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ABSTRACT

The application of pig slurry rates and plant cultivation can modify the soil phosphorus 
(P) content and distribution of chemical species in solution. The purpose of this study was to 
evaluate the total P, available P and P in solution, and the distribution of chemical P species 
in solution, in a soil under longstanding pig slurry applications and crop cultivation. The 
study was carried out in soil columns with undisturbed structure, collected in an experiment 
conducted for eight years in the experimental unit of the Universidade Federal de Santa 
Maria (UFSM), Santa Maria (RS). The soil was an Argissolo Vermelho distrófico arênico (Typic 
Hapludalf), subjected to applications of 0, 20, 40, and 80 m3 ha-1 pig slurry. Soil samples were 
collected from the layers 0-5, 5-10, 10-20, 20-30, 30-40, and 40-60 cm, before and after black 
oat and maize grown in a greenhouse, for the determination of available P, total P and P in 
the soil solution. In the solution, the concentration of the major cations, anions, dissolved 
organic carbon (DOC), and pH were determined. The distribution of chemical P species was 
determined by software Visual Minteq. The 21 pig slurry applications increased the total P 
content in the soil to a depth of 40 cm, and the P extracted by Mehlich-1 and from the solution 
to a depth of 30 cm. Successive applications of pig slurry changed the balance between the 
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INTRODUCTION

The State of Rio Grande do Sul (RS) has the 
second largest pig herd of the country. Approximately 
38,000 m3 of pig slurry (PS) is generated daily 
(Fepam, 2008), which is applied repeatedly in 
the same areas of cultivation, especially because 
the land distribution in the main producing 
regions in the North and Northwest of the State 
consists of mostly small farms. The PS is applied 
as organic nutrient source, including P for plants 
(Guardini et al., 2012; Lourenzi et al., 2014), which 
is one of the most limiting macronutrients for crop 
productivity in the weathered soils of tropical and 
subtropical regions (Gatiboni et al., 2008).

In soil, P is adsorbed to the functional groups 
of inorganic particles, forming an inner-sphere 
complex (Barrow, 1983) and therefore, P mobility 
and concentration in the soil solution are low 
(Frossard et al., 2000). However, when P is added 
successively and at high rates to the soil, for example 
by PS application in crop conservation systems 

such as no-tillage (NT), where the soil is not tilled, 
the total P content may increase (Berwanger et al., 
2008; Lourenzi  et  al., 2014), and especially the 
content available to plants, which can be diagnosed 
by the method of Mehlich-1 (Gatiboni et al., 2008; 
Guardini  et  al., 2012). Thus, the saturation of 
the most avid adsorption sites and a reduction 
in adsorption energy between phosphate oxygen 
and functional groups of the surface of oxides 
and clay minerals are expected, increasing the P 
concentration in the solution (Guardini et al., 2012; 
Schmitt et al., 2014); consequently, the P transfer in 
surface runoff solution to surface waters increases, 
but also migration in the soil profile by water flow, 
raising the risk of contamination of subsurface 
waters, especially in soils with sandy surface texture 
(Berwanger  et  al., 2008; Ceretta  et  al., 2010b; 
Wang et al., 2013).

The predominant chemical forms of inorganic 
soluble P in the solution of most agricultural soils 
with pH between 4 and 6 are dihydrogen and 
monohydrogen phosphate and orthophosphate, 
with the predominant chemical species H2PO4

- 

solid and liquid phases in the surface soil layers, increasing the proportion of the total amount 
of P present in the soil solution, aside from changing the chemical species in the solution, 
reducing the percentage complexed with Al and increasing the one complexed with Ca and 
Mg in the layers 0-5 and 5-10 cm. Black oat and maize cultivation increased pH in the solution, 
thereby increasing the proportion of HPO4

2- and reducing H2PO4
- species.

Keywords: organic wastes, soil solution, chemical speciation, Visual Minteq.

RESUMO: Interferência da Adição de Dejetos de Suínos e Cultivos de 
Plantas no Teor de Fósforo no Solo e suas Espécies Químicas 
na Solução

A adição de doses de dejetos líquidos de suínos e o cultivo de plantas podem modificar o teor de 
fósforo (P) no solo e a distribuição de suas espécies químicas na solução. Este trabalho objetivou avaliar 
o teor de P total, disponível e na solução e, a distribuição das suas espécies químicas na solução, em um 
solo submetido à aplicação de doses de dejetos líquidos de suínos por longo tempo e cultivo de plantas. 
O trabalho foi realizado em colunas de solo com estrutura indeformada, derivadas de um experimento 
conduzido durante oito anos, na unidade experimental da Universidade Federal de Santa Maria (UFSM), 
em Santa Maria, RS. O solo foi um Argissolo Vermelho distrófico arênico, submetido a aplicações de 0, 
20, 40 e 80 m3 ha-1 de dejetos líquidos de suínos. Foram realizadas coletas de solos antes e após os cultivos 
de aveia preta e milho em casa de vegetação, nas camadas de 0-5, 5-10, 10-20, 20-30, 30-40 e 40-60 cm, 
para determinar os teores de P disponíveis e totais e a extração da solução. Na solução,  foi determinada 
a concentração dos principais cátions, ânions, carbono orgânico dissolvido (COD) e o pH. A distribuição 
das espécies químicas de P foi obtida pelo software Visual Minteq. As 21 aplicações de dejetos líquidos de 
suínos aumentaram o teor de P total no solo até 40 cm e o teor de P extraído por Mehlich-1 e na solução 
até 30 cm de profundidade. As sucessivas aplicações de dejetos líquidos de suínos alteraram o equilíbrio 
entre a fase sólida e a líquida do solo nas camadas superficiais, aumentando a proporção do teor total de 
P do solo presente na solução, além de alterar as espécies químicas na solução, reduzindo a porcentagem 
complexada com Al e elevando a complexada com Ca e Mg nas camadas de 0-5 e 5-10 cm. O cultivo de 
aveia preta e milho elevou o pH da solução, consequentemente aumentando a proporção de HPO4

2- e 
diminuindo a espécie H2PO4

-.

Palavras-chave: resíduos orgânicos, solução do solo, especiação química, Visual Minteq.
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(Hinsinger, 2001). Plants preferentially absorb the 
P species in solution in the form of orthophosphate 
(H3PO4, H2PO4

-  and HPO4
2-) (Schachtman et al., 

1998). But the phosphate forming an ion pair 
with Ca and Mg that originates the species 
CaHPO4(aq) and MgHPO4(aq) are transferable, 
increasing the risk of environmental contamination 
(Girotto et al., 2010).

Phosphate in the soil solution can interact as 
a ligand with soluble cations such as Ca, Mg, Fe, 
and Al, among others, changing their availability 
and mobility (Girotto et al., 2010; Oburger et al., 
2011). Continued applications of PS, a multielement 
fertilizer, are expected to induce changes in the 
chemical composition and distribution of P species 
in the soil solution, together with crop cultivation, 
which can alter the concentration of elements in 
the soil solution by absorption and accumulation in 
plant tissues, by exudation of organic compounds 
and by changes in pH through the release of 
OH- or H+ (Gahoonia et al., 1992). The P species in 
soil solution can be estimated with specific software 
such as Visual Minteq, since P bioavailability and 
mobility depend on the concentration and chemical 
species in the solution (Nolla and Anghinoni, 2006; 
Zambrosi et al., 2007; Girotto et al., 2010).

The aim of this study was to evaluate the total, 
available P content and P in solution, and the 
distribution of chemical P species in solution, in a 
soil under longstanding pig slurry applications and 
crop cultivation.

MATERIAL AND METHODS

Location of the experimental area and soil
In this study, soil columns with undisturbed 

structure derived from a long-term experiment, 
at the Universidade Federal de Santa Maria, 
Santa Maria (RS) (29º 43’ 12” S, 53º 43’ 4” W). The 
experiment was established in 2000, on a Typic 
Hapludalf soil (Soil Survey Staff, 2006), with the 
following properties (0-10 cm layer), prior to the 
experiment: 170 g kg-1 clay, 300 g kg-1 silt, 530 g kg-1 
sand, 16 g kg-1 organic matter, pH in water 4.7, 
15 mg kg-1 P, and 96 mg kg-1 available K (both 
extracted by Mehlich-1); 0.8, 2.7, 1.1 cmolc dm-3 Al3+, 
Ca2+ and Mg2+ exchangeable, respectively (extracted 
by 1 mol L-1 KCl).

History of the sampling area and soil columns
The soil was collected in a field experiment 

conducted from 2000 to 2008 under no tillage (NT). 
In the crop rotation system used in this period, black 
oat (Avena strigosa S.) was predominant in fall/winter 
and maize (Zea mays L.) in spring/summer. The 
treatments consisted of applications of PS, at rates 

of 0, 20, 40, and 80 m³ ha-1, being the only source of 
nutrients, applied on the surface by broadcasting 
before crop implementation, resulting in a total of 
19 applications in the eight years of cultivation. The 
experiment was arranged in a randomized block 
design with three replications.

In January 2008, two soil columns with 
undisturbed structure were taken from each 
treatment replication, with a total of six columns 
per treatment. The soil was collected in PVC tubes 
(diameter 200 mm, length 650 mm), coupled to a 
monolith collector and driven into the soil by hand, to 
a depth of 60 cm. After sampling, the ends of the soil 
columns were covered with dark plastic and stored in 
a protected environment, in the same arrangement 
of the layers as in the field experiment.

Crops
The soil columns were placed on benches in 

the greenhouse. Then, moisture was restored with 
distilled water to reach field capacity, which was 
maintained throughout the experimental period. 
Irrigation was applied with plastic drippers 
(intravenous catheters). In this way, the intensity of 
the water supply could be controlled, preventing the 
formation of a water film on the soil surface, which 
could maximize preferential flow.

Before planting the crops, soil moisture was 
maintained at field capacity for 30 days, to restore 
the biological activity (Butterly et al., 2009). Soon 
after this period the treatments 0, 20, 40, and 
80 m3 ha-1 PS were applied again. The amount of 
slurry added to each column was defined based on 
the soil surface area so that, at PS rates of 20, 40 
and 80 m3 ha-1, respectively, 63, 126 and 252 mL PS 
was applied per column.

In May 2012, in a randomized block design 
with three replications, where the soil columns 
represented the experimental units, 20 oat seeds per 
soil column were sown. Ten days after emergence, 
the plants were thinned to 11 per soil column, which 
were grown for 71 days, coinciding with flowering. 
Thereafter, the shoots were cut and oven-dried at 
65 °C to constant weight to determine dry matter 
(DM). A small subsample was retained for chemical 
analysis and the rest of the oat DM was distributed 
on the surface of the respective soil column. In the 
following, PS rates were reapplied on oat residues, 
to simulate the manure applications in the field 
experiment, and for maize cultivation.

In August 2012, one day after PS reapplication, 
three maize seeds were sown per soil column. Twelve 
days after emergence, the plants were thinned to 
one per soil column. The plants were grown for 82 
days, coinciding with flowering. The maize shoots 
were cut, oven-dried at 65 °C to constant weight, 
the DM determined and the material stored for 
chemical analysis.
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Soil sampling and solution extraction
For this study two samplings were carried 

out: the first before planting oat and maize and 
the second after the two crops. In three of the six 
columns per treatment, the 1st sampling of soil 
was performed by opening the side of the PVC tube 
and collecting soil from the 0-5, 5-10, 10-20, 20-30, 
30-40 and 40-60 cm layers of each column collected 
in three replications of the field experiment. In the 
other three columns per treatment, PS rates were 
reapplied, preceding black oat and maize planting. 
This resulted in a total of 21 PS applications at 
the end of the crops in the greenhouse, because 
the soil used in this study was collected from a 
field experiment in which 19 applications of PS 
had been made. The 2nd soil sampling in the other 
three columns per treatment was performed after 
the two crops, in the same layers as described for 
the first sampling.

The soil of the two samplings was divided into 
two portions. One portion was refrigerated at 4 ºC. 
From these samples, the soil solution was extracted 
by the saturated soil paste method, adapted from the 
aqueous extract method proposed by Wolt (1994). 
To this end, 800 g of soil was placed in a 1-L plastic 
container with Milli-Q water, under stirring, until 
a thin layer of water was formed on the soil mass. 
The saturated soil was left to stand for 16 h to reach 
soil solution equilibrium, and was then placed in a 
Büchner funnel with qualitative filter paper (particle 
retention of 4-12 μm). The soil solution was extracted 
using a suction flask (Kitassato), coupled to a funnel 
and a suction pump. The second portion of soil was 
air-dried, sieved through 2 mm mesh and stored for 
chemical analysis.

Chemical analysis of soil, soil solution and 
plant tissue

The pH was determined in one portion of the 
solution. The rest of the extracted solution was 
filtered through 0.45 μm cellulose membrane. In 
the filtrate, dissolved organic carbon (DOC), was 
determined as described by Silva and Bohnen 
(2001); the total contents of Al, Ca, Mg, Cu, Zn, Mn, 
K, Fe, and P were determined by Atomic Emission 
Spectrometer with Inductively Coupled Plasma (ICP 
Perkin-Elmer); and the NO3

-, SO4
2- and Cl- contents 

by ion chromatography (S 135 Ion Chromatography 
System). The dissolution of P was represented 
using the partition coefficient (Kd) obtained by the 
equation Kd = total soil P/total solution P.

The ionic solution was speciated using the computer 
program Visual Minteq (version 3.0 - Gustafsson, 
2012), from the mean of three replications of the total 
concentrations of cations (Al3+, Ca2+, Mg2+, Zn2+, Cu2+, 
Mn2+, Fe2+, and K+), anions (PO4

-, NO3
-, SO4

2-, and Cl-), 
DOC and pH, determined in solution (Table 1). In this 
way, the percentage distribution of the P species in 
solution was obtained.

From the second portion of the sampled and stored 
soil, P was extracted by Mehlich-1 (Tedesco et al., 
1995) and total P by microwave-oven digestion, 
using the method EPA 3051A (Usepa, 2007). In the 
oat and maize tissues, total P was quantified by acid 
digestion (Tedesco et al., 1995). The P concentration 
in soil and plant tissue was determined by the 
method described by Murphy and Riley (1962).

Statistical analysis
The distribution data of P in the profile and 

partition coefficients (Kd) were subjected to 
analysis of variance for each sampled layer, using 
the statistical program SISVAR (Ferreira, 2011), 
with the yijk = μ + Bi + Tj + errora (i,j) + Dk + errorb 
(i,k) + T.Djk + errorc, where: μ = overall experimental 
mean; B  =  blocks (j  =  1,2,3); T  =  treatments 
(i  =  1,2,3,4); D  =  depth (j  =  1,2,3,4,5,6); and 
error  =  experimental error. Significant results 
were compared by the Scott-Knott test (p<0.05) 
and regression equations generated for the Kd 
between the treatments in the same layer, dry 
matter production and cumulative P.

RESULTS

In the 1st sampling, i.e., after restoring moisture 
and before applying PS for oat and later maize 
planting, in the 0-5 and 5-10 cm layer, the P 
concentrations in solution were highest at a PS rate 
of 80 m3 ha-1, followed by 40 m3 ha-1 (Figure 1a). 
The 19 PS rates of 20 m3 ha-1 applied to the soil in 
eight years in the field, were insufficient to raise 
the P concentration in the solution to higher levels 
than in the soil without PS application, in the 0-5 
and 5-10 cm layers.

In the 2nd sampling, i.e., after reapplication of 
PS rates to the soil columns for black oat and maize 
cultivation, P concentrations in the solution were 
higher in the surface layers (0-5, 5-10, and 10-20 cm) 
treated with 40 and 80 m3 ha-1 PS (Figure 1b). In 
the soil treated with 80 m3 ha-1 PS, P in solution 
increased down to the 20-30 cm layer. In the 30-40 
and 40-60 cm layers, no change was detected in the 
P concentration in solution. In the 2nd sampling, P 
concentration in solution was lower than in the 1st in 
the 0-5 and 5-10 cm layers in all treatments, except 
in the 0-5 cm treated with 80 m3 ha-1 PS.

The P content extracted by Mehlich-1 in the 1st 
and 2nd samplings increased with increasing PS 
rates, in the 0-5, 5-10, 10-20 and 20-30 cm layers 
(Figures 1c and 1d). Hoverer, the highest P contents 
were observed in 0-5 and 5-10 cm, considering the 
mean of both, with increases of 8.6, 17.84 and 35.23 
times in the 1st sampling and 8.7; 20.9 and 45.18 
times in the 2nd sampling, in the soil treated with 20, 
40 and 80 m3 ha-1 PS respectively, compared to the 
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Table 1. Chemical properties in the soil solution in the 1st and 2nd sampling of a Typic Hapludalf soil 
treated with 0, 20, 40, and 80 m3 ha-1 of pig slurry (PS)

Sampling Layer Al Ca Mg Mn K Fe Cl- NO3
- SO4

2- DOC pH
cm mg L-1 

 

0 m³ ha-1 of PS
1st 0-5 0.12 52.71 32.22 0.40 6.44 0.08 5.7 546.9 10.4 17.63 5.76

5-10 0.31 53.25 12.08 0.45 4.38 0.13 5.9 323.6 6.9 20.09 5.28
10-20 0.08 40.86 22.92 0.64 2.71 0.08 8.5 471.3 14.0 11.48 4.99
20-30 0.20 72.45 42.95 1.43 2.59 0.07 9.1 810.4 2.8 7.79 4.71
30-40 0.22 59.37 52.66 0.88 2.64 0.08 3.5 219.6 6.9 13.94 4.75
40-60 0.31 43.89 37.15 0.70 2.36 0.09 5.9 346.2 1.6 13.53 3.90

2nd 0-5 1.53 0.36 0.15 0.01 0.23 0.46 16.2 1.2 11.3 11.27 7.20
5-10 1.16 0.05 0.09 0.00 0.17 0.67 11.1 2.2 4.3 13.00 6.91

10-20 0.70 0.32 0.10 0.00 0.25 0.38 5.7 8.6 6.2 2.60 6.36
20-30 0.08 0.53 0.17 0.01 0.09 0.07 6.4 11.1 7.9 1.02 6.57
30-40 0.07 0.66 0.45 0.04 0.34 0.41 12.2 30.1 9.3 1.30 6.14
40-60 0.10 2.30 1.38 0.05 0.33 0.02 8.5 202.7 12.8 1.73 3.56

20 m³ ha-1 of PS
1st 0-5 0.17 177.72 131.81 0.48 9.15 0.02 8.5 1291.8 53.4 29.52 5.49

5-10 0.09 81.24 55.01 0.53 4.47 0.01 5.5 564.8 17.2 11.89 4.46
10-20 0.15 73.13 44.81 0.33 2.20 0.01 6.3 517.0 11.5 4.51 4.53
20-30 0.04 53.98 30.60 0.27 2.15 0.04 5.9 363.1 11.0 4.10 5.05
30-40 0.12 53.12 36.11 0.75 2.31 0.07 5.0 353.2 3.8 4.07 5.17
40-60 0.07 45.93 27.36 0.41 1.73 0.07 5.2 284.4 2.9 3.69 5.17

2nd 0-5 1.54 1.12 0.50 0.03 0.23 0.71 8.4 0.0 23.7 15.89 7.42
5-10 3.09 0.10 0.20 0.01 0.18 1.58 7.5 0.3 10.56 19.36 7.25

10-20 2.92 0.07 0.16 0.01 0.34 1.54 13.6 2.4 15.9 15.60 7.11
20-30 2.14 0.08 0.12 0.01 0.19 1.32 11.7 3.9 11.5 16.49 7.04
30-40 2.66 0.11 0.16 0.01 0.12 1.75 7.6 1.9 12.4 17.77 6.92
40-60 2.61 0.82 0.18 0.01 0.13 1.85 9.9 2.3 11.7 27.31 6.82

40 m³ ha-1 of PS
1st 0-5 0.13 147.79 127.42 1.83 10.36 0.02 9.3 986.8 62.0 54.54 5.72

5-10 0.18 148.21 125.18 0.72 7.61 0.01 11.2 870.5 35.3 30.34 4.76
10-20 0.13 71.00 57.40 0.55 2.44 0.02 10.3 1223.8 61.0 4.92 4.75
20-30 0.05 53.39 43.50 0.23 1.64 0.00 6.9 623.2 21.9 5.33 4.98
30-40 0.05 46.06 37.16 0.28 1.30 0.00 6.3 263.6 7.6 4.10 4.72
40-60 0.07 34.32 28.97 0.35 1.22 0.01 8.4 326.2 6.4 4.65 4.53

2nd 0-5 0.30 3.35 2.17 0.19 0.51 0.17 11.1 0.0 27.3 50.41 7.24
5-10 0.48 1.45 0.95 0.03 0.41 0.13 11.5 0.4 32.3 33.98 7.16

10-20 0.25 1.33 0.88 0.01 0.16 0.15 9.7 1.6 25.1 26.74 7.15
20-30 0.38 1.43 0.57 0.00 0.23 0.21 8.7 1.6 26.7 29.80 7.18
30-40 0.14 0.84 0.40 0.01 0.23 0.11 15.3 1.7 35.6 30.08 6.95
40-60 0.16 0.41 0.36 0.01 0.19 0.07 9.2 1.5 21.2 22.14 6.62

80 m³ ha-1 of PS
1st 0-5 0.22 506.51 375.09 1.87 26.77 0.03 9.8 2486.7 364.0 104.15 5.23

5-10 0.14 274.90 152.17 3.69 18.15 0.01 10.0 2103.1 324.2 49.21 5.18
10-20 0.09 122.27 113.08 0.38 4.47 0.01 7.8 1081.5 50.9 7.79 5.37
20-30 0.08 62.33 52.32 0.24 2.07 0.01 7.2 457.2 22.2 2.73 4.90
30-40 0.16 48.81 37.00 0.40 1.65 0.01 6.3 396.7 15.3 5.74 4.05
40-60 0.10 47.31 33.47 0.56 1.66 0.01 7.4 542.3 18.1 2.46 4.07

2nd 0-5 0.39 4.24 3.47 0.12 0.51 0.15 11.8 0.3 60.4 41.36 7.25
5-10 0.17 1.63 1.17 0.02 0.31 0.10 13.2 0.1 47.8 26.46 7.18

10-20 0.09 2.35 1.80 0.03 0.26 0.05 9.3 1.0 44.2 23.67 7.13
20-30 0.09 2.30 1.66 0.03 0.55 0.06 8.3 0.3 51.6 20.61 7.15
30-40 0.08 0.99 0.67 0.01 0.40 0.12 6.4 0.3 51.3 18.94 7.14
40-60 0.08 0.69 0.32 0.02 0.68 0.14 8.0 1.1 40.3 19.50 7.09
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soil without PS application. Also in the 2nd sampling, 
there was a reduction in P extracted by Mehlich-1 
in the 0-5 and 5-10 cm layers in all treatments, 
compared to the 1st sampling.

The total P content in the 1st and 2nd samplings 
increased with increasing PS rates in the 0-5 
and 5-10 cm layers (Figures 1e and 1f). In the 1st 
sampling, the total P concentration in soil treated 
with 40 to 80 m3 ha-1 increased to the 20-30 cm layer. 
At the rate of 20 m3 ha-1, the increase was observed 
only to a depth of 10 cm in both samplings. In the 
2nd sampling, the total P concentration increased 
to the depth of 30-40 cm at a PS rate of 80 m3 ha-1.

The partition coefficient (Kd) in the 1st sampling 
decreased linearly with increasing PS rates in the 0-5 
and 5-10 cm layers (Table 2). In the 2nd sampling, Kd 
decreased with increasing PS rates between 0-5 and 
30-40 cm (Table 2). In this sampling, Kd increased in 
all soil layers without PS application, compared with 
the 1st sampling. At the PS rate of 20 m3 ha-1, the Kd 
value increased down to the 30-40 cm layer. However, 
at the highest rates, of 40 and 80 m3 ha-1, the Kd values 
did not differ between the samplings until to the 10-20 
and 20-30 cm layers, respectively, with an increase 
in Kd after cultivation only in the layers below these.

The DM of black oat and maize plants increased 
with increasing PS rates (Table 3). The oat DM yield 
was 2.14, 2.27 and 2.57 times and maize DM 3.54, 
5.29 and 7.34 times higher than on soil without 
PS application, at rates of 20, 40 and 80 m³ ha-1 
respectively. The PS applications also caused an 
increase in cumulative P (Table 3), with increments of 
325, 463 and 623 % in oat and 863, 1668 and 2578 % 
in maize in relation to the soil without PS application, 
at PS rates of 20, 40 and 80 m³ ha-1, respectively.

The prevailing chemical species of P in the soil 
solution in all treatments, layers and samplings 
were the orthophosphates (H2PO4

- and HPO4
2-) 

(Figure 2). The sum of these two species represented 
proportions of more than 79 and 92 % in the soil 
solution in the 1st and 2nd sampling, respectively. 
In the 1st sampling in all layers and treatments, 
the prevailing chemical species of P in the soil 
solution was H2PO4

-, representing 75 to 92 % of P 
in solution. But in the 2nd sampling, the proportion 
of H2PO4

- decreased in soils treated with PS and 
in surface soil layers without PS application. The 
reduction in the monovalent species (H2PO4

-) in the 
2nd sampling was accompanied by an increase in the 
proportion of divalent species (HPO4

2-) (Figure 2). In 
the 1st sampling, the second largest proportion of 
phosphate in the layers below 5-10 cm at a rate of 
80 m3 ha-1 and in all layers of the other treatments, 
was complexed with Al (AlHPO4

+), although with a 
greatly reduced percentage of this species in the 2nd 
sampling in all treatments.

The largest proportion of AlHPO4
+ was observed 

in the soil without PS application, reaching 20.7 % 
in the 5-10 cm layer in the 1st sampling. In this 
sampling, HPO4

2- accounted for a small fraction of 
P in the soil solution without PS application, with 
lower percentages in deeper layers (Figure 2). In 
the 2nd sampling however, the percentage of HPO4

-2 
increased in the solution of the layers between 0-5 and 
30-40 cm, and was highest in the 0-5 cm layer. The 
increase in HPO4

-2 was accompanied by a reduction 
in AlHPO4

+, with percentages from 1.0 to 2.9 % in the 
layers below 5-10 cm in soil without PS application.

In the 1st sampling of soil treated with 
20 m3 ha-1 PS, the percentages of the HPO4

2- species 

Table 2. Distribution coefficients (Kd) between the solid phase and the solution in the 1st and 2nd sampling 
in a Typic Hapludalf soil treated with 0, 20, 40, and 80 m3 ha-1 of pig slurry

Layer Sampling
Rate of pig slurry

Equation R2
0 20 40 80

cm m3 ha-1
 

0-5 1st 3,133 b 2,514 b  698 a 377 a ŷ = 2949.8 - 36.26 x 0.84*
2nd 6,040 a 4,274 a 1,404 a 238 a ŷ = 6255.3 - 144.92 x + 0.860 x2 0.97*

5-10 1st 3,664 b 2,626 b 968 a 385 a ŷ = 3,365.6 - 41.56 x 0.89*
2nd 13,377 a 6,895 a 1,216 a 2,428 a ŷ = 13,653.9 - 452.71 x + 3.890 x2 0.99*

10-20 1st 2,038 b 2,070 b 1,510 a 1,527 a ns -
2nd 8,694 a 6,684 a 1,992 a 669 a ŷ = 8,154.1 - 104.12 x 0.88*

20-30 1st 933 b 1,264 b 1,488 b 2,258 a ŷ = 911.6 + 16. 41 x 0.99*
2nd 8,884 a 7,814 a 5,306 a 855 a ŷ = 9,345.9 - 103.7 x 0.98*

30-40 1st 936 b 1,020 b 1,109 b 1,707 b ŷ = 850.1 + 9.79 x 0.92*
2nd 11,849 a 5,653 a 6,391 a 5,248 a ŷ = 11,210.1 - 232.94 x + 2.013 x2 0.82*

40-60 1st 1,122 b 1,153 a 928 b 1,096 b ns -
2nd 11,554 a 2,971 a 5,955 a 5,255 a ns -

Means followed by the same letter in the column do not differ from each other in the 1st and 2nd sampling, in the same layer, by 
the Scott-Knott test (α = 0.05); *: significant at 5 %; ns: non-significant.
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were lower than 5.3 % of P in solution (Figure 2). 
The AlHPO4

+ species accounted for high proportions 
of P species, reaching 15.5 % in the 10-20 cm layer. 
In this sampling it was also observed, that at a 
PS rate of 20 m3 ha-1, the proportion of phosphate 
complexed with Ca and Mg was significant, forming 
the species CaH2PO4

+ and MgHPO4(aq), especially 

in the 0-5 cm layer, where CaH2PO4
+ accounted for 

3.7 % and MgHPO4(aq) for 1.3 % P in solution. In 
the 2nd sampling, the percentages of CaH2PO4

+ and 
MgHPO4(aq) were negligible in all layers in this 
treatment (<0.7 %) (Figure 2).

In the soil treated with 40 m3 ha-1 PS in the 0-5 cm 
layer in the 1st sampling, a greater percentage of 
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MgHPO4(aq) was observed, representing 3.9 % of the P 
species, while in the same layer, the species CaH2PO4

+ 
and CaHPO4(aq), were represented by 3.3 and 3.9 %, 
respectively. These species had lower percentages 
in the deeper layers. In the 2nd sampling after 21 PS 
applications of 40 m3 ha-1, significant proportions 
(1.2 %) of AlHPO4

+ were only found in the 40-60 cm 
layer. In this sampling, in the solution of the layers 
between 0-5 and 30-40 cm, approximately 50 % of 
P in the solution was found in HPO4

2-, with a lower 
percentage of this monohydrogen species in the 30-40 
and 40-60 cm layers.

Smaller percentages of AlHPO4
+ in the 1st 

sampling were found in the 0-5 and 5-10 cm layers, 
at a rate of 80 m3 ha-1 PS (Figure 2). In these 
layers, higher percentages of phosphate complexed 
with Ca and Mg were also observed, especially in 
the 0-5 cm layer, where the species CaH2PO4

+ and 
CaHPO4(aq) accounted for 8.1 and 1.4 % of soluble P 
and MgHPO4(aq) for 2.6 % (Figure 2). In the solution 
of the 2nd sampling, approximately 50 % of P was 
observed in the form of HPO4

2- in all soil layers with 
PS application of 80 m3 ha-1. The percentages of 
MgHPO4(aq), CaHPO4(aq) and CaH2PO4

+ on the other 
hand, decreased compared to the 1st sampling. Only 
MgHPO4(aq) was detected at higher percentages than 
1 % in the solution of the layers between 0-5 and 
20-30 cm. Other species in the solution of all layers 
of the treatments and in the two samplings, such as 
H3PO4, FeH2PO4

+, KH2PO4(aq), CaPO4
-, MnHPO4(aq), 

and Al2PO4
3+, were observed at low percentages.

Principal component analysis (PCA) of the 1st 
sampling analyzed the sum of variability in the 
components that explain 93.37 % of the original 
variability of results (Figure 3a). Of this total, 72.90 % 
was explained by factor 1 and 20.47 % by factor 2. The 
score distribution in each group across factor 1 was 
related to the PS rates, separating the treatments 80 
and 40 m3 ha-1 PS from the rate of 20 m3 ha-1, and 
from soil without PS application. For this separation, 
the most influential variables in the group of higher 
rates (80 and 40 m3 ha-1) were H2PO4

-, CaH2PO4
-, 

MgHPO(aq), CaHPO(aq), and the concentration of the 
elements Mg, Ca, NO3

-, P, SO4
2-, K, DOC, and P added. 

In the group formed by the soil without PS application 
and the PS rate of 20 m3 ha-1, the species with highest 
contribution were FeHPO4(aq), AlHPO4

+, HPO4
2- and 

the elements Al and Fe, and pH.
In the 2nd sampling, the treatments formed 

distinct groups again, where the sum of variability in 
the components explained 94.2 % of the variability of 
the results, 68.0 % of which was explained by factor 1 
and 26.20 % by factor 2 (Figure 3b). Similarly to the 
1st sampling, factor 1 separated the soil without PS 
application on the right side of the graph, together 
with the PS rate of 20 m3 ha-1 (Figure 3b), where 
the H2PO4

-, AlHPO4
+, FeHPO4(aq) species, and the 

concentrations of Al, Fe and NO3
- were the most 

influential variables. In the group on the left side, 

constituted by the PS rates of 80 and 40 m3 ha-1, 
the most influential variables were the species 
MgHPO(aq), CaHPO(aq), HPO4

2- and the elements 
SO4

2-, P, K, Ca, Mg, Mn, applied P, and pH.

DISCUSSION

The accumulation of total P, P extracted by 
Mehlich-1 and P in soil solution (Figure 1) in 
the upper soil layers occurred because of the 
application of large amounts of P in PS in the 21 
applications (707.8; 1415.6 and 2831.2 kg ha-1 P 
at rates of 20, 40 and 80 m3 ha-1, respectively). In 
addition, phosphate forms inner-sphere complexes 
with functional groups of reactive inorganic soil 
particles, which decreases phosphate mobility and 
raises its concentration near application sites in 
the surface layers of NT systems, as in this study 
(Guardini et al., 2012). These results are similar to 
those of Gatiboni et al. (2008) in an experiment on 
native pasture treated with 0, 20 and 40 m3 ha-1 
PS in 28 applications for 48 months, where P 
extracted by Mehlich-1 was accumulated to a depth 
of 20 cm and total P to a depth of 15 cm. Likewise, 
Guardini et al. (2012) observed accumulation of P 
extracted by Mehlich-1 and total P down to a depth 
of 15 and 30 cm, respectively, in a Hapludalf treated 
with pig slurry and deep-litter for eight years, in a 
succession of black oat/maize under NT.

Phosphorus accumulation in the upper soil layers 
is desirable, for being the region of concentrated 
thinner crop roots responsible for most of the nutrient 
and water uptake (Bortoluzzi et al., 2014), which is 
reflected in a greater quantity of P accumulated in the 
shoots and in DM production (Chantigny et al., 2008), 
as observed in oat and maize (Table 3). But on the other 
hand, part of the P accumulated in the upper soil layers 
can be transferred in soluble form in the runoff solution 
or adsorbed to particles, to surface waters adjacent 
to the cultivated area, increasing the risk of water 
eutrophication, which is undesirable (Ceretta et al., 
2010b; Wang et al., 2013; Schmitt et al., 2014).

The increase of P in solution, extracted by 
Mehlich-1 and total P in soils under PS application 
in deeper layers in both samplings, indicated P 
migration in the soil profile (Figures 1a, 1b, 1c, 1d, 
1e, and 1f). This probably happened because of the 
saturation of the most reactive sites of the functional 
groups on the surface of particles such as clay 
minerals and oxides, by phosphate (Berwanger et al., 
2008; Guardini et al., 2012). The movement of P in 
the profile probably occurred in soluble form, in view 
of the high concentrations found in the soil solution 
(Figure 1), by the water flow through the profile. 
But, although to a lesser degree, the migration of 
P in particulate form and by bioturbation may also 
have occurred, which is the movement of particles 
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in biopores (Ceretta et al., 2010a). The migration 
of P in the profile, especially in soils with sandy 
texture, as in the Typic Hapludalf of this study, the 
risk of subsurface water contamination is greater, 
especially in soils where the water table is shallower, 

making the water unfit for human consumption 
(Sorensen and Rubaek, 2012; Girotto et al., 2013; 
Lourenzi et al., 2014).

The P extracted by Mehlich-1 to a depth of 
10 cm in the soils under application of all PS 
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rates in both samplings were interpreted as very 
high (>42.0 mg dm-3 for soils with texture class 
4  =  ≤20 % clay) (CQFSRS/SC, 2004), i.e., above 
the sufficiency level (21 mg dm-3 for soils with 
texture class 4 = ≤20 % clay) (CQFSRS/SC, 2004) 
for crops, maximizing the risk of nutrient transfer. 
In addition, according to Gatiboni  et  al. (2014), 
59 mg P dm-3 in the 0-10 cm layer in soils containing 
≤20 % clay is regarded as the critical limit, which 
is the safe level which can be achieved in soil and, 
consequently, levels above this value can cause 
water contamination. In this study, in the 0-10 cm 
layer at all PS rates, the P concentrations extracted 
by Mehlich-1 exceeded the safety threshold. On the 
other hand, with the PS application of 80 m3 ha-1, 
the P content exceeded the critical limit to the 
20-30 cm layer, showing the risk of contamination 
of water resources even at low rates (20 m3 ha-1), 
when applied repeatedly in NT.

The reduction of Kd in soil with increasing PS rates 
in the two samplings indicates that a major fraction 
of the total P content is in solution (Table 2). This 
was probably due to saturation of the reactive sites 
of inorganic particles, which altered the equilibrium 
between the solid and liquid phases of the soil 
(Berwanger et al., 2008; Ceretta et al., 2010a). The 
low Kd values found in the surface soil layers treated 
with PS rates in both samplings can be explained in 
part by the adsorption of organic substances derived 
from the degradation of PS applied to the soil, favoring 
desorption and increasing the P concentration in the 
soil solution (Berwanger et al., 2008).

The increase in P concentration in solution 
probably contributed to a greater DM production 
and cumulative P in shoot tissues of oat and maize 
(Table 3). Aside from the organic compounds, an 
increase in the SO4

2- concentration in solution, 
especially in soil treated with PS rates of 40 and 
80 m3 ha-1 (Table 1), may have promoted competition 
for the functional groups of the surface of reactive 
particles, increasing the desorption of P retained 
with less energy (Meurer, 2010). Also, the increase 
in pH in the solution in the 2nd sampling in all 
treatments probably promoted the deprotonation 
of surface functional groups, reducing P adsorption 
(Barrow, 1983). It should be stressed that at the 
lower Kd value observed in the 0-5 cm layer in the 2nd 
sampling, treated with 80 m3 ha-1 PS, the soluble P 
concentration represented 0.4 % of the total content, 
which is higher than 0.1 %, the normal value in 
agricultural soils (Loehr, 1984). Possibly, this great 
accumulation of P in inorganic forms, readily taken 
up by plants, explains the unchanged Kd in the 
surface layers between the 1st and 2nd sampling at 
PS rates of 40 and 80 m3 ha-1.

The P concentration in soil solution in the 
surface layer (0-5 cm) in all soils with PS application 
was above 0.15 mg L-1, which is the maximum 
concentration allowed for class 3, for water that can 

be used for human consumption after appropriate 
treatment (Conama, 2005). In the surface layer 
in the 2nd sampling, the P concentration in the 
solution of soil treated with 80 m3 ha-1 was higher 
than 0.15 mg L-1 down to the 20-30 cm layer, 
confirming the interpretation of the critical limits of 
environmental contamination, which are above the 
critical limit (59 mg dm-3 P extracted by Mehlich-1 
for soils with clay content ≤20 %) (Gatiboni et al., 
2014) down to this depth, evidencing the risk of 
contamination of subsurface waters by applications 
of high PS rates to sandy soils for long periods.

The decrease in soluble P concentration and 
extracted by Mehlich-1 in the upper soil layers of all 
treatments in the 2nd sampling probably occurred 
because of P uptake by plants, which was reflected 
in an increase in cumulative P in the oat and maize 
shoots and even in DM production with increasing 
PS rates (Table 3). But even with the reduction in 
P concentration in solution in the 0-10 cm layer of 
soils treated with pig slurry, the concentrations 
were higher than those considered adequate for a 
good development of most grasses, which according 
to Hinsinger (2001), varies between 1-5 μmol L-1, 
requiring no reapplication of P.

The predominance of the H2PO4
- species in 

solution in all soils in the 1st sampling and the 
increase in the percentage of HPO4

2- in the 2nd 
sampling can be attributed to the pH of the solution, 
since in the 1st sampling, pH values were lower than 
6.0 and after cultivation, the pH values exceeded 
7.0 in most layers, since at a pH of around 7.2, 
the percentage of these two species was similar 
(Hinsinger, 2001). The reduction in the percentage 
of HPO4

2- and increase in H2PO4
- in the deeper layers, 

in the soil without PS application and with a PS rate 
of 20 m3 ha-1 in the 2nd sampling, can be explained 
by a reduction in pH in the lower layers in these 
treatments.

The opposite behavior between the proportions 
occupied by monovalent (H2PO4

-) and divalent 
species (HPO4

2-) in all treatments between samplings 
was evidenced by the negative linear correlation in 
PCA in the 2nd sampling (Figure 3b). The increase 
in the proportion of H2PO4

- species and reduction 
in HPO4

2- in the deeper layers was also reported 
by Zambrosi et al. (2008) in an Oxisol treated with 
different lime forms; this behavior can be explained by 
the lower pH in the deeper layers. The predominance 
of P in solution in the forms of orthophosphate 
(H2PO4

- and HPO4
2-) is agronomically desirable, for 

being the species absorbed preferentially by plants 
(Schachtman  et  al., 1998). The predominance of 
these P species in solution in this study possibly 
contributed to the accumulation of P in oat and 
maize tissues (Table 3). However, free species can be 
transferred by runoff and leached solution, raising 
the potential of environmental contamination 
(Girotto et al., 2010).
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The lower proportion of AlHPO4
+ in the 1st 

sampling in the soil solution after PS applications 
of 40 and 80 m3 ha-1, especially in the 0-5 cm layer, 
can be attributed to the higher DOC concentration 
(Table 1), since Al3+ has greater affinity to organic 
compounds than to phosphate (Nolla and Anghinoni, 
2006). However, the reduction in AlHPO4

+ in soil 
solution in all treatments in the 2nd sampling 
probably occurred because of the increase in the 
pH of the solution in response to the crops. The pH 
increased after black oat and maize cultivation in 
the solution of all treatments; this may indicate 
OH-/HCO3

- exudation by plant roots, as a form of 
maintaining the electrochemical equilibrium, due 
to the absorption of anions such as NO3

-, whose 
concentration in the solution decreased in all layers 
due to the cultivation of two grass species, which 
have a high demand for N, but also for P and SO4

2- in 
the surface layers (Table 1) (Gahoonia et al., 1992). 
Zambrosi et al. (2007) observed percentages higher 
than 40 % of AlHPO4

+ in the solution in a clayey soil 
treated with gypsum, with a pH value in solution 
close to 5.0, which was similar to that observed in 
the deeper soil layers in all treatments in the 1st 
sampling, indicating that aside from the pH, the 
soil properties have a great influence on P species 
distribution in the soil solution.

The increase in the species CaH2PO4
+, CaHPO4(aq) 

and MgHPO4(aq) in the solution of the upper soil 
layers in the 1st sampling, treated with 20, 40 and 
80 m3 ha-1 PS (Figure 2), was probably because of the 
high Ca and Mg concentrations in solution (Table 1), 
since Ca and the species CaH2PO4

+ and CaHPO4(aq) 
were correlated, as well as Mg and MgHPO4(aq) 
in PCA in the 1st and 2nd sampling (Figures 3a 
and 3b). The decrease in the species CaH2PO4

+, 
CaHPO4(aq) and MgHPO4(aq) in the 2nd sampling in 
all soils probably occurred because the Ca and Mg 
concentrations decreased in solution (Table 1), due 
to oat and maize uptake.

The phosphate complexation with cations in 
solution, whose species formed from this interaction 
have a positive residual charge, such as CaH2PO4

+ 

and AlHPO4
+, tend to reduce migration in the soil 

profile, since with a positive residual charge, the 
complex tends to be retained by the cation exchange 
capacity (CEC) of the soil (Meurer, 2010). In turn, 
the ion pairs MgHPO4(aq) and CaHPO4(aq) possibly 
contributed to P migration in the profile or transfer 
in the runoff solution, since the charge resulting 
from these interactions with phosphate is zero, 
reducing the attraction by functional groups of the 
surface of reactive particles and facilitating water 
flow through the soil.

CONCLUSIONS

The 21 pig slurry applications increased the total 
P content in the soil to a depth of 40 cm, and the P 
extracted by Mehlich-1 and the solution to 30 cm.

The successive pig slurry applications changed 
the balance of P between the solid and liquid phases 
in the soil surface layers, increasing the proportion 
of total P content in soil solution.

Pig slurry applications changed the chemical 
species of P in the soil solution, reducing the 
percentage of P complexed with aluminum and 
increasing P complexed with Ca and Mg in the 0-5 
and 5-10 cm layers.

Black oat and maize cultivation increased pH in 
the solution, consequently increasing the proportion 
of HPO4

2- and reducing H2PO4
- species.
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Table 3. Production of dry matter (DM) and Cumulative P in shoot oat and maize grown in a Typic 
Hapludalf soil treated with 0, 20, 40, and 80 m3 ha-1 of pig slurry (PS)

Crop Variable
Rate of PS

Equation R2
0 20 40 80

m³ ha-1
 

g/column 
Black oat

DM
16.33 35.07 37.12 41.94 ŷ = 17.72 + 0.812 x - 0.0064 x2 0.90*

Maize 21.27 74.45 112.53 156.28 ŷ = 21.62 + 2.899 x - 0.0152 x2 0.97*
mg/column 

Black oat
Cumulative P

28.45 92.47 131.86 177.40 ŷ = 29.56 + 3.383 x - 0.0192 x2 0.99*
Maize 14.40 124.38 240.19 371.34 ŷ = 11.18 + 6.613 x - 0.0262 x2 0.99*

*: significant at 5 %.
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