds of the different forms of phosphate ions in the
soil, allowing their quantification and understanding of their different forms according
to each land use (Gatiboni et al., 2013). This fractionation allows us to define the P
availability for plants, as we distinguish the stable and organic fractions and the labile
and non-labile fractions through fractional extraction. The amounts of P extracted in resin
and bicarbonate comprise the fraction of labile P in the soil (which would be available
to plants and microorganisms) while the sum of the remaining fractions of P (Pi and Po
in hydroxide and sonicate + hydroxide, Pi in HCI and residual P in sulfuric digestion),
constitute the P unavailable to plants, being characterized as the non-labile P of the soil
(Cross and Schlesinger, 1995).

Management practices such as no-tillage and crop rotation influence soil processes that
can affect phosphorus fractions (Li et al., 2023). The use of different species, such as
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grasses and legumes, over time, in the same area, characterizes crop rotation, which
in turn requires the alternation of different crops to break the disease cycle, as well as
providing a positive residual effect on the soil, environment and successor crops due
to the different plant root systems (Morrison et al., 2017; Li et al., 2021, 2023). In Rio
Grande do Sul State, lowland soils are used with irrigated rice, soybean and extensive
livestock, basically, with some areas cultivated with corn (Carlos et al., 2020; Sousa et
al., 2021). In this context, crop succession or rotation is essential for intensifying the use
of paddy fields and alternating the means of production, and is currently the best way
to control the main weed in irrigated rice, red rice (Carlos et al., 2022). The way crops
can potentially influence the P fractions in the soil is mainly related to the type of root
system, such as that of the corn crop, which is a C4 grass with more voluminous roots
and higher residual intake when compared to soybean crops.

In paddy fields cultivated with flood-irrigated rice in rotation with non-flooded crops,
such as soybeans, corn and pastures, there is an alternation in soil oxidation-reduction
conditions. Thus, during flooding, Fe oxides and hydroxides can be considered a source of
P for rice plants, as Fe reduction increases P availability (Teixeira et al., 2018). Reoxidation
of the soil after drainage for the cultivation of non-flooded species reverses the reactions
of Fe oxides and hydroxides, which precipitate in the soil in forms of low crystallinity and
begin to act again as P drains in the soil, reducing the availability of the nutrient. It was
observed that soil drainage after a flooding period increases the maximum phosphorus
adsorption capacity, and this effect remains for approximately 163 days in Argiaquoll
soil and 121 days Albaqualf soil (Teixeira et al., 2018).

This study aimed to evaluate the forms of phosphorus and their lability after soil reoxidation
subsequent to a period of flooding for irrigated rice cultivation, following four seasons
of cultivation with soybean-ryegrass and corn-white clover succession in Albaqualf
(Planossolo) fertilized with triple superphosphate under no-tillage.

MATERIALS AND METHODS

Site description

Experiments were conducted in Capao do Ledo, southern Brazil, at the Terras Baixas
Station of Embrapa Clima Temperado, Pelotas-RS, coordinates 31° 48’ 02" S and
52°29' 44" Land 12 m of altitude above sea level. Experiments were conducted in a soil
classified as Albaqualf (Soil Taxonomy) (Soil Survey Staff, 2014) or Planossolo Haplico
Eutréfico Solddico by the Brazilian classification (Santos et al., 2018), with the physical
and chemical properties described as the following: pHy,o (1:1): 5.5; O.M.: 2.2%; K:
40 mg dm3; Na: 48 mg dm3; P: 1.5 mg dm3; A?*: 0.6 cmol. dm3; Ca?*: 2.2 cmol. dm’3;
Mg?*: 1.3 cmol. dm3; soil clay content: 20 %. The climate is characterized as humid
subtropical (Cfa) with average annual temperature and rainfall of 17.8 °C and 1360 mm,
respectively.

Experimental design

One of the experiments consisted of a soybean-ryegrass succession and the other a
corn-white clover succession, with subsequent irrigated rice cultivation. Experiments
were conducted in a 2 X 2 double factorial scheme, with factor 1 being the soil sampling
period and factor 2 being phosphate fertilization. Factor 1 consisted of before and after
soil flooding for the rice crop, followed by drainage. Second sampling period was carried
out with the soil drained after the flooding period for rice cultivation. Factor 2 consisted of
the control treatment without phosphate fertilization and with phosphorus application with
triple superphosphate (TSP) at rates of 48 and 52.4 kg ha of P for corn and soybeans,
respectively, with annual reapplication by broadcast.

Rev Bras Cienc Solo 2025;49nspel:e0240133 3



Sousa et al. Phosphorus fractions in a lowland production system in subtropical soil under no-tillage

’r-
‘
Y\

Experimental design used was randomized blocks with four replications, conducted
during five crop seasons in the experimental area. Rainfed crops were cultivated during
the first four seasons, and irrigated rice was cultivated in the fifth agricultural season.
Experimental units consisted of plots with an area of 20 m2. Corn cultivar Pioneer 3063
was used, with a population density of 80,000 plants ha, and the soybean cultivar BRS
153, at a density of 400,000 plants ha’, both sown with a spacing of 0.50 m between
rows. Rice cultivar used was BRS Queréncia, with a density of 100 kg ha! of seeds, with
a spacing of 0.17 m. For weed control, the area was chemically managed with glyphosate
herbicide at a rate of 4 L ha.

Before implementing the experiment, pre-planting fertilizer with KCI was distributed in
the plots, totaling 103.8 kg ha! of K for soybeans and corn. Soon after, the fertilizer was
incorporated into the soil, using a rotary hoe in the 0.00-0.20 m layer. In the following
years, the experiment was conducted in a no-tillage system (NTS), with annual and
superficial application of KCI, in the same starting dose. For corn, a rate of 130 kg ha
of N was applied, and for rice, a rate of 100 kg ha of N, using common urea.

Soil phosphorus fractionation

In the fifth crop season of the experiment, soil samples were collected from the
experimental plots on two occasions, before and after rice cultivation. Collection before
rice cultivation was carried out 30 days before flooding, and the collection after cultivation
occurred after total drainage of the cultivated area, around 60 days after harvest. Soil
samples were composed of ten sub-samples being collected at two layers 0.00-0.025
and 0.025-0.05 m. Soil samples were dried and sieved (2 mm sieve). In these samples,
the chemical fractionation of phosphorus was carried using the method of Hedley et
al. (1982), modified by Condron et al. (1985) and adapted from Gatiboni (2003), being
fractionated in fraction P-RTA (phosphorus extracted with anion exchange resin), Pi bic
(inorganic phosphorus extracted with NaHCO;), Pi hid 01 and Po hid 01 (inorganic and
organic phosphorus extracted with NaOH 0.1 mol L), Pi hid 05 and Po hid 05 (inorganic
and organic phosphorus extracted with NaOH 0.5 mol L), Pi HCI (phosphorus extracted
with HCI 1.0 mol L) and P resid (residual phosphorus). Samples of 1.5 g of dry soil were
subjected to sequential extraction in the following order: anion Exchange resin blade (P
RTA) > NaHCO; 0.5 mol L* (Pi bic and Po bic) > NaOH 0.1 mol L (Pi hid 01 and Po hid
01) > HCI 1.0 mol L* (Pi HCI) > and NaOH 0.5 mol L (Pi hid 05 and Po hid 05). After
extractions, the remaining soil was dried in the oven and subjected to digestion with
H,SO, + H,0, + MgCl, (P resid).

The results were also classified into P-labile fraction of the soil (Pi RTA + Pi bic + Po bic),
P-moderately labile (Pi hid 01 + Pi hid 05 + Po hid 01 + Po hid 05) and P-less labile (Pi
HCI + P resid) (Costa et al., 2014).

Statistical analysis

Phosphorus forms extracted in the fractionation before and after irrigated rice cultivation
were subjected to statistical analysis using the mixed procedure. When a significant
difference was observed, the means were compared using the Tukey’s test at 5 %
probability. All statistical analyses were performed using the statistical program R® (R
Development Core Team, 2020).

RESULTS
Inorganic P (Pi)

Phosphate fertilization significantly increased the fractions of labile P (P RTA and Pi bic)
before rice cultivation and after the end of the flooding period and post soil drainage,
both in the 0.00-0.025 and 0.025-0.05 m layers, being more expressive in the layer of
0.00-0.025 m in relation to the control, in soybean-ryegrass succession (Table 1) and
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corn-white clover succession (Table 2). With soil drainage, after the flood period, the
concentration of P in the most labile fractions (P RTA and Pi bic) reduced significantly at a
layer of 0.00-0.025 m, when TSP was used in both crop successions. Phosphate fertilization
increased the fraction of moderately labile P (Pi hid 01) in relation to the control, both for
layers and for crop successions, before rice cultivation and after the end of the flooding
period and post soil drainage (Tables 1 and 2), with the exception of soybean-ryegrass
succession, in the 0.025-0.05 m layer. Having the soil drained, after a period of flooding
did not show significant effects on the P content of the moderately labile fraction. The
fraction of P associated with calcium in TSP was higher than control and there was no
effect of soil drainage after a period of flooding (Tables 1 and 2). The use of phosphate
fertilizer increased the fraction Pi hid 05 in corn-white clover succession, before rice
cultivation and after the end of the flooding period and post soil drainage at a layer of
0.00-0.025 m and before rice cultivation at a layer of 0.025-0.05 m. After the flooding
period and drainage, this form of P decreased both in the crop successions and at depths.

Organic P (Po)

There was an increase in Po content in the treatment with phosphate fertilizer at a layer of
0.00-0.025 m, before rice cultivation and after the end of the flooding period and post-soil
drainage in the soybean-ryegrass succession (Table 3) and corn-white clover succession
(Table 4). At a layer of 0.025-0.05 m, no significant differences were observed when using
phosphate fertilizer (Tables 3 and 4). The fractions of Po hid 01 and 05 were not benefit
by fertilization in both crop successions at a layer of 0.00-0.025 m before flooding for
the rice crop. After the end of the flooding period and post-soil drainage, there was a
significant difference with the use of TSP in the fraction of Po hid 01 at a layer of 0.00-
0.025 min both crop successions and at a depth of 0.00-0.025 m in the corn-white clover
succession. The fraction of Po hid 05 was not influenced by phosphate fertilization, and
in the assessment carried out on the drained soil after a period of flooding.

Table 1. Inorganic phosphorus fractions (mg kg?) of samples from Albaqualf (Planossolo) soil
collected before and after the cultivation of irrigated rice at two layers and as a function of
phosphate fertilization, in a soybean-ryegrass succession under no-tillage

0.00-0.025 m 0.025-0.05 m
Treatment
Before After Before After
P RTA (mg kg?)
Control 7.6 Ba 3.5Ba 5.3 Ba 2.9 Ba
TSP 49.0 Aa 20.7 Ab 24.9 Aa 16.5 Aa
Pi bic 0.5 mol L' (mg kg?)
Control 10.5 Ba 8.4 Ba 9.3Ba 8.6 Ba
TSP 31.6 Aa 17.4 Ab 19.3 Aa 14.9 Aa
Pi hid 0.1 mol L (mg kg*?)
Control 23.0 Ba 23.0 Ba 19.9 Ba 21.9 Aa
TSP 41.9 Aa 35.1 Aa 29.9 Aa 29.3 Aa
Pi HCI 1.0 mol L* (mg kg?)
Control 2.6 Ba 1.3 Ba 1.8 Ba 1.3 Ba
TSP 5.7 Aa 4.9 Aa 3.9 Aa 3.2 Aa
Pi hid 0.5 mol L* (mg kg?)
Control 28.8 Aa 13.5 Ab 25.8 Aa 11.3 Ab
TSP 29.7 Aa 15.1 Ab 27.9 Aa 12.6 Ab

Means followed by different uppercase letters in the columns and lowercase letters in the rows, within each
layer and fraction of P, differ statistically by Tukey's test (p<0.05). P-RTA: phosphorus extracted with anion
exchange resin; Pi-bic: inorganic phosphorus extracted with NaHCOs; Pi-hid 0.1 mol L*: inorganic phosphorus
extracted with NaOH 0.1 mol L?; Pi-hid 0.5 mol L*: inorganic phosphorus extracted with NaOH 0.5 mol L?;
P-HCI: phosphorus extracted with HCI 1.0 mol L. Control: without application of P,Os; TSP: recommended rate
of P,0s in the form TSP with annual reapplication.
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Table 2. Inorganic phosphorus fractions of samples from Albaqualf (Planossolo) soil collected before
and after the cultivation of irrigated rice at two layers and as a function of phosphate fertilization,
in a corn-white clover under no-tillage

Treatment 0.00-0.025 m 0.025-0.05 m
Before After Before After
P RTA (mg kg?)
Control 6.5Ba 3.5Ba 4.9Ba 2.7Ba
TSP 55.5Aa 26.1Ab 13.7ABa 14.1Aa
Pi bic 0.5 mol L (mg kg?)
Control 9.5Ba 7.2Ba 8.7Ba 7.2Ba
TSP 34.4Aa 18.6Ab 17.6Aa 18.5Aa
Pi hid 0.1 mol L (mg kg?)
Control 20.9Ba 23.7Ba 18.6Ba 21.6Ba
TSP 45.1Aa 35.9Aa 30.8Aa 29.4Aa
Pi HCI 1.0 mol L* (mg kg?)
Control 2.4Ba 1.1Ba 2.2Ba 1.0Ba
TSP 5.2Aa 5.0Aa 3.1Aa 2.6Aa
Pi hid 0.5 mol L* (mg kg?)
Control 21.9Ba 9.6Bb 18.6Ba 10.2Ab
TSP 33.1Aa 17.3Ab 30.0Aa 15.1Ab

Means followed by different uppercase letters in the columns and lowercase letters in the rows, within each
layer and fraction of P, differ statistically by Tukey's test (p<0.05). P-RTA: phosphorus extracted with anion
exchange resin; Pi-bic: inorganic phosphorus extracted with NaHCOj3; Pi-hid 0.1 mol L*: inorganic phosphorus
extracted with NaOH 0.1 mol L; Pi-hid 0.5 mol L*: inorganic phosphorus extracted with NaOH 0.5 mol L%;
P-HCI: phosphorus extracted with HCI 1.0 mol L. Control: without application of P,Os; TSP: Recommended
rate of P,Os in the form TSP with annual reapplication.

Table 3. Organic phosphorus fractions (mg kg?) of samples from Albaqualf (Planossolo) soil
collected before and after the cultivation of irrigated rice at two layers and as a function of
phosphate fertilization, in a soybean-ryegrass succession under no-tillage

0.00-0.025 m 0.025-0.05 m
freatment Before After Before After
Po bic 0.5 mol L* (mg kg?)
Control 30.3 Ba 30.6 Ba 26.6 Aa 25.9 Aa
TSP 40.3 ABa 48.3 Aa 33.8 Aa 37.0 Aa
Po hid 0.1 mol L (mg kg?)
Control 39.3 Aa 38.5Ba 33.4 Aa 35.6 Aa
TSP 48.2 Ab 64.8 Aa 43.3 Aa 44.3 Aa
Po hid 0.5 mol L (mg kg?)
Control 10.7 Aa 11.7 Aa 8.7 Aa 7.8 Aa
TSP 25.5 ABa 15.3 Aa 8.2 Aa 8.3 Aa

Means followed by different uppercase letters in the columns and lowercase letters in the rows, within each layer
and fraction of P, differ statistically by Tukey's test (p<0.05). Po-bic 0.5 mol L*: organic phosphorus extracted
with NaHCOs; Po-hid 0.1 mol L*: organic phosphorus extracted with NaOH 0.1 mol L; Po-hid 0.5 mol L*: organic
phosphorus extracted with NaOH 0.5 mol L. Control: without application of P,Os; TSP; recommended rate of
P,Os in the form TSP with annual reapplication.
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Table 4. Organic phosphorus fractions of samples from Albaqualf (Planossolo) soil collected before
and after the cultivation of irrigated rice at two layers and as a function of phosphate fertilization,
in a corn-white clover succession under no-tillage

e 0.00-0.025 m 0.025-0.05 m
Before After Before After
Po bic 0.5 mol L (mg kg)
Control 25.8 Ba 22.5Ba 24.4 Aa 20.5 Aa
TSP 36.8 Ab 56.9 Aa 30.1 Aa 39.6 Aa
Po hid 0.1mol L* (mg kg?)
Control 33.0 Aa 31.8 Ba 34.3 Aa 28.3Bb
TSP 42.0 Ab 63.2 Aa 36.7 Ab 45.9 Aa
Po hid 0.5mol L (mg kg?)
Control 13.4 Aa 21.5 Aa 14.2 Aa 20.2 Aa
TSP 8.3 Aa 11.6 Aa 10.0 Aa 10.1 Aa

Means followed by different uppercase letters in the columns and lowercase letters in the rows, within each layer
and fraction of P, differ statistically by Tukey's test (p<0.05). Po-bic 0.5 mol L: organic phosphorus extracted
with NaHCO;; Po-hid 0.1 mol L*: organic phosphorus extracted with NaOH 0.1 mol L?; Po-hid 0.5 mol L*: organic
phosphorus extracted with NaOH 0.5 mol L. Control: without application of P,0s; TSP: Recommended rate of
P,0s in the form TSP with annual reapplication.

Total inorganic, total organic, residual and total phosphorus

Total Pi was higher with phosphate fertilizer in relation to the control in all conditions
evaluated. There was a significant interaction of flooding followed by drainage in the
0.00-0.025 m layer with and without TSP on total Pi in soybean-ryegrass succession
(Table 5). Regarding total Po, superiority was observed with the use of TSP in the 0.00-
0.025 m layer, in the soybean-ryegrass succession (Table 5). In the corn-white clover,
at a layer of 0.00-0.025 m, the total Po concentration was higher only after the end of
the flooding period and post-soil drainage (Table 6).

Table 5. Inorganic phosphorus (Pi), organic phosphorus (Po), residual phosphorus (P resid) and
total phosphorus (P total) (mg kg*) of samples from Albaqualf (Planossolo) soil collected before
and after the cultivation of irrigated rice at two layers and as a function of phosphate fertilization,
in a soybean-ryegrass succession under no-tillage

- 0.00-0.025 m 0.025-0.05 m
Before After Before After
Pi total (mg kg?)
Control 72.5Ba 49.7Bb 62.2Ba 46.1Ba
TSP 157.9Aa 93.1Ab 105.9Aa 76.5Ab
Po total (mg kg?)
Control 80.2Ba 80.9Ba 68.7Aa 69.3Aa
TSP 114.0Aa 128.4Aa 85.4Aa 89.6Aa
P resid (mg kg?)
Control 53.7Ba 58.4Aa 55.1Ba 52.9Ba
TSP 68.3Aa 68.7Aa 62.5Aa 63.5Aa
P total (mg kg?)
Control 206.4Ba 189.0Ba 186.0Ba 168.3Ba
TSP 340.2Aa 290.2Ab 253.8Aa 229.6Aa

Means followed by different uppercase letters in the columns and lowercase letters in the rows, within each
layer and fraction of P, differ statistically by Tukey's test (p<0.05). Control: without application of P,0s; TSP:
recommended rate of P,Os in the form TSP with annual reapplication.
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Table 6. Inorganic phosphorus (Pi), organic phosphorus (Po), residual phosphorus (P resid) and
total phosphorus (P total) of samples from Albaqualf (Planossolo) soil collected before and after
the cultivation of irrigated rice at two layers and as a function of phosphate fertilization, in a corn-
white clover under no-tillage

Treatment 0.00-0.025 m 0.025-0.05 m
Before After Before After
Pi total (mg kg?)
Control 61.2Ba 45.1Ba 53.0Ba 42.8Ba
TSP 173.2Aa 102.8Ab 95.2Aa 79.6Aa
Po total (mg kg?)
Control 72.2Aa 75.9Ba 73.0Aa 69.0Aa
TSP 87.1Ab 131.7Aa 76.8Aa 95.7Aa
P resid (mg kg?)
Control 51.7Ba 52.7Aa 52.9Aa 53.2Aa
TSP 68.4Aa 64.7Aa 59.1Aa 60.4Aa
P total (mg kg?)
Control 185.0Ba 173.7Ba 178.9Ba 165.0Ba
TSP 328.7Aa 299.2Aa 231.1Aa 235.7Aa

Means followed by different uppercase letters in the columns and lowercase letters in the rows, within each
layer and fraction of P, differ statistically by Tukey's test (p<0.05). Control: without application of P,Os; TSP:
recommended rate of P,Os in the form TSP with annual reapplication.

There was a small increase in the fraction P resid with fertilization in relation to the control
in corn and soybean-ryegrass succession at a layer of 0.00-0.025 m (Tables 5 and 6),
but there was no influence of this fraction in the assessment carried on the drained
soil after a period of flooding for both layers, regardless of the crop succession. When
phosphate fertilizer was used in soybean-ryegrass, at a layer of 0.00-0.025 m, an increase
in the fraction of P resid was observed, but no effect of flooding followed by drainage on
this fraction (Table 5). Total P showed superiority in layers and crop successions when
using TSP (Table 5 and 6), showing a flooding followed by drainage effect only in the
0.00-0.025 m layer in the soybean-ryegrass succession.

P labile, moderately labile and less labile

P-labile fraction of the soil (Pi RTA + Pi bic + Po bic) was 107 and 114 % higher with the
use of TSP, for soybean-ryegrass (Figure 1a) and corn-white clover succession, respectively
(Figure 1b). The P-moderately labile (Pi hid 01 + Pi hid 05 + Po hid 01 + Po hid 05) and
P-less labile (Pi HCI + P resid) fractions had P levels 36 and 23 %, higher, respectively,
for the succession with soybean in relation control treatment (Figure 1a). In the same
comparison, an increase in P-moderately labile and P-slightly labile was observed, which
was 32 and 17 % higher, respectively, for corn in comparison treatment control 1b).
After the end of the flooding period and post soil drainage, a reduction of 17 and
13 %, respectively, was observed in the fractions P-labile and P-moderately labile, in the
soybean-ryegrass (Figure 1c) and corn-white clover (Figure 1d), a reduction of 12 and
5 %, respectively, for the same fractions.

DISCUSSION

Inorganic P

The increase in fractions labile and moderately labile Pi in the most superficial layers
of the soil observed in the experiment (Tables 1 and 2) is due to the accumulation of
phosphorus caused by the annual P fertilization, associated with the no-tillage. Rotta
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(2012), evaluating labile Pi in three areas with different years of adoption of no-tillage,
found that there was a decrease in labile Pi in only one of them, when it was subjected
to soil tillage in the last year of cultivation. In this case, the rupture of soil aggregates,
increasing the contact surface between the adsorption sites and the phosphate ion,
probably contributed to higher energy retention, as suggested by Selles et al. (1997).
Management systems that promote an increase in OM in the soil, such as no-tillage,
contribute to the increase in more labile forms of Pi, especially because organic acids
from the decomposition of OM block the sites of P adsorption due to the coating with Fe
and Al oxides (Zamuner et al., 2008).

According to Rheinheimer and Anghinoni (2003), P initially accumulates in less labile forms
(places more avid for P) with consequent P saturation and, sequentially, accumulates in
moderately labile fractions. The moderately labile fraction can act as a source or sink of
available Pi, depending on the amount of Pi added as fertilizer. Under conditions of high
application of phosphate fertilizer, higher than export by crops, excess Pi is accumulated
in moderately labile forms, draining the added P. Likewise, in a situation of low fertilizer
addition, moderately labile Pi can also act as a source, meeting the needs of the crop
(Conte et al., 2003; Gatiboni et al., 2007).

Flooding the soil for rice cultivation causes profound chemical and electrochemical
changes (Sousa et al., 2002). The most important chemical change that occurs in flooded
soils is the reduction of ferric oxides (Fe3*) to ferrous oxides (Fe?*), with a consequent
increase in Fe solubility. The transformations that occur in a flooded soil are markedly
affected by Fe chemistry, due to the large amount of Fe oxides and hydroxides that can
be reduced and the reactivity of Fe with other compounds in the soil (Sousa et al., 2023).
Phosphorus is one of the elements whose dynamics are affected by the behavior of Fe in
flooded soils, as the P-Fe compounds are those that contribute most to the P available
to plants, before and after flooding (Ranno et al., 2007).

(@ (b)
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Figure 1. Fractions of phosphorus labile (Pi RTA + Pi bic + Po bic), moderately labile (Pi hid 01
+ Pi hid 05 + Po hid 01 + Po hid 05), and less labile (Pi HCI + P resid) as a function of phosphate
fertilization in a soybean-ryegrass (a) and corn-white clover succession (b), and as a function of
flooding followed by drainage in soybean-ryegrass (c) and corn-white clover succession (d) under
no-tillage in Albaqualf (Planossolo), Capao do Ledao-RS.
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After the end of the flooding period for rice cultivation, the soil reoxidizes and there is a
reduction in the concentration of inorganic forms of labile P, both in soybean-ryegrass
and corn-white clover succession (Tables 1 and 2) due to the transformations that occur
in Fe oxides and hydroxides. During the flooding period, iron oxides and hydroxides can
be considered a source of phosphorus for rice plants, since anaerobic bacteria use ferric
oxides as electron receptors in the respiratory process, reducing them to more soluble
ferrous oxides, promoting desorption of phosphorus (Ponnamperuma, 1972). After rice
cultivation, the areas are drained, and soil reoxidation reverses the reduction reactions
of Fe oxides and hydroxides, which precipitate in the soil in forms of low crystallinity and
once again act as drains of phosphorus from the soil, reducing the amount and availability
of phosphorus. Hernandez and Meurer (1998) observed a positive correlation between
P adsorption and low-crystallinity forms of Fe.

Decrease in labile inorganic forms of P observed with the return of soil after a period of
flooding may impact the growth and yield of crops subsequently. Teixeira et al. (2018)
observed an increase in the soil P retention capacity after soil drainage, which varies
according to the soil type, with a reported duration of this effect of 121 and 163 days,
respectively, in Albaqualf and Argiaquoll soils.

Another fraction of inorganic phosphorus negatively affected by flooding followed by
drainage, was Pi hid 05 (Tables 1 and 2). There was a decrease in this phosphorus fraction
after the end of the flooding period and post-soil drainage, in soybean-ryegrass and corn-
white clover succession. The NaOH 0.5 mol L! extracts chemically and physically protected
inorganic and organic phosphorus on the internal surfaces of the microaggregates,
which are partially or totally dissolved due to flooding. Desorption of phosphorus from
this fraction allows it to change its lability and can be a form accessed by plants during
flooding.

Organic P

Unlike what occurred with the labile inorganic forms of P, the labile and moderately labile
organic forms at a layer of 0.00-0.025 m increased with drainage after a flooding period
when the soil was fertilized with TSP, although in soybean-ryegrass succession, the increase
in the fraction Po bic was not significant. Soil flooding reduces the decomposition of organic
residues, which may have caused organic P accumulation due to lower P mineralization.
However, the understanding of Po forms and dynamics in soils is scarse, as there are
several limitations in the available methodologies, thus making the understanding of its
dynamics inferior to that of Pi (Turner et al., 2005).

The Po comes from the decomposition products of microbial tissues and plant residues
added to the soil, constituting an important source of this nutrient for plants through
mineralization. Several authors have demonstrated that, initially, the absorption of
phosphorus by plants is provided by labile inorganic phosphorus fractions with intermediate
lability. Subsequently, with a decrease in the availability of inorganic phosphorus in the
soil, organic phosphorus mineralization occurs, which replaces the levels of inorganic
fractions (Rheinheimer and Anghinoni, 2003; Gatiboni et al., 2003). Thus, the increase
observed in Po levels in labile and moderately labile forms (Tables 3 and 4) observed after
the flood period for rice cultivation may compensate for the decrease in inorganic forms
(Tables 1 and 2) that occurred in this period condition. However, for this form to be used
by plants, P mineralization must occur, which may be slower in flooded environments,
as the decomposition of OM is slower (Sahrawat, 2004).

Inorganic, organic, residual, and total P

Total phosphorus is made up of different fractions in the soil, which can be transformed
into each other and present different rates of availability for plants and microorganisms
(Gao etal., 2019). The availability of total P to plants is low, with approximately 95-99 %
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being in an unavailable or insoluble form for direct assimilation (Richardson et al., 2011).
In the present study, P total was higher with the use of TSP, due to the increase in the
Pi total, Po total and P resid fractions. In relation to Pi total, the high contribution came
from the labile inorganic forms of Pi (RTA and bic). It was observed by Prakash et al.
(2018) that even with different soil uses, such as agroforestry systems, cotton-wheat,
rice-wheat, and corn-wheat, the fraction of Pi that contributed most was that associated
with Ca and Al, with a proportion of around 73.4 and 75.2 % of total Pi. It is reported by
Kiflu et al. (2017) that Po constitutes only 7 % of P total, with the largest fraction being
found in the recalcitrant form. A study conducted by Hu et al. (2016) showed changes
in the 0.00-0.10 and 0.10-0.20 m soil layers, with total P representation of 66.9-81.9 %
and 66.1-81.1 % in each layer, respectively, and variation in P concentration from 289
to 337 mg kg* in the 0.00-0.10 m layer and 269 to 326 mg kg* in the 0.10-0.20 m soil
layer. These values are higher than those found in the present study, considering the
layers of of 0.00-0.25 and 0.025-0.05 m.

Another fraction of this nutrient in the soil is P resid, which depends on the crop species,
soil pH, rate, and time of P application, and P adsorption potential in the soil (Sdnchez,
1976). It can be reversed for many years and become available for plant absorption
(Syers et al., 2008). The P resid fraction has low absorption by plants, contributing to
the accumulation of P in the soil, that is, a possible “P reservoir” accumulates in the soil
(Borie et al., 2019), justifying the increase in the P resid fraction observed with the use
of the TSP in the present study. This continuous application of P in the form of fertilizers
significantly increases Pi in the soil. Velasquez et al. (2016) observed that around
53-77 % of soil P was made up of inorganic P forms. The difference observed in the P
resid content in soybean-ryegrass succession may be related to this fraction of P being
mobilized through biological intervention of the roots, justifying the lack of significant
difference in corn-white clover succession, since root intervention is essential to make
changes and use the soil P resid. According to Borie et al. (2019), the symbiotic changes
carried by arbuscular mycorrhizal (AM) fungi and the biochemical modifications of the
roots are essential for plants to be able to access and mobilize the P resid, highlighting
the need to understand the different mechanisms and associations of the different plant
species so that the efficiency and transformation of non-labile phosphorus fractions can
be further improved into labile fractions in the soil, minimizing and optimizing the use
of phosphate fertilizers.

CONCLUSIONS

Flood-irrigated rice cultivation allows the reduction of labile inorganic forms of phosphorus
in the soil (P RTA and Pbic 0.5 mol L) in the 0.00-0.25 m layer, using triple superphosphate.
Phosphate fertilizer increases the fractions of labile, moderately labile, and less labile
phosphorus in the soil.
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