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Abstract
Purpose The long-term use of manure as a source of nutrients can promote phosphorus (P) leaching, especially in sandy 
soils. The aim was to evaluate P mobility from organic and mineral sources in columns, linked with the Dystric Xeropsam-
ments adsorption characteristics with long-term organic fertilization regime.
Methods The mineral, chemical, and physical properties of the samples were characterized, including Langmuir adsorption 
and desorption kinetics. The P mobility was determined in one leaching experiment, in 20 cm soil columns. The topsoil 
(0–10 cm) layer was treated with organic (cattle, swine, goat, and hen manure) and inorganic fertilizers. Leaching was cor-
responding to 10 pore volumes (PV), 1 PV day−1. Aliquots of the leachate were collected to analyze P concentrations. After 
the leaching, the columns were sliced into 5-cm sections for the analysis of water-extractable P (WEP).
Results The mineral source obtained higher leaching of P and between the organic sources the bovine and swine manure. The 
latter were the ones that had higher value of  Pw in the soil after the leaching. Due to the increase of the adsorption capacity 
of P with depth, there was a reduction in the mobility of P, and an unbalance of  Pw in the soil was found.
Conclusions The mobility of P depends on the concentration of the soluble P soil or added material; moreover, the presence 
of Fe and Al oxides, even in small amounts, reduces the mobility of P in sandy soil.

Keywords Leaching · Desorption · Adsorption · Manure

Introduction

Low-income small farming in Agrest is characterized by 
limited commercial use of nitrogen or phosphorus fertiliz-
ers. Soil fertility, therefore, solely relies on organic matter 
management (Nascimento et al. 2003), and that is the reason 
why organic fertilizers, especially manure, are widely used 

by farmers in that region. In the organic fertilizers being 
considered as a main source of nutrients to the plants, the 
soil conditioner effects have not been studied so far.

Furthermore, the use of manure in agriculture varies 
according to the availability, amount, and type of manure 
(cattle, swine, goat, and poultry). In the northeastern parts 
of Brazil, solid cattle manure and goat manure are frequently 
used in doses ranging from 4 to 20 Mg ha−1 (Sabourin et al. 
2000; Silva and Menezes 2007; Galvão et al. 2008; Galvão 
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and Salcedo 2009). In the south of the country, on the other 
hand, because the animal concentration of swine and cattle 
slurry is higher, doses around 80 m3 ha−1 are often used 
(Piovesan et al. 2009; Bertol et al. 2010; Ceretta et al. 2010).

Nutrients in animal manure are lower in concentration 
and unbalanced compared to commercial fertilizers, which 
hinder an even supply of nutrients to crops. The doses are 
usually based on demand for N of cultures, the size of the 
area or in the load capacity of the vehicle of transport com-
mon in the region and are generally multiples of 4 tons. 
Moreover, the wide variability of the chemical composition 
of manure may cause accumulation of one or more nutrients 
in the soil (Galvão et al. 2008), as the P, for example.

Accumulation of P, in the topsoil layers, has been 
reported in the literature (Ojekami et al. 2011; Kang et al. 
2011; Rubæk et al. 2013). In Brazil, annual applications of 
manure in areas with Dystric Xeropsamments of sandy tex-
ture in sub-humid region in the northeastern Brazil (Agreste) 
have caused accumulation of nutrients in the surface layer 
(Silva and Menezes 2007; Galvão et al. 2008; Oliveira et al. 
2011). Consequently, these nutrients move down the soil 
profile, including phosphorus (Galvão and Salcedo 2009; 
Xavier et al. 2009), which has little mobility in clayey soils. 
The accumulation of P in the topsoil increases the risk of 
its vertical displacement beyond the reach of the roots. This 
fact, in addition to representing an economic loss for the 
farmer, can become an environmental problem due to the 
contamination of subsurface water (Sharpley et al. 2004; 
Nelson et al. 2005; Galvão et al. 2008; Oliveira et al. 2011; 
Lee and Oa 2013).

To assess the risk, it is necessary to analyze the chemi-
cal composition of the soil, especially the content of poorly 
crystalline minerals represented by the oxalate-soluble Fe 
and Al fraction. Even sandy soils may contain small amounts 
of Fe and Al in their clay fraction, but that is enough to 
reduce the mobility of P (Sims et al. 1998). These elements 
are also components of oxides and hydroxides which are 
mainly responsible for the adsorption of P (Novais et al. 
2007; Tarkalson and Leytem 2009; Fink et al. 2016).

For these reasons, the objective of this study was to evalu-
ate phosphorus mobility in Dystric Xeropsamments ferti-
lized with organic (cattle, swine, goat, and hen manure) and 
inorganic source materials for a long period by balancing 
phosphorus inputs and outputs and relating mobility to soil 
adsorption characteristics.

Methods

Soil collection and analysis

The soil samples were collected in municipality of Remi-
gio, PB (6°59′14.9″ latitude S; 35°48′14.8″ longitude W) 

because of its fertilization regime. The chosen area has been 
fertilized exclusively with cattle manure for nearly 40 years. 
Part of the manure is produced locally, while the rest is pur-
chased elsewhere in the area. However, little is known about 
the exact quantities used each year.

The climate of the region is characterized according to 
the scale of Koppen as As’, hot and humid, with a rainy 
season between February and August, with average rainfall 
of the last 20 years of 917.6 mm (AESA 2017). The soil 
was classified as Dystric Xeropsamments (Soil Survey Staff 
2014). The samples were collected from an area of 2 × 3 m 
at two depths: 0–10 and 10–20 cm. Once collected, the sam-
ples were air dried, crushed, and sieved through 4-mm mesh 
for mounting the columns, and through a 2-mm mesh for 
mineralogical, chemical, and physical analysis.

The mineralogical analysis was performed using X-ray 
with Cu Kα radiation, 30 kV and 30 mA, with scan from 
5° to 55° (2θ) on samples initially sieved through the 2-mm 
mesh, which after grinding were sieved through a 200 mesh 
(Table 1).

The following soil chemical attributes were deter-
mined: pH in water 1:2.5 (m/v), phosphorus extracted with 
Mehlich-1 (MEP) (EMBRAPA 2011), remaining P (P-rem) 
(Alvarez et al. 2000), and water-extractable phosphorus 
(WEP) which was extracted with deionized water and the 
supernatant filtered through a membrane of 0.45 µm, adapted 
by del Campillo et al. (1999). The concentrations of P in the 
extracts were determined according to Murphy and Riley 
(1962). The total organic carbon (TOC) was determined by 
wet oxidation–diffusion (Snyder and Trofymow 1984) and 
the water-extractable carbon (WEC) by the method proposed 
by Bartlett and Ross (1988) and adapted by Mendonça and 
Matos (2005). In addition to this, iron (Fe) and aluminum 
(Al) were extracted with ammonium oxalate and determined 
by atomic absorption (Schwertmann 1964) (Table 2). The 
following physical attributes were analyzed: particle size 
(densitometer method), particle density (Pd), bulk density 
(Bd), and total porosity (TP) (EMBRAPA 2011) (Table 3). 

Phosphorus desorption kinetics was determined using 
paper strips impregnated with iron (Fe strips) in tripli-
cate (van der Zee et al. 1987) for 1, 7, 22, 28, 43, 48, and 
72 h. The results were processed by the SigmaPlot 10 pro-
gram (Systat Software 2006) to estimate phosphorus sur-
face adsorption (Qin) and the rate of desorption (Kd). The 
P-adsorption test was performed by the “batch” method 

Table 1  Main mineral components of Dystric Xeropsamments with 
long-term organic fertilization

Depth (cm) Quartz (%) Feldspar (%) Hematite (%)

0–10 97.0 2.29 0.69
10–20 82.5 16.5 1.03
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with increasing concentrations of P (0, 5, 10, 20, 40, 60, and 
100 mg L−1) with three replications and agitation for 24 h. 
This method was an adaptation of the method described by 
Farias et al. (2009). The amount of P in the solid phase was 
the difference between the P added to and recovered from the 
equilibrium solution. The P added to the solid phase (Qin) 
was found in the desorption experiment with Fe strips (van 
der Zee et al. 1987). Experimental data were adjusted using 
the adsorption equation proposed by Soares and Casagrande 
(2009):

where  [P]ads is the concentration of adsorbed P (mg kg−1), 
Vsolution is the volume of solution (L), C0 is the initial con-
centration of P in the solution (mg L−1), Ce is the remaining 
concentration of P in the equilibrium solution (mg  L−1), Msoil 
is the soil mass (kg), and Qin is the adsorbed phosphorus 
extracted with iron strips (mg kg−1).

The results of Pads and Ce were processed using the Lang-
muir equation with the aid of the SigmaPlot 10 program 
(Systat Software 2006).

(1)[P]ads =
Vsolution[(C0 − Ce)]

Msoil

+ Qin,

P‑leaching experiment with soil columns

To evaluate the vertical displacement of P for the organic or 
inorganic sources, polyvinyl chloride (PVC) columns were 
sequentially filled with soil layers. The experiment was con-
ducted at the Departamento de Solos e Engenharia Rural do 
Centro de Ciências Agrárias—CCA. One assay was con-
ducted with 20-cm columns containing soil from 0 to 10 and 
10 to 20-cm layers.

The organic source materials were cattle, swine, goat, 
or hen manure, while the inorganic source material was a 
mixture of ammonium sulfate [(NH4)2SO4], monosodium 
phosphate  (PO4H2Na), and potassium chloride (KCl).

After composting, the organic sources were dried, 
crushed, sieved through 2-mm mesh, and stored in airtight 
containers for chemical analysis. The analysis was deter-
mined: pH in water 1:10 (m/v); electric conductivity (EC) 
1:10 (m/v); total P  (Pt) obtained by digestion with  H2SO4 
and  H2O2 (Thomas et al. 1967); P extracted with Mehlich-1 
solution (MEP); P extracted with water (WEP) and the 
extracts determined by the method of Murphy and Riley 
(1962); WEC determined by the method of Mendonça and 
Matos (2005) adapted from Bartlett and Ross (1988); TOC 
obtained by wet oxidation–diffusion (Snyder and Trofymow 

Table 2  Chemical analysis of Dystric Xeropsamments with long-term 
organic fertilization

pH determined in water, MEP extracted with Mehlich-1, WEP and 
WEC extracted with water, P-rem remaining P (Alvarez et al. 2000), 
TOC sulfuric–phosphoric digestion, OM TOC × 1.724, Fe-ox, Al-ox 
extracted with ammonium oxalate

Attribute Unit Depth (cm)

0–10 10–20

pH 1:2.5  (H2O) 6.07 6.06
MEP mg kg−1 8.25 2.88
P-rem mg kg−1 53.2 49.3
WEP mg kg−1 1.15 0.79
Al3+ mg kg−1 0 0
WEC mg kg−1 79.1 42.7
TOC g kg−1 6.59 4.45
OM g kg−1 11.4 7.7
Fe-ox mg g−1 0.11 0.17
Al-ox mg g−1 0.12 0.22

Table 3  Physical analysis of Dystric Xeropsamments with long-term organic fertilization

Bd bulk density, Pd particle density TP total porosity = [(Pd − Bd)/Pd] × 100

Depth (cm) Bd (g cm−3) Pd (g cm−3) TP (%) Sand (g kg−1) Silt (g kg−1) Clay (g kg−1) Textural class (g kg−1)

0–10 1.62 2.6 37.7 852 96 52 Loamy sand
10–20 1.63 2.62 37.8 808 96 96 Loamy sand

Table 4  Chemical analysis of organic sources used in experiments 
with soil columns

pH analyzed in water 1:10 (m/v), Pt sulphuric–perchloric acid diges-
tion, MEP extracted with Mehlich-1, WEP, WEC extracted with 
water, TOC sulfuric–phosphoric acid digestion 3:2  (H2SO4/H3PO4), 
C/P relation between Ct and Pt

Attribute Units Organic source materials (manure)

Cattle Swine Goat Hen

pH (1:10) 8.02 7.70 9.07 9.78
EC dS m−1 2.71 4.05 5.06 5.48
Pt g kg−1 4.42 14.3 11.6 20.1
WEP g kg−1 1.23 3.66 0.89 1.99
MEP g kg−1 3.43 10.7 2.50 3.75
TOC g kg−1 315 319 277 113
WEC g kg−1 1.15 1.30 1.30 0.93
C/P 71.4 22.4 23.8 5.60
Ashes % 33.3 25.1 38.3 64.4
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1984); and ash obtained by the method of EMBRAPA 
(2011) (Table 4).

The manure dose was calculated based on the content 
of  Pt in the cattle manure, considering the application of 
16 Mg ha−1 in the first 20 cm of soil, which is the mean 
annual dose applied in the region (Galvão and Salcedo 
2009; Oliveira et al. 2011). However, we decided to apply 
8 Mg ha−1 of cattle manure to the 0–10 cm layer to better 
observe P displacement. Based on this dose, an amount of 
P was set for other fertilizers, adjusting them to the same P 
input with cattle manure (35.3 kg P ha−1) (Table 5). The soil 
volume mixed with the sources was 1767 cm3, having a mass 
of 2650 g (0–10 cm).

The experimental design was completely randomized 
blocks with six treatments. Four organic source materials 
(cattle, swine, goat, and hen manure), one inorganic source, 
and a control were evaluated with three repetitions.

The columns were made of PVC pipes (150-mm diameter 
and 25-cm height), maintaining a 5-cm border from the top. 
First, the inner surface of each column was sanded. Sec-
ond, the sand was washed with an acidic solution of 10% 
HCl. The sand was then glued with polychloroprene glue 
and synthetic resins to the inner wall of the tubes to increase 
soil adhesion to the wall and to avoid artificial preferential 
flow paths by the internal walls during the percolation of the 
solution. Finally, the bottoms of the columns were closed 
with a nylon screen of 77-μm mesh to prevent soil from 
escaping during the percolation of the solution and another 
nylon screen (50% shading) was used to maintain the soil 
in the column. Both were fastened with wire and PVC glue.

The organic sources were mixed with soil in the top layer 
(0–10 cm). The treated soil was moistened with distilled 
water until it reached 40% of the total pore volume (PV). 
Then, the setup was incubated for 15 days to stabilize the 
microbial activity, keeping moisture constant with daily 
weighings. After the incubation, the soil was air dried. This 
procedure was not carried out for the inorganic source.

Soil in the columns was prepared manually, assuming a 
mean bulk density of 1.5 g cm−3 found for this type of soil 
(Santos et al. 2012; Kang et al. 2011; Oliveira et al. 2011; 
Santos et al. 2010). The layer of 0–10 cm was gently set, 

because the soil when plowed is less dense. To dissipate 
the impact of the drops and evenly distribute the solution 
on the surface of the column, and to avoid the induction of 
preferential paths, three discs with a mesh of 50% shading 
capacity were placed on the soil with the leaning nozzle. 
After the assembly, six columns were placed on a wooden 
structure with funnels to collect the leachate into containers.

Rounds and volume of percolated solution

A hospital infusion set with tubing and flow regulators 
to supply  CaCl2 at 0.001 mol L−1 was mounted on the 
columns (Roy and Dzomback 1996). The flow rate was 
10 ± 1 cm3 min−1.

The volume of the applied solution was calculated using 
the pore volume (PV) of the columns (Eq. 2), which was 
1500 cm3:

In total, ten pore volumes were applied to each col-
umn—1 PV per day. The displacement of the saline solution 
was vertical and downward. The collection of the column 
effluents started with the beginning of drainage, splitting 
each PV into three equal aliquots using calibrated contain-
ers. The aliquots were filtered through a 0.45-μm membrane. 
The concentration of P was determined according to Murphy 
and Riley (1962). Once the leaching stopped, the columns 
with the soil were dried in an oven at 50 °C and sliced evenly 
into 5-cm sections. The soil of each section was crushed, 
homogenized, and sieved through a 2-mm mesh. Finally, 
WEP values were obtained.

The balance of WEP in the columns was carried out 
by calculating its input and output. For this, the amounts 
of WEP already in the soil (soil WEPi) were added to the 
amounts in the source (source WEPi), and then subtracted 
from the leached amount, thus generating the final WEP 
(final. WEP). This value was compared with the final 
observed WEP (final obs. WEP) extracted with saline solu-
tion from the columns after leaching.

Statistical analysis

We performed analysis of variance (ANOVA) for total lea-
chate and the comparison of means by Tukey test at 10% 
probability.

To evaluate the influence of the sources at each depth, 
we performed ANOVA and Tukey test (p < 0.1). In addition 
to ANOVA and Tukey (p < 0.1), a linear mixed model was 
created to compare the depths for each source. It estimates 
an additional error in analysis of variance to compensate 
for P variations between depths due to non-independence 

(2)PV = �r2h

[

1 −

(

Ds

Dp

)]

.

Table 5  Amounts of dry matter from organic sources added to the 
soil column

a Fixed dose

Unit Organic source materials 
(manure)

Inorganic source material

Cattle Swine Goat Hen NaH2PO4H2O

Mg ha−1 8 2.48 3.03 1.76 0.16
mg g−1 4.40a 14.3 11.6 20.1 999.9
g column−1 14.1 4.40 5.40 3.10 0.278
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of the data, the lack of randomness, and autocorrelation of 
P content between depths. The program used for statistical 
analysis for SAS software 9.3 (2011) and for the construc-
tion of the figures the SigmaPlot 12.0.

Results and discussion

Leaching columns

The leaching of P was higher with the inorganic source 
starting at 9.67 mg of P for the first PV and decreasing to 
0.26 mg for the tenth PV (Fig. 1a). However, P from the 
organic sources behaved differently, starting with a mean 
(n = 12) of 0.15 mg of leached P and increased to 0.27 mg 
at the tenth PV. Among the organic sources, P from swine 
manure leached the most, with increasing levels until the 
sixth PV, stabilization until the ninth PV, and increasing 
again after the tenth PV (Fig. 1b).

The leaching of P for the inorganic source had a logarith-
mic trend (r2 = 0.99) (Fig. 2a), while the organic sources and 
the control demonstrated a linear trend (r2 = 0.99) and did 
not differ (p < 0.1) (Fig. 2b).

Considering that the input of P was the same for all 
sources (35.3 kg ha−1 or 62.5 mg column−1 of P), the differ-
ent behaviors of P from the organic and inorganic sources 
were due to the water-extractable P in the manures (Kang 
et al. 2011; Conti et al. 2015): 17.4, 16.0, 4.75, 6.18, and 
62.5 mg of WEP column−1 added with cattle, swine, goat 
and hen manure, and the inorganic source, respectively.

Leached P for the inorganic source, which reached 
22.3 mg or 34.4% of added P, was 18 times higher than 
the average of leached P for the organic materials (Fig. 2a). 
However, as the organic sources contained much less WEP, 
the percentage of leached P ranged between 6.6 and 18.8% 
of WEPi. On the other hand, the leached P showed relations 
with the WEP content in the sources, because the cattle and 
swine manure lost nearly double the value compared to the 
goat and hen manure (Fig. 2b). The physicochemical char-
acteristics of the organic sources, such as lignin (Galvão 
et al. 2008) and the chemical forms of P in manure (solu-
ble phosphate ion, nucleotides, phytin, Ca phosphates, and 
polyphosphates) certainly contributed to the variations of 
soluble P in the source materials.

Higher P losses for an inorganic source were also found 
by Kang et al. (2011). These authors also analyzed P leach-
ing for organic and inorganic sources in columns with sandy 
soil. They observed higher P leachability for inorganic 
sources with 63 and 71% of P lost added, respectively, via 
triple superphosphate and potassium phosphate  (KH2PO4) 
using approximately 23 PV. However, in this study, 10 PV 
were used and the losses reached 34.4% of P added via the 
inorganic source.

Perhaps, in our experiment, P from different sources was 
partially dragged down the profile with the percolating solu-
tion through artificial preferential flow paths within the soil 
column (Djodjic et al. 1999; Sharpley et al. 2003). We tried 
to prevent or reduce this effect by coating the inner sur-
face of the columns with washed sand. Furthermore, there 
is consistency of data regarding the difference between the 
soluble inorganic and the organic source materials with 

Fig. 1  Leaching of P (mg) for different sources in Dystric Xeropsamments in 20-cm columns as function of pore volume. a Leaching of P (mg) 
in all treatments; b the same a with cut in the “y”-axis at 0.6 mg of P
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lower volume of WEP. As already mentioned leached P for 
the organic sources shows correlation with WEPi. For these 
reasons, although the possibility of preferential paths cannot 
be totally ruled out, it was considered unlikely.

Another process in soils that may influence the leaching 
of P is the competition of P with organic matter compounds 
(organic acids and fulvic acid) for the same adsorption sites. 
As a result, P may remain in soil solution and be subject to 
leaching (Guppy et al. 2005a, b). In soils with low content of 
clay, organic and humic acids effectively block the adsorp-
tion sites, promoting lower P adsorption than in soils with 
high clay content (Andrade 2001). To reinforce the hypothe-
sis of competition, non-tabulated results indicate that the soil 

placed in the columns contained, on average, 52.6 mg kg−1 
of C per layer in water-soluble form. It is also possible that 
the percolation of organic P occurred (Galvão and Salcedo 
2009) due to phosphatase-catalyzed hydrolysis during the 
collection of the percolated solution.

The concentrations of WEP remaining in soil columns 
after leaching varied depending on the P sources (Fig. 3). 
The lowest WEP concentrations were recorded for the con-
trol and for the soils in the columns treated with the inor-
ganic source. The concentrations were uniform at different 
depths and lower in the case of the inorganic source, which 
is consistent with the high loss of P caused by leaching for 
this source (Figs. 1, 2). This is due to the mobility of this 

Fig. 2  Leaching of P (mg) for different sources in Dystric Xeropsam-
ments in 20-cm columns depending on the volume of pores. a P (mg) 
in all treatments; b the same a with cut in the “y”-axis at 3 mg of P. 

Treatments followed by the same lower case letter do not differ by 
Tukey test (p < 0.1)

Fig. 3  Distribution of concentrations of P extracted with water from 
20-cm columns filled with Dystric Xeropsamments after application 
of 10 PV. Treatments followed by the same letter do not differ sig-
nificantly by Tukey test (p < 0.1); lower case letters compare sources 

within each depth and upper case letters compare depths with each 
source. The sequence of the letters follows the order of the legend of 
the treatments (cattle, swine, goat, hen manure, inorganic source, and 
control)
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form of P in the column profile, which promoted lower 
accumulation of WEP in the soil resulting in concentrations 
similar to the control.

However, leached P for the inorganic source reached 34% 
of the added P, indicating that part of the added P was not 
transformed into water-soluble forms. In fact, the WEP bal-
ance in the soil before and after leaching, including leached 
P, indicates 33 mg less of WEP in the soil column treated 
with the inorganic source (Table 6). The fact that 33 mg of 
P have gone indicates that there was an interaction of P with 
the soil matrix, even though the soil had a sandy texture 
with the predominance of quartz and feldspars in the layers 
of 0–20 cm (Table 1). However, it is noteworthy that there 
was a small contribution of hematite (Table 1) to decrease 
leaching and promote adsorption of P in columns (Sims et al. 
1998; Tarkalson and Leytem 2009).

Among the organic sources, hen WEP showed the lowest 
concentrations in layers from 0 to 5 and 5 to 10 cm (Fig. 3), 
which is consistent with low WEP added via this source 
(Table 6). WEP for goat manure, however, which was simi-
lar to that of hen, did not differ (p < 0.1) from cattle and 
swine. Regarding the accumulated leached P (Fig. 2), the 
treatment with goat manure was between the treatment 
with hen manure, which was smaller, and swine and cattle 
manure, which were higher (Table 6). This trend of WEP 
for goat manure, consistent in leached P and the remain-
ing WEP in the soil, suggests an increase in solubility of P 
from this source during the course of the experiment. The 
nature and mineralization of manure are very heterogene-
ous and are dependent on the species of the animal, its age, 
diet, and the physical and chemical conditions of the soil. 
These conditions dictate the speed of decomposition and 
consequent solubilization of organic and inorganic forms 
of nutrients (Tedesco et al. 1999). Souto et al. (2005), in 
evaluating manure decomposition in the semiarid region of 
Paraíba, found that the highest rates of decomposition were 
goat and cattle manure, which were strongly influenced by 
rainfall events during the trial period.

The comparison between layers demonstrates that WEP 
for the organic sources was similar (p < 0.10) in the first two 
layers due to the mixing of the sources to the soil was per-
formed in the layer 0–10 cm, but at the depth of 10–15 cm, 
its concentration was between the concentration of the 5–10- 
and 15–20-cm layers (p < 0.10), showing a vertical displace-
ment of WEP for the organic source. It is worth investigating 
the reason why WEP did not relocate with the same intensity 
as the WEP from the inorganic source. One possibility is that 
this soluble form of P was formed in situ during 25 days of 
the experiment (15 days of incubation and 10 days of leach-
ing), as a result of mineralization of the organic sources. 
The balance between inputs and outputs of P, which indicate 
greater WEP inputs that the outputs, suggests this possibil-
ity (Table 6). Therefore, the hen manure seems to be more 
resistant to mineralization than the other three sources.

It is noteworthy that the total applied PV was 15 L. Com-
paring to the average rainfall over the last 20 years, which is 
917 mm (AESA 2017), or equivalent to 17.6 L, the organic 
sources still accumulated P in the columns in a form which 
is available to plants, unlike the inorganic source.

Adsorption and desorption of P

Although clay content in the soil in this study was low 
(Table 3), its characteristics may favor P adsorption in its 
matrix (Tables 1, 2).

The adsorption and precipitation of P in soil are directly 
linked to the texture and soil pH (Lee and Oa 2013) and 
especially the levels of Fe and Al (Pinto 2012). The results 
of amorphous Fe and Al, extracted with ammonium oxalate, 
increased with depth (Table 3) and are positively correlated 
with clay content (r2 = 0.90 and 0.96, respectively). Kang 
et al. (2011) using a sandy soil  (Feox = 0.20;  Alox = 0.29; 
and clay = 21 mg g−1), similar to the one in our study, 
found adsorption of P in the soil, especially when observ-
ing the data from the treatment with the inorganic fertilizer. 
Tarkalson and Leytem (2009) also noted adsorption of P in 

Table 6  WEP balance in the 
20-cm columns with Dystric 
Xeropsamments treated or not 
with organic and inorganic 
sources with 62.5 mg of total P

Source WEPi the amount of WEP in mg added via the source before leaching, Sum the sum of WEP in the 
original soil and added via source, Final observed WEP final real WEP extracted in water from soil in the 
columns, Final calculated WEP the difference between the  sum2 of WEP and leached WEP, Difference 
the difference between final observed WEP and final calculated WEP, ± standard error, mass of each layer 
equal to 2.65 kg

Source Cattle (mg) Swine (mg) Goat (mg) Hen (mg) Inorganic (mg) Control (mg)

Soil WEPi 5.15 5.15 5.15 5.15 5.15 5.15
Source WEPi 17.4 16 4.75 6.18 62.5 0
Sum 22.6 21.2 9.9 11.3 67.6 5.15
Leached 2.46 ± 0.6 2.68 ± 0.6 1.68 ± 0.2 1.19 ± 0.2 22.3 ± 5.2 0.78 ± 0.1
Final observed WEP 48.2 ± 4.8 49.8 ± 1.7 44.0 ± 3.2 35.4 ± 1.2 12.3 ± 2.2 6.46 ± 1.7
Final calculated WEP 20.1 18.5 8.23 10.1 45.3 4.37
Difference 28.1 31.3 35.7 25.2 – 33 2.1
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a soil with clay content of 62 mg g−1. Therefore, the move-
ment of P in soil profile may be reduced by small amounts 
of clay and/or Fe and Al oxides (Sims et al. 1998).

In the present study, the adsorption capacity of P adjusted 
for the Langmuir isotherm increased progressively with 
increasing depth (Fig. 4). Desorption values were consistent 
with the data adjusted by the Langmuir equation, because 
binding energy (KL) increased with the depth, and conse-
quently reduced desorption kinetics of P (Kd) (Fig. 4 and 
Table 7). The relationship between Qmax and the amounts 
of  Feox and  Alox is more evident when the experimental 
data regarding  Feox and  Alox are used according to van der 
Zee and van Riemsdijk (1988). Based on studies by these 
authors, the ability of the poorly crystalline Fe and Al to 
adsorb P is approximately equal to half of the sum of their 

concentrations [(Feox and  Alox)/2]. Table 7 shows the simi-
larity between Qmax obtained by the Langmuir equation and 
according to van der Zee and van Riemsdijk (1988).

The binding energy and the degree of in saturation in 
10–20 cm layers are higher than in the 0–10 cm layers, 
where P is believed to be transformed into forms which are 
not soluble in water (Table 8) (Gatiboni et al. 2008; Guardini 
et al. 2012; Conti et al. 2015).

The amounts of P desorbed by the Fe strips (Fe–P) showed 
an inverse relationship with  Pads estimated by Langmuir equa-
tion for the soil before leaching (Table 8). Analyzing this 
apparent discrepancy, one should remember that Fe–P was 
experimentally determined, with the P desorbing directly from 
soil onto the Fe strips. Furthermore, Fe–P maintained correla-
tion with the values of water soluble P in a 1:10 (m/v) ratio 

Fig. 4  a Langmuir isotherms for depths 0–10 and 10–20 cm. b Desorption of P at the depths 0–10 and 10–20 cm, using Fe strips

Table 7  Desorption parameters (Fe strips) and Langmuir isotherms adjusted for the depths of Dystric Xeropsamments in nonlinear regression

Depths cm WEP Desorption Langmuir Qmax

Initial (µg ml−1) Qin (mg  kg−1) Kd  (h−1) r2 KL Qmax (mg kg−1) r2 Fe and Al 
(mg kg−1)

0–10 0.12 16 ± 1.0 0.10 ± 0.03 0.94 0.32 ± 0.08 93 ± 5 0.98 103
10– 20 0.08 12 ± 0.8 0.06 ± 0.01 0.96 0.37 ± 0.07 128 ± 5 0.99 171

Table 8  Values of adsorbed P estimated by the Langmuir equation from the P content in equilibrium with water at the depths 0–10 and 
10–20 cm of a Dystric Xeropsamments treated with organic and inorganic sources after leaching with 10 PV

a Determination extract 1:10 (m/v)

Depth (cm) Fe-strip des-
orption (mg)

Langmuir

Initial soil (mg) Cattle (mg) Swine (mg) Goat (mg) Hen (mg) Inorganic 
source (mg)

Control (mg)

0–10 42.2 9.01 21.3 30.1 32.5 25.2 18.7 7.55
10–20 31.6 9.71 26.5 27.6 33.8 17.8 18.9 6.14
Total 73.8 18.7 47.8 57.7 66.3 43.0 37.6 13.7
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(Table 7, WEP initial and Qin). On the other hand,  Pads esti-
mated by Langmuir was calculated by adjusting the equation 
to the experimental data, and the parameters of this equation, 
especially KL, showed considerable uncertainty (Table 7). Fur-
thermore,  Pads estimated by Langmuir was derived from the 
difference between P added to an aqueous suspension and P 
found in the solution after 24 h of stirring. Thus, by inference, 
there is no reversibility in this phenomenon. It was found that, 
as the adsorption capacity of the solid phase increased, the 
resistance of  Pads to return to the solution also increased (Ties-
sen et al. 1993). Therefore, although the amounts of  Pads by 
Langmuir estimated the added P with reasonable approxima-
tion, it is not possible to draw conclusions as to the availability 
of this form of P for the plants.

The results of leaching and distribution of P in the col-
umns show that there was a translocation of P from layers 
with lower binding energy to layers with higher binding 
energy, with the soil acting as a sink. Studies have shown that 
long-term fertilization with manure can promote changes in 
P adsorption influencing its dislocation into deeper layers 
of the soil profile (del Campillo et al. 1999; Silva and Men-
ezes 2007; Galvão et al. 2008; Xavier et al. 2009; Tarkalson 
and Leytem 2009; Ojekami et al. 2011; Abdala et al. 2012; 
Bhattacharyya et al. 2015). In this regard, leaching of P may 
occur in soils saturated with P, even if there is no exces-
sive input of P. Nelson et al. (2005) found higher values of 
leached P than P in the inputs for soils saturated with P when 
precipitation was above the average, indicating that desorp-
tion of P contributed to 50% of leached P.

The saturation of the adsorption sites in soil cannot be 
totally formed by phosphate ions. Although the phosphate 
ions are adsorbed preferentially, they have to compete 
with organic acids (Andrade 2001; Guppy et al. 2005a, b; 
Dotaniya et al. 2016). In this case, P leaching may occur 
even if the soil is not completely saturated with P.

According to del Campillo et al. (1999), 13–26 is an 
acceptable range for good crop development. The remain-
ing concentrations of WEP in the 20-cm soil column for 
the cattle and swine manure were within this range, even 
after the application of the percolating solution equivalent to 
851 mm of rainfall. This shows that these two source materi-
als, the cattle and swine manure, provide high amounts of 
readily available nutrients for plants, because P leached the 
most from these sources, among all organic sources, and 
showed the highest amount of WEP remaining in the 20-cm 
soil columns.

Conclusions

The leaching of P in soil is dependent on the concentration 
of soluble P in the soil, whatever its source material from 
soil or added via organic or inorganic source. In this study 

occurred the leaching of P in columns of 20 cm, in which 
the greatest amount of P was leached from the inorganic 
source when compared with the organic sources with lower 
expression.

The availability of P by means of organic sources, 
manure from cattle, and pigs were the most made P, having 
been observed the greatest quantities in leachate (2.46 and 
2.68 mg P) and recovered in the soil (48.2- and 49.8-mg 
WEP) after leaching, for the columns of 20 cm.

The reduction in leaching of P in the columns with 20 cm 
was related to the increase of the adsorption capacity of P 
from the soil in layers of 0–10 cm (93 mg kg−1) in relation 
with the layers 10–20 cm (128 mg kg−1). This indicated a 
significant reduction of the displacement of P. This suggests 
that the Fe and Al oxides present in a sandy soil, even in 
small quantities, decrease the mobility of P in the soil.

The model proposed by van der Zee and van Riemsdijk 
(1988) seems to be adequate to estimate the maximum 
P-adsorption capacity also in soil with sandy texture to the 
southern hemisphere; however, this confirmation needs 
further studies. Although the results of this study reveal 
adsorption of P in the layer of 10–20 cm in a Dystric Xerop-
samments, new investigations about the saturation of P in 
these soils and about the influence of organic matter in the 
displacement of P in soil are still needed.
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