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HIGHLIGHTS

¢ Swine manure and mineral fertilizer increased soil P contents.
¢ High doses of swine manure and mineral fertilizer surpassed the environmental soil P threshold.

e P saturated soils represent an environmental risk.

Abstract:_Swine manure is applied in agricultural fields as a source of nutrients for plant growth, however,
excessive application over the years can promote soil phosphorus (P) accumulation. The objective of this
study was to establish the environmental soil P threshold based on the degree of P saturation (DPS), as well,
to evaluate the soil P storage capacity. The experiment was carried out in an Oxisol (sandy clay loam texture),
under no-tillage and crop rotation. Treatments consisted of four annual doses of liquid swine manure (0, 100,
200, and 300 m?®ha? year?), and three doses of mineral fertilizer (0, 50, and 100% of the crop nutrients
requirement), in a randomized block with split-plot design (four replications). Soil P content was analyzed by
Pwmeniich-1, Pcaciz, water-soluble P (WSP) and total P. The application of swine manure and mineral fertilizer
increased soil P contents mainly at 0-10 cm depth. The DPS corresponding to the change point was 14.9%
at depth 0-10 and 8.6% at depth 0-20 cm with WSP and 18.7% at 0-10 cm and 8.9% at 0-20 cm depth with
Pcac2. The lowest change point value was DPS 8.6% which corresponds to 43 mg kg™ of Pweniich-1, SO, in
practical terms, we suggest this value as the environmental soil P threshold. The soil P storage capacity
indicated negative values with the higher doses of swine manure and mineral fertilizer which increases the
vulnerability of P loss by surface and subsurface hydrological transfer pathway.

Keywords: organic fertilization; degree of phosphorus saturation; environmental critical limit.

INTRODUCTION

Swine manure is applied in agricultural fields as a source of nutrients for plant growth, however, manure
application without the criteria of crop nutrients requirement or even based only on crop nitrogen (N)
requirement, which is a worldwide common practice, will over apply phosphorus (P) [1]. Consecutive
applications over the years will increase soil P levels [2] and consequently the potential for increased P losses
by surface and subsurface hydrological transfer pathways [3]. In tropical and subtropical soils, P is a limiting
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nutrient for crop productivity and food production sustainability [4], so in intensive agricultural areas, P is
continuously applied via mineral and organic fertilizers. However, the soil P accumulation by excessive
fertilizer applications can result in P losses to aquatic ecosystems causing the eutrophication process in
freshwater bodies [5—7]. The risk of P transport from soil to aquatic ecosystems may be associated with the
degree of phosphorus saturation (DPS) in the soil [8].

The DPS is a tool to indicate the risk of soil P loss from agricultural areas [8—10] and was originally used
in Netherlands to estimate the critical environmental soil P level in sandy soils [11]. DPS measures the
intensity of P accumulation in relation to the soil capacity to adsorb P and is related to the desorption potential
of the soil. Modifications of the DPS concept have been proposed in the literature [9] with the determination
of the maximum soil P saturation index, which represents the change point with an abrupt increase in soil P
solubility [6,12]. Therefore, the change point indicates the point of high P solubility which means an
environmental risk of P loss via surface and subsurface flow. The change point progressed to the concept of
limit or critical or threshold environmental soil P, which refers to the soil P content corresponding to the
change point [13,14].

The change point is usually obtained by the relationship between DPS and soil P content extracted in
water, CaCl; or soil solution [15-19]. However, it also can be calculated based on runoff soluble P content
[7]. Also, studies with DPS have been done with different soil P test such as Mehlich-1, Mehlich-3, Olsen,
ammonium oxalate and resin [8,9,14,20]. As different soil P extractors have been used, also several ways of
calculating DPS have been proposed, among them the maximum P adsorption capacity obtained by the
Langmuir model or the P adsorption capacity estimated by the soil Fe + Al content extracted with ammonium
oxalate or Mehlich-1 [8,9,13,18,21].

The soil P storage capacity (SPSC) is defined using the DPS concept [8] and represents the remaining
capacity to support P application prior to reaching the DPS threshold and a condition of elevated risk of P
loss [12,22].

The establishment of the environmental soil P threshold as well as the soil P storage capacity is important
for making appropriate fertilizer recommendations ensuring the safety of the environment and the agricultural
production [8,9,23]. These tools have been worldwide used to estimate the P loss vulnerability and to
recommend best management practices, however other tools to estimate P loss risk in agricultural fields are
being studied, such as the P index, which considers not only the source but also the transport factors [1,8,9].

The objective of this study was to establish the environmental soil P threshold based on the degree of P
saturation, as well, to evaluate the soil P storage capacity in Oxisol (sandy clay loam texture) under no-tillage
with mineral fertilizer and swine manure application over a three-years period.

MATERIAL AND METHODS

Experimental site

The experiment was conducted at Araguari Farm, Tibagi county (24°33’18”S, 50°27°58"W, 890 m
altitude), Parané state, Brazil. The regional climate is classified as Cfb — humid subtropical climate
mesothermal (K6ppen), with mild summer and an average annual rainfall of 1700 mm, without a dry season
[24].

Experimental units were installed in October 2010, in Oxisol (sandy clay loam texture) under no-tillage
and crop rotation: corn (Zea mays L.) and soybean (Glycine max (L.) Merr.) in the summer, and wheat
(Triticum aestivum L.) and oat (Avena sativa L.) in the winter. The soil chemical properties before the
beginning of the experiment are presented in Table 1 and the particle size distribution were 210, 251 and
539 g kg of clay, silt and sand at 0-10 cm depth and 227, 292 and 481 g kg™ at 10-20 cm depth.

Table 1. Chemical properties of the investigated soil in 0-10 and 10-20 cm depth.

Chemical properties

Depth pH  AB* H+Al Ca?>* Mg* K- Pwmehiich-1 WSP Pcaciz ocC Cu Fe Mn Zn
‘M cacl cmolc dm-3 mg dm- g dm3 mg dm-3

0-10 5.8 00 22 46 23 023 13.8 34 2.0 174 06 49 58 05

10-20 4.6 12 52 25 13 0.14 8.0 0.4 0.2 147 07 68 23 04

Cu, Fe, Mn and Zn extracted with DTPA; WSP=water-soluble P; OC=organic carbon
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Treatments consisted of four annual doses of liquid swine manure (0, 100, 200, and 300 m®*ha! year?),
and three doses of mineral fertilizer (0, 50, and 100% of the crop nutrients requirement (Table 4)). The
experimental design was randomized blocks (four replications) with split-plot layout (plots with mineral
fertilization and subplots with organic fertilization), totaling 12 treatments and 48 experimental units. Each
experimental unit was 60 m? (12 m by 5 m).

The annual swine manure (SM) dose was split into two applications: half in the summer crop and half in
the winter crop. The swine manure was manually applied with a watering can on the soil surface before
sowing and the mineral fertilizer was applied in-furrow at sowing and some of the N was applied on coverage
after sowing. The chemical properties of the SM applied since the beginning of the experiment (2010-2013)
are presented in Table 2. The amount of N, P, and K applied by swine manure and by mineral fertilizer are
presented in Table 3 and Table 4, respectively.

Table 2. Chemical properties of the swine manure applied since the experiment installation.

Total solids N P K Ca Mg S B Cu Fe Mn Zn
Season crop
gL? glL? mg L1
Summer 10/11 6.70 0.22 009 0.08 029 0.09 0.08 482 nd nd nd nd
Winter 2011 53.10 235 163 192 262 153 042 1.00 2522 11151 36.87 90.27
Summer 11/12 45.70 161 150 149 198 185 043 26.46 16.79 137.10 31.08 59.41
Winter 2012 nd nd nd nd nd nd nd nd nd nd nd nd
Summer 12/13 13.40 0.27 035 019 055 042 0.23 nd nd nd nd nd
Mean (season) 29.73 111 089 092 136 0.97 0.29 10.76 21.01 12431 33.98 74.84

nd: not determined

Table 3. Amount of nitrogen (N), phosphorus (P), and potassium (K) applied in the winter and summer crops via swine
manure (50, 100 e 150 m? ha! season?).

50 m3 ha! season! 100 m?® ha! season! 150 m® ha! season-!
Season crop N P K N P K N P K
kg hat — kg hat —kg hat

Summer 10/11  11.0 4.5 4.0 22.0 9.0 8.0 33.0 13.5 12.0
Winter 2011 117.5 81.5 96.0 235.0 163.0 192.0 3525 2445 288.0
Summer 11/12 80.5 75.0 74.5 161.0 149.0 149.0 2415 2235 223.5
Winter 2012 55.6 44.5 46.0 111.2 89.0 92.0 166.5 1335 138.0
Summer 12/13 135 175 9.5 27.0 35.0 19.0 40.5 525 28.5
Total 278.1 223.0 230.0 556.2 445.0 460.0 834.0 667.5 690.0
Mean (season) 55.6 44.6 46.0 111.2 89.0 92.0 166.8 133.5 138.0

Table 4. Crop, sowing date, and amount of nitrogen (N), phosphorus (P) and potassium (K) applied in the winter and
summer season via mineral fertilizer (0, 50 and 100% of the recommended dose).

Season crop Crop Sowing date N P K
0% 50% 100% 0% 50% 100% 0% 50% 100%
—kghatl— —kghatl— —kg hatl—

Summer 10/11 Corn 17/10/2010 0 94 189 0 22 44 0 75 150
Winter 2011 Wheat 11/06/2011 0 60 120 0 13 26 0 25 50
Summer 11/12 Soybean 29/11/2011 0 0 0 0 13 26 0 25 50
Winter 2012 Oat 17/05/2012 0 57 114 0 19 39 0 25 50
Summer 12/13 Soybean 08/11/2012 0 0 0 0 13 26 0 25 50
Total 0 211 423 0 80 161 0 175 350

Mean (season) 0 42 85 0 16 32 0 35 70
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Soil sampling and analysis

Soil samples were collected in April 2013, at two depths (0-10 and 10-20 cm). The samples were air-
dried, sieved through a 2-mm sieve, and analyzed for P, Fe and Al content: Pweniich-1 [25], Pcaciz [26], water-
soluble P (WSP) [26], total P (USEPA 3051A), Fewmeniich-1 and Alweniich-1 [25].

WSP extraction was carried out shaking soil samples at 1:10 soil:deionized water for one hour. Then,
the samples were centrifuged and filtered through a cellulose membrane of 0.45 um. The same procedure
was used for the extraction of P using a 0.01 mol L CaCl, solution (Pcacz). The P determination was by
inductively coupled plasma - optical emission spectrometry (ICP-OES).

For Mehlich-1 extraction, 10 g of soil was stirred in 100 mL of solution (0.0125 mol Lt H,SO4+ 0.0050
mol Lt HCI) for five minutes and allowing to decant for approximately fifteen hours. After separation of the
extract (supernatant), an aliquot was filtered through a cellulose membrane of 0.45 um and P, Fe and Al
determined by ICP-OES.

For total P extraction by the microwave method (USEPA 3051A), 0.25 g of soil (particle size < 0.2 mm)
was transferred to Teflon tubes in the presence of 9 mL of concentrated HNO3; and 3 mL of concentrated
HCI. The tubes were sealed and kept in the microwave for 8 minutes and 40 seconds to raise the temperature
to 175 °C, this temperature was maintained for an additional 4 minutes and 30 seconds. After digestion, the
suspension was filtered through a cellulose membrane of 0.45 pm and P determined by ICP-OES.

Degree of phosphorus saturation (DPS), change point (CP), and soil P storage capacity (SPSC)

The degree of phosphorus saturation in the soil was calculated using Mehlich-1 extractable P, Al, and
Fe (Equation 1) [14] where DPS is the degree of phosphorus saturation (%); a=0.5 is an empirical factor;
Pwmusi1, Femuss and Alvizz extracted by Mehlich-1 in mol.

_ Ppq/31
DpS = ax(Fepy /56)+(Alp1/27) x100 @
The change point was obtained by plotting DPS vs. Pcaciz and DPS vs. WSP, which was modelled as
segmented linear regressions of two segments with different angular coefficients. The change point is the
intercept. The Equation 2 represents the segment below the change point and the Equation 3 represents the
segment above the change point:

1(CP — DPS) + y2(DPS — t1 2

DPSwsppcaciz = 1 ) +y2( )],tl < DPS < CP (2)
CP—-t1

2(t2 — DPS) +y3(DPS — CP 3

DPSwysppcaciz = b2 t; — %P( )],CP < DPS < t2 (3)

Where CP is the change point in DPS, t1 is the lowest value of DPS, t2 is the highest value of DPS, and
y1, y2, and y3 are model adjustment variables. The four variables (y1, y2, y3, and CP) were estimated by the
segmented linear regression model with the SIGMAPLOT 12.0 (Systat Software Inc.) statistical package. The
DPS and CP were calculated in the depths of 0-10, 10-20 and 0-20 cm.

The soil P storage capacity (SPSC) was obtained from the DPS and CP values according to Equation 4
[22].

SPSC (mg kgt) = ((Threshold DPS — Soil DPS)) = ((Fepy /56) + ((Aly1/27)) * 31 (4)

Where threshold DPS is the DPS value at change point, soil DPS is the DPS of the soil under
investigation, and Fewmss and Alwi2z extracted by Mehlich-1 in mol which represents the P adsorption capacity
of the investigated soil, being the SPSC calculated for the depth of 0-10 cm.

Environmental soil P threshold

Soil P environmental critical level was defined as the value of the change point in DPS being transformed
into soil Pwmeniich-1 cONtent by the regression equation with DSP and soil Pwmeniich-1.
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Statistical analyses

The Tukey test (p < 0.05) was applied to mean comparison. Linear regression and correlation analysis
were performed between P extracted by different methods. The statistical analysis was performed with the
SIGMA PLOT 12.0 (Systat Software Inc.).

RESULTS

Phosphorus in soil

There was no statistically significant interaction between swine manure and mineral fertilizer, so the
mean of the treatments was compared and discussed separately.

The phosphorus content increased with mineral fertilizer mainly in the surface layer (0-10 cm) resulting
higher values in the 100% mineral fertilizer treatment (Table 5). The Pwenich-1 and total P was 95% and 20%
higher, respectively, compared to treatment without fertilization (control).

Table 5. Soil phosphorus contents (mg kg!) in the mineral fertilizer treatments with different extraction methods in 0-10
and 10-20 cm depth

Mineral fertilizer Pwmenlich-1 WSP Pcaci2 Total P
% 0-10 cm

0 36.92b 6.26 ns 0.59 ns 330.3b

50 49.89 b 7.13 ns 0.89 ns 349.2b

100 71.96 a 9.27 ns 0.87 ns 397.6 a
% 10-20 cm

0 8.50b 2.67 ns 0.23b 178.9 ns

50 10.48 ab 2.32ns 0.28 ab 170.7 ns

100 13.36 a 2.28 ns 0.32 a 203.8 ns

Means followed by the same letter are not significantly different by Tukey'’s test (P < 0.05); ns: not significant

The swine manure application also increased the soil P content mainly in the surface layer (0-10 cm),
being the greater values for all extractors in the 300 m® ha' year! SM dose (Table 6). The total P content
was 58% superior when compared to the control treatment. Referring to Pumeniich-1, WSP and Pcaciz, the values
were around 219%, 149% and 113% higher than the treatment without fertilization (Table 6).

In the depth 10-20 cm, a significant increase in Pwmenich-1 Was also observed with mineral fertilizer (Table
5) as well as with manure application (Table 6), indicating P mobility in the soil profile.

Table 6. Soil phosphorus contents (mg kg?) in the swine manure (SM) treatments with different extraction methods at
depth of 0-10 and 10-20 cm.

SM Pwmenlich-1 WSP Pcaci2 Total P
(m2halyear?) 0-10 cm
0 25.97 b 458c 051b 276.10d
100 35.83b 6.09 bc 0.72b 328.64 c
200 67.16 a 8.13 b 0.82 ab 395.66 b
300 82.75 a 1141 a 1.09 a 435.63a
(m3halyear?) 10-20 cm
0 7.56 c 2.24 ns 0.29 ns 177.71 ns
100 9.08 bc 2.50 ns 0.25ns 180.21 ns
200 12.60 ab 2.47 ns 0.31ns 177.60 ns
300 13.88 a 2.48 ns 0.28 ns 202.41 ns

Means followed by the same letter are not significantly different by Tukey’s test (P < 0.05); ns: not significant

The correlation coefficients obtained between the soil P content extracted by the different methods at
depth of 0-10 cm were significant in all extractors (Pwenich-1, WSP, Pcacz and Total P) with values ranging
between 0.82 and 0.96. The highest correlation coefficient was 0.96 between Pyenich-1 and total P at depth of
0-10 cm. The correlation coefficients were not significant at 10-20 cm depth for all extractors.
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Degree of phosphorus saturation (DPS) and Change point (CP)

The relationship between WSP and DPS and between Pcac and DPS resulted in a change point at
depth of 0-10 cm (Figure 1A, 1D) and 0-20 cm (Figure 1C, 1F), while at depth of 10-20 cm was not found a
change point (Figures 1B, 1E). The change point with WSP, in the depth of 0-10 cm, was obtained at DPS
14.9% (Figure 1A), which corresponds to 73.29 mg kg™ of Pwenich-1 (Figure 2) and at DPS 18.7% with Pcaci
(Figure 1D), corresponding to 91.14 mg kg™ of Penicn-1 (Figure 2). In the depth of 0-20 cm, the change point
was obtained at DPS 8.6% to WSP (Figure 1C), corresponding to 43.12 mg kg™ of Pwenich-1 (Figure 2) and at
DPS 8.9 % to Pcacrz (Figure 1F) that corresponds to 55.51 mg of Pumeniicn-1 (Figure 2).
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Figure 1. Relationship between WSP and degree of phosphorus saturation (DPS) calculated by Mehlich-1 at depths of
0-10 cm (A), 10-20 cm (B) and 0-20 cm (C) and relationship between Pcacizand DPS calculated by Mehlich-1 at depths
of 0-10 cm (D), 10-20 cm (E) and 0-20 cm (F).

The estimated parameters and R? values for the segmented linear regression model used to obtain the

change point are presented in Table 7. WSP had the better statistic adjustment (R? = 0.72 at depth of 0-10
cm; R?2=0.68 at depth of 0-20 cm).
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Table 7. Generated equations and R? values adjusted in the linear regression model for change point with WSP and
Pcaciz at depths of 0-10 and 0-20 cm.

Depth Adjusted Equation R2

(3.6 * (14.9 — GSP) + 8.9  (GSP — 2.4)

= 4< < 14.
WSP(DPS) ) ,2.4 < DPS < 14.9
0-10 cm 0.72
WSP(DPS) — (8.9 * (27.9 — GSP) + 18.8 * (GSP — 14,9) 149 < DPS < 279 :
(DPS) = 27.9 —14.9 = =
WSP(DPS) = (2.8 * (8.6 — GSP) + 5.8 * (GSP — 1.63) L63 < DPS < 8.6
B 8.6 — 1.63 PR = =
0-20 cm 0.68
(5.8 * (15.1 — GSP) + 10.3 * (GSP — 8,6) :
WSP(DPS) = ,8.6 < DPS < 15.1
15.1 — 8.6
(0.5 % (18.7 — GSP) + 1.1 * (GSP — 2.4)
PCaCl2(DPS) = ,2.4 < DPS < 18.7
18.7 — 2.4
0-10 cm 0.48
PCaCi2(DPS) = (1.1 % (27.9 — GSP) + 1.8 * (GSP — 18.7) 187 < DPS < 27.9 :
¢ = 279—187 28= =4/
(0.4 * (8.9 — GSP) + 0.61 = (GSP — 1.6)
PCaCl2(DPS) = 5916 ,1.6 < DPS <89
(0.61 * (15.1 — GSP) + 0.99 = (GSP — 8.9)
PCaCl2(DPS) = ,8.9 < DPS < 15.1

15.1 -89

The DPS increased linearly with increasing soil Pwenich-1 (Figure 2). The high regression coefficient (R? =
0.9184; p <0.05) between DPS and P\eniich-1 Suggests that Puenich-1 could provide a good estimate of DPS in
soils with similar conditions of our study. The best result of this regression analysis was obtained considering
all data from depths of 0-10 and 10-20 cm. From this regression, we calculated the soil P content
correspondent to the change point, which was suggested as the environmental soil P threshold.

180
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140 A y=4.7893 + 1.9875
120 4
100 4

80 -

-1,
Putenticn-1 (MY kg ™)

60 1

40 -

20

0

0 5 10 15 20 25 30
DPS (%)

Figure 2. Relationship between degree of phosphorus saturation (DPS) and Pwmenich-1 in the soil samples of 0-10 and
10-20 cm depth.

Environmental soil P threshold

The environmental soil P threshold was suggested from the smaller change point value obtained by the
relation between DPS and WSP or DPS and Pcacr. In our study the smaller change point was obtained at

DPS 8.6% to WSP, equivalent to 43.12 mg kg™ of Pwenicn-1 in the depth of 0-20 cm (Figure 1C) and at DPS
8.9% with Pcaciz, corresponding to 55.51 mg kg of Peniich-1 (Figure 1F).

Soil P storage capacity (SPSC)

The relationship between the SPSC and WSP at depth of 0-10 cm, shows that WSP is minimal when

SPSC is positive, however when SPSC is negative, the WSP is higher, which means that the solubility of soil
P is increased (Figure 3).
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The SPSC at depth of 0-10 cm shows that treatments with just one fertilizer type (mineral or swine
manure) or with two fertilizer type but with lower doses, result in a positive storage capacity (Figure 4), which
means, this soil support new P addition before reaching de environmental soil P threshold. On the other hand,
treatments with mineral fertilizer (50 and 100%) plus swine manure (200 and 300 m?® ha! year?) the SPSC
is negative, which means that the soil P is above of the environmental soil P threshold and no more P should
be applied.
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Figure 3. Relationship between soil P storage capacity (SPSC) and water-soluble P (WSP) at depth of 0-10 cm in soil

with application of swine manure and mineral fertilizer.
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Figure 4. Soil P storage capacity (SPSC) at depth of 0-10 cm in soil with application of swine manure and mineral
fertilizer.

DISCUSSION

The soil P content was increased by application of mineral fertilizer (Table 5) and swine manure (Table
6) mainly in the 0-10 cm depth. The increment of soil P content with these amendments was expected since
a great amount of P was applied in the higher doses (Tables 3 and 4). In no-tillage systems, the mineral
fertilizers are applied in the seeding line, which results in a saturation zone with most of the P adsorption
sites occupied by the applied P. In this saturated zones, the P availability to crops can be enhanced because
of the low energy bound between P and the soil matrix [28].

Swine manure in the no-tillage system is applied at soil surface without incorporation, so the effect of
successive mineral and organic fertilizations in no-tillage systems will be expected mainly at the soil surface
layer [27-31]. The effect of the manure application on soil P content was much greater compared to the
mineral fertilizer which is explained by the high amount of P applied with manure. During the three years
period of study, 668 kg ha* of P was applied with the highest dose of swine manure (Table 3) and 161 kg ha
! of P applied with the highest dose of mineral fertilizer (Table 4).

The low mobility of soil P is expected due to the high binding energy to functional groups of the mineral
fraction, mainly Fe and Al oxides [31,32]. However, our data shows the effect of mineral fertilizer and swine
manure also in the 10-20 cm depth. The Pwmenich-1 Was 95% higher in the 100% mineral fertilizer compared to
the control (unamended treatment) in the 0-10 cm depth and 57% in the 10-20 cm depth (Table 5). The
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highest dose of manure was 219% higher compared to the control (unamended treatment) in the 0-10 cm
depth and 84% in the 10-20 cm depth.

The relationship between WSP and DPS and between Pcacz and DPS resulted in a change point in the
depths of 0-10 cm and 0-20 cm (Figure 1). The change point values with Pcaciz were higher to that found with
WSP in both depths, corroborating with other results [33]. The extraction of P with 0.01 M CacCl, aims to
simulate the saline state in the soil solution [34] and estimates the P concentration in the soil solution or the
P fraction easily soluble [35]. However, in our study, the change point with WSP had the lower results and
the better statistic adjustment (Table 7), so we suggested the environmental soil P threshold based on WSP
at 0-20 cm depth.

Assuming lower values of change point means more rigor on the establishment of the environmental soil
P threshold. The WSP is frequently used to assess the risk of P losses in agricultural areas, for example,
correlating it with the dissolved P concentrations in the runoff or with the DPS [36—38]. Several studies using
the DPS as a tool to obtain a phosphorus environmental critical threshold can be found in the literature
[9,13,18,39,40], and this tool is worldwide used to estimate the risk of water pollution in agricultural fields. In
Brazil, in the state of Santa Catarina, the environmental soil phosphorus threshold has been proposed to
regulate by law the swine manure application [16,21].

In our study, the lower change point was obtained at DPS 8.6% to WSP in the 0-20 cm depth, which is
equivalent to 43.12 mg kg™ of Pueniich-1 (Figure 1C), so 43 mg kg™ of Puenich-1 iS the suggested environmental
soil P threshold. Other studies with change point were carried out in Brazil [16,18,19,21]. Recently, in a study
with dairy liquid manure and no-tillage in sandy clay loam texture [18] found a value of environmental soil P
threshold at 0-10 cm depth of 103 mg kg™ of Puenicn-1. In Parana state, Puenicn-1 higher than 24 mg kg™ are
classified as very high for annual crops in soils with clay content lower than 25% [41]. So, the environmental
soil P threshold suggested is above the optimal agronomic soil P level. Thus, agricultural soils with Pwmehiich-1
values below the environmental soil P critical level will have a low risk of environmental pollution and will not
be a problem for agricultural production.

By using the SPSC data, it is possible to estimate the remaining soil storage capacity, and this
information is very useful for soil P management [42]. Positive values of SPSC means that the soil acts a P
sink; and negative values, the soil acts as a P source. So, the SPSC can be used to estimate the amount of
P that can be added to the soil before the soil becomes an environmental risk [9,10]. Our results indicate that
after three-years period with mineral and organic fertilization in a sandy clay loam soil under no-tillage, the
treatments with mineral fertilizer (50 and 100%) plus swine manure (200 and 300 m® ha! year?) acts as a
source of P (negative SPSC), which means that the soil P is above of the environmental soil P threshold and
there is no remaining storage capacity and so no more P should be applied.

The inadequate and excessive P application, via organic and mineral sources, can cause P accumulation
in the soil and consequently loss of this nutrient to water bodies. In this sense, the use of tools which improve
P fertilizer management in agricultural areas are essential to ensure that the P applied to the soil does not
become a potential polluting source.

CONCLUSIONS

Swine manure and mineral fertilizer application increased soil P contents mainly in the 0-10 cm depth.
The increment of soil P content was greater with swine manure application.

The environmental soil P threshold was suggested from the lower change point value and this was
obtained with DPS vs. WSP in the 0-20 cm depth, which corresponds to 8.6% DPS. So, in practical terms,
we suggest 43 mg kg? of Pwenich-1 @s the environmental soil P threshold for this Oxisol (sandy clay loam
texture) under no-tillage with application of swine manure and mineral fertilizer.

The soil P storage capacity indicated negative values with the higher doses of swine manure and mineral
fertilizer which increases the P loss vulnerability by surface and subsurface hydrological transfer pathway.
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