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ABSTRACT: The no-till system has been intensively used in the state of Parana, Brazil, and it has increased
the nutrients level at the soil surface. This has contributed for nutrient losses via runoff and consequently, off-
site water pollution. The objective of this study was to evaluate phosphorus loss in surface runoff by simulated
rainfall on an Oxisol, under no-till system following application of mineral fertilizer and liquid swine manure.
Nitrogen, soil and water losses from the same study are reported in a separated paper. The application of liquid
swine manure, compared with mineral fertilization, increased runoff concentration of total P, particulate P
and dissolved reactive P by 193%, 111% and 506%, respectively, averaged for all rainfall intensities.
Independently on the fertilizer source, the highest rainfall intensity provided the greatest concentration and
loads of P in runoff.
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Perda de fosforo via escoamento superficial no sistema plantio
direto sob adubag¢do mineral e organica

RESUMO: O sistema plantio direto tem sito intensivamente utilizado no Estado do Paran - Brasil o qual tem
aumentado os niveis de nutrientes na superficie do solo. Isto tem contribuido para a perda de nutrientes via
escoamento superficial e consequentemente com a polui¢io nio pontual das dguas. Avaliou-se a perda de fosforo
via escoamento superficial ocasionado por chuva simulada sobre um Latossolo originario de basalto, em sistema
plantio direto submetido a aplicagio de fertilizante mineral e dejeto liquido de suino. As perdas de nitrogénio,
solo e agua deste mesmo estudo foram publicadas em outro artigo. A aplicagio de dejeto liquido suino, comparado
com o fertilizante mineral, aumentou a concentragio de P total, P particulado e P dissolvido reativo em 193%,
111% e 506%, respectivamente, na média das chuvas. Independentemente da fonte de fertilizante, a chuva de
maior intensidade proporcionou maior concentragio e quantidade perdida de P no escoamento superficial.

Palavras-chave: dejeto liquido de suino, qualidade de agua, eutrofizagio, erosdo do solo, sistema conservacionista
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Introduction

Runoff is the main processes involved in the non-
point water pollution (Parry, 1998) transporting soluble
and particulate nutrients. The nitrogen (N) and phospho-
rus (P) transported by runoff have an important role in
the eutrophication process (Eghball and Gilley, 1999;
Correll, 1998; Daniel et al., 1998; Sharpley et al., 1994).
Although both N and P are essential for the algae devel-
opment, P is considered the most limiting to organic
production in water. Considering this, the water
eutrophication control has been focused at the P source
and P transport factors (Sharpley et al., 2001; Shigaki et
al., 2006a; Shigaki et al., 2007).

The intensive use of mineral and organic fertilizers
in crop production has caused a nutrient accumulation,
mainly at the soil surface (Cassol et al., 2002; McDowell
and Sharpley, 2001; Sharpley et al., 2001), especially in
the no-till system (Hernani et al., 1999; Ismail et al., 1994;

Sharpley et al., 1994; Laflen and Tabatabi, 1984), and the
soil surface nutrient enrichment increases the potential
for nutrient loss by runoff (Kimmell et al., 2001; Pote et
al., 1999; Ginting et al., 1998; Sharpley et al., 1991).
Manured soils have a great potential for P loss by
runoff (Allen and Mallarino, 2008; Smith et al., 2001).
However, it is related to several factors as P sources
(Shigaki et al., 2006b; Kleinman et al., 2002), rainfall in-
tensities (Shigaki et al., 2007; Kleinman et al, 2006), and
the time between manure application and rainfall
(Shigaki et al., 2007; Shigaki et al., 2006b). The short pe-
riod between liquid manure application and rainfall has
increased the P losses (Mori et al., 2009; Allen and
Mallarino, 2008) probably because of the runoff in-
creases (Bertol et al., 2007; Peles, 2007) as a consequence
of the surface sealing caused by the manure physical and
chemical effect (Bundy et al., 2001; Smith et al., 2001).
To mitigate the agricultural water quality problems, best
management practices, including runoff control as well
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as use and management of organic fertilizers, have been
used in several countries (Shigaki et al., 2006a).

The objective of this study was to evaluate P loss by
surface runoff, with simulated rainfall, on a soil under
no-till system following a recently application of min-
eral fertilizer or swine liquid manure as to contribute
for the establishment of Brazilian best soil management
practices. Nitrogen, soil and water losses were also re-
corded but have been reported separately (Bertol et al.,
2005; Bertol et al., 2007).

Material and Methods

The field experiment was carried out in Marechal
Candido Rondon, Western Parana State, Brazil, at
194.290 and 7.283.460 UTM coordinates. The experiment
was carried out in an Oxisol (Latossolo Vermelho
Eutroférrico tipico according to the Brazilian soil clas-
sification) with 0.045 m m™ slope under a no-till system
for five years. Some of the physical and chemical prop-
erties analyzed into the 0-0.2 m layer was: 5.4 pH CaCl ;
0 mmol_kg of exchangeable Al***; 45 mmol_ kg™, 22
mmol_kg™ and 3.4 mmol_ kg™ of exchangeable Ca*;
Mg**; de K*, respectively; 54.1 mg kg™ P (Mehlich I); 729
g kg clay; 188 g kg silt; 83 g kg™ sand; 1.29 kg dm™ bulk
density; 2.74 kg dm™ particle density; 0.41 dm’ dm™
microporosity; 0.11 dm’ dm™ macroporosity; and 0.52
dm’ dm™ total porosity. Bulk density was determined by
the core method; total porosity was obtained by satura-
tion volume; microporosity by the tension table at 60
cm and macroporosity calculated by the difference be-
tween total and microporosity (EMBRAPA, 1997).

The treatments, with four replicates, were: (NPK) -
A commercial composed NPK mineral fertilizer (31,
107, and 152 g kg™ of N, P and K, respectively, consti-
tuted of monoammonium phosphate, single superphos-
phate, triple superphosphate and potassium chloride)
applied to the soil surface at rate of 200 kg ha™'; (LSM) -
Liquid swine manure (31.9 g L™ of dry matter and 0.28 g
L™ of total P) applied at the soil surface at a rate of 60
m’ ha™; and (C) - Control, unamended soil. The mineral
fertilizer and liquid swine manure were applied at the
rates used by the farmers in that region in soil with high
soil P level, and provided, 21.4 and 16.8 kg ha™ of total
P, respectively.

After the wheat harvest, a sowing procedure was per-
formed with an implement containing chisel coulters
spaced at 40cm. This was applied up and down the slope
in order to simulate a usual condition in areas without
terraces and consequently, to create a worst case sce-
nario for runoff and soil transportation by water ero-
sion. Fertilizers were applied after this procedure in ex-
perimental plots of 1 m by 1 m bounded with metallic
borders. For the runoff sampling, a trench was opened,
with dimensions and depth sufficient to hold a reservoir
with a capacity of 25 L.

The simulated rainfall started 16 h after the applica-
tion of the mineral fertilizer and the liquid swine ma-
nure using a rainfall simulator with rotating booms

(Swanson, 1965). Initially, a soil wetting rainfall at 57
mm h™ was applied during 38 min. Thirty minutes later,
a series of three simulated rains (R1, R2, and R3) was
applied with intensity of 72, 63, and 117 mm h™', respec-
tively, each during 20 min with a 30-min interval. These
intensities were used based on the maximum rain vol-
ume during one day with a return period of 20 years and
the reason to use a series of rain with three different in-
tensities was to simulate the region’s condition.

After each rain (R1, R2, and R3), a runoff sample was
collected for total and soluble phosphorus determina-
tion. Remaining runoff was kept in the respective reser-
voirs for 24 h. After this period, another sample was
taken from the supernatant to determine the total sus-
pended P. The total runoff represents the total sediments
plus the water from rainfall. These sediments are the
sum of the decanted plus the suspended sediments.
While the suspended runoff represents the rainfall wa-
ter plus the sediments suspended after 24 h.

Dissolved reactive P (DRP) was determined in a
sample filtered through a 0.45 im filter by the ascorbic
acid method (APHA, 1995). Total P (TP) and total sus-
pended P (TPs) were determined in an unfiltered
sample by digestion with hydrofluoric and perchloric
acids (Jackson, 1958). After the digestion procedure, the
TP and TPs samples were also analyzed by the ascor-
bic acid method (APHA, 1995). The particulate P (PP)
and particulate suspended P (PPs) was obtained by sub-
tracting the concentration of dissolved reactive P from
the total P, and total suspended P.P loss in runoff was
obtained from the P concentration and the runoff vol-
ume for each rain, and the percentage of loss was cal-
culated considering the amount of total P applied in
each treatment.

The statistical analyses were done using a linear
model based on Federer (1993). The residue normality
was applied using the Shapiro- Wilk W-test according
to Royston (1992), and the mean multiple comparisons
were done by orthogonal contrasts using the F test (Steel
et al., 1997).

Results and Discussion

Phosphorus concentration

The application of liquid swine manure increased
the concentration of DRP in the runoff from the three
simulated rainfalls (Table 1). DRP concentrations in the
liquid swine manure treatment were from 5 to 8 times
greater than the NPK treatment and from 12 to 20 times
greater than the unamended soil (Table 1), in agreement
with the findings of Allen and Mallarino (2008). These
differences can be attributed to blockage of the P adsorp-
tion sites in the clay minerals through organic acids from
manure with and consequently, increase P in soil solu-
tion (Andrade et al., 2003). Also, the greater concentra-
tion of DRP in runoff in soil with liquid swine manure
compared with NPK fertilization indicates that the sus-
pended sediments adsorbed the applied P as fertilizer
during the runoff process (Sharpley et al., 1994).
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Table 1- Average concentration and orthogonal contrast of dissolved reactive P (DRP) and particulate P (PP) in runoff,
particulate P in suspended sediment (PPs), and total P (TP) in runoff in the three simulated rainfalls (R1, R2, and
R3) applied on the organic fertilization (LSM), mineral fertilization (NPK), and control (C) treatments.

Rainfall Treatment Contrast
LSM NPK C C vs LSM, NPK LSM vs NPK

mg L' DRP Pr > F
R1 493 + 0.36 0.83 + 0.045 0.21 + 0.05 <0.0001 <0.0001
R2 3.53 + 0.43 0.74 + 0.06 0.25 + 0.06 0.0002 <0.0001
R3 4.07 + 0.22 0.48 + 0.09 0.35 + 0.05 <0.0001 <0.0001
Contrast Pr>F
R1 vs R2, R3 0.026 0.032 0.184
R2 vs R3 0.307 0.025 0.203

mg L PP Pr > F
R1 4.49 + 0.84 234 + 047 1.96 + 0.37 0.077 0.031
R2 3.33 + 0.04 1.35 + 0.20 1.76 + 0.29 0.176 0.002
R3 9.41 + 1.42 4.83 £ 0.43 3.49 £ 0.79 0.014 0.009
Contrast Pr > F
R1 vs R2, R3 0.153 0.146 0.332
R2 vs R3 0.002 0.001 0.046

mg L PPs Pr > F
R1 2.01 + 0.49 0.49 + 0.13 0.27 + 0.03 0.022 0.005
R2 na na na
R3 1.27 + 0.18 0.55 + 0.14 0.30 + 0.04 0.005 0.005
Contrast Pr>F
R1 vs R3 0.294 0.770 0.539

mg L' TP Pr>F
R1 9.42 + 1.10 3.16 + 0.46 2.16 + 0.38 0.001 0.0002
R2 6.87 + 0.81 2.09 + 0.25 2.01 + 0.34 0.004 0.0001
R3 13.48 + 1.62 531 + 0.45 3.84 + 0.74 0.002 0.0004
Contrast Pr > F
R1 vs R2,R3 0.627 0.296 0.262
R2 vs R3 0.004 0.0003 0.034

Pr > F= p-value of statistics F for orthogonal contrasts; na = no analyzed; + = standard deviation.

High DRP concentration in the swine liquid manure

treatment can also be explained by the increase of the
runoff (Bertol et al., 2007) as a consequence of the pos-
sible surface sealing caused by the slurry application
(Mori et al., 2009) with consequences on the soluble P
transport of the (Bertol et al., 2007). The solid particle
of the manure can close the soil macropores causing a
surface sealing by physical obstruction. Evidence of nu-
trient losses affected by soil surface sealing due to slurry
manures application has been shown at short and long
time experiments (Gilley et al., 2007; Smith et al., 2001).

The amount of total P applied by swine manure was
lesser than through mineral fertilization (16.8 kg ha™ and
21.4 of total P, respectively). Moreover, the amount of
water soluble P also was lesser considering that the P
water solubility in the mineral fertilizer is higher than
in the swine manure. Kleinman et al. (2002) and Shigaki

et al. (2006b) have shown that runoff P losses are closely
related to the P water solubility in P sources. Particu-
late P (PP) concentration in runoff with application of
liquid swine manure was greater than the NPK treat-
ments in all rainfalls (Table 1). The greater PP concen-
tration in the soil amended with liquid swine manure
was probably due to the transportation of organic par-
ticles by runoff, which are highly enriched by P. The
sediment enrichment during the runoff process by the
DRP adsorption could also have contributed to this re-
sult (Sharpley et al., 1994), since the DRP concentration
in the runoff was excessively greater in the liquid swine
manure treatment (Table 1).

Fertilizations also affected the concentrations of par-
ticulate P in the suspended sediments in the runoff (PPs)
(Table 1). In all rainfalls, the concentration of PPs was
greater in treatment with swine liquid manure compared
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with the mineral fertilization and unamended soil (Table
1). These results possibly are due to the great amount of
solid particles of swine manure suspended in the run-
off, which were rich in P, as well as the capacity of these
particles to adsorb soluble ions from the runoff, such as
phosphates.

The sediments transported by runoff have different
sized particles and this affects the settling velocity. Finer
and less dense particles, such as clay minerals and or-
ganic matter, present a slow sedimentation rate and re-
main suspended in water for longer periods. Consider-
ing this, the PPs loss has a great environmental impor-
tance because, as the DRP, it becomes a water diffuse
pollution source far away from where the loss occurred.
So, it is important to use measures to retain the runoff
in the field under no-till, as a “terraces” system, for ex-
ample, since the runoff in no-till transports mainly
soluble nutrients and suspended sediments.

The concentration of total P (TP) in runoff was in-
fluenced by treatments, similar to the behavior of DRP
concentration, yet, with less difference among treat-
ments (Table 1). The TP concentrations in all rainfalls
with swine manure application were about three times
greater than for the NPK and control treatments, even
with less P applied by the swine manure in comparison
to the mineral fertilization. This probably occurred due
to the transport of organic solid particles from manure
remained on the soil surface which was not incorporated
into the soil (Allen and Mallarino, 2008; Pierson et al.,
2001; Smith et al., 2001). The P water solubility and the
high runoff volume (Bertol et al., 2007) in the swine ma-
nure treatment can also have contributed to this result
(Withers et al., 2001). This shows the risk of even low
intensity rainfalls on P loss (Quinton et al., 2001), espe-
cially when the rainfall occurs immediately after the ap-
plication of swine manure at the soil surface.

The rainfall intensities had a distinct effect in the
concentration of different P forms. TP concentration in
runoff was more affected by intensity than the DRP con-
centration, but with an inverse effect since the TP con-
centration increased as the rainfall intensity increased
for the liquid swine manure and NPK treatments, and
the DRP concentration decreased, especially in the NPK
treatment (Table 1). Sharpley et al. (2001) reported that
the increase in soil loss caused an increase in the TP
and PP, and a decrease in DRP concentration. Sharpley
et al. (1981) found an inverse relationship between DRP
concentration and sediment concentration in runoff.
According to them, the decrease in the DRP was a con-
sequence of the soluble P reabsorption by the sediments
transported during the erosion process. In our experi-
ment, the soil loss was greater in the R3 rainfall (third
rainfall with 117 mm h of intensity), independently of
treatments (Bertol et al., 2007).

The TP concentration in runoff of the R3 rainfall
(third rainfall with 117 mm h of intensity) was about 1.4,
1.7 and 1.8 times greater than the R1 rainfall (first rain-
fall with 72 mm h™ of intensity) for the liquid swine ma-
nure, NPK fertilizer, and unamended treatments, respec-

tively. These data indicate the effect of rainfall intensity
as well as the soil hydrology in the TP concentration in
runoff (Shigaki et al., 2007; Kleinman et al., 2006;
Sharpley et al., 1994).

The third rainfall (intensity of 117 mm h™) also
caused greater PP concentration in the runoff for all
treatments (Table 1). This can be explained by the higher
intensity of this rainfall, transporting more sediment as
soil and manure particles as shown by Bertol et al. (2007).
This reinforces the importance of sediment transport on
P losses, and the necessity to control soil erosion to
avoid water eutrophication (Simard et al., 2000; Daniel
et al., 1998; Sharpley et al., 1994).

Considering the environmental issues, the TP loss
through runoff causes an important impact in a water
body where it is deposited (Alberts and Spomer, 1985).
According to the Brazilian legislation, TP concentration
in lakes should not be greater than 0.02 mg L™, and for
rivers should not be greater than 0.1 mg L™ (CONAMA,
2005). In our study, the environmental importance of TP
loss by runoff was evident, since the highest (13.48 mg
L™ and the lowest (2.01 mg L) average of TP concen-
tration in runoff (Table 1) were much higher than the
limits to avoid eutrophication. The TP concentration
even in the unamended soil was above the limit estab-
lished to avoid eutrophication. These high TP concen-
trations in runoff can be explained by the high P soil
level (54.1 mg kg™ P Mehlich I). It is widely known that
the no-till system causes a P accumulation at the soil
surface (Kimmell et al., 2001; Soileau et al., 1994; Laflen
and Tabatabi, 1984).

The percentage of total P as DRP was greater with
liquid swine manure application compared with NPK
and unamended treatments in all rains. However, the dif-
ferences are more evident in the first and second rain
(about 50% of TP is composed of DRP in the first rain
and second rain) (Figure 1). DRP is readily available for
aquatic organisms, and this high contribution of DRP
allows to state that the liquid swine manure application
in agricultural areas without vegetative or mechanical
practices to control runoff greatly increases the risks of
water degradation.

The lesser concentration of sediments in the runoff
of the first and second rainfall (Bertol et al., 2007) can
be one reason for a high percentage of DRP, since PP is
related to sediments (Eghball and Gilley, 2001; Simard
et al., 2000; Correll, 1998; Daniel et al., 1998). The lower
sediment concentration (Bertol et al., 2007) was closely
related to the lower PP and, as a consequence, the greater
DRP. In the third rain, there was a higher percentage of
TP as PP (Figure 1) reflecting higher sediment concen-
tration in this rain (Bertol et al., 2007).

A low percentage of PP (Baker and Richards, 2002;
Sharpley et al., 1994) is expected in no-till system because
of the low sediment transport. However, in this experi-
ment, PP represented more than 50% of the TP (Figure
1). This possible occurred due to the transport of sedi-
ments rich in P as manure and soil particles at the soil
surface. It is interesting to explain that sediment trans-
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port was potentially increased by the sowing performed
at the beginning of the experiment. In conservation or
pastures systems, most of the TP is constituted by DRP,
however in a conventional system, from 75 to 95% of
TP is constituted by PP (Sharpley et al., 1994).

Besides the agronomical issues, it is important to con-
sider the environmental problems related to nutrient
losses. Although PP is considered a long-term potential
source of eutrophication, depending of the condition, a
great fraction of PP (up to 70%) can also be readily avail-
able to aquatic organisms (Sonzogni et al., 1982).
Sharpley et al. (1992) found that the PP bioavailability
can vary from 9 to 69% depending on agricultural man-
agement. This indicates that in order to control diffuse
water pollution from no-till systems, it is necessary to
prevent runoff in the agricultural field by best manage-
ment practices.
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Less than 15% of to the P applied was lost in run-
off (Figure 2), being greatly affected by fertilizer type
and rainfall intensity. Even though more total P had
been applied in the mineral fertilization (21.4 kg ha™)
compared with the organic fertilization (16.8 kg ha™),
the TP loss following swine manure application was
7.3, 8.5 and 4.5 times greater for R1 (first rain with
intensity of 72 mm h™'), R2 (second rain with inten-
sity of 63 mm h™"), and R3 (third and last rain with
intensity of 117 mm h™), respectively. These results
are due to the combined effect of greater P concen-
tration (Table 1) with higher runoff volume (Bertol
et al., 2007) with application of liquid swine manure
compared with the NPK treatment. Low P losses, usu-
ally less than 5% of the applied P, are commonly
found, especially in conservation tillage (Sharpley et
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Figure 1 - Percentage of TP concentration as dissolved reactive P (DRP) and particulate P (PP) in surface runoff in the three simulated
rainfalls (R1, R2, and R3) applied on the organic fertilization (LSM), mineral fertilization (NPK), and control (C).
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Figure 2 - Percentage of total P applied lost as total P (TP), dissolved reactive P (DRP), and particulate P (PP) in surface runoff in the
three simulated rainfalls (R1, R2, and R3) on the organic fertilization (LSM) and mineral fertilization (NPK).
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al., 1994), which although can be meaningless agro-
nomically may present serious environmental prob-
lems.

Comparing the rainfall intensities, there was a sharp
influence of this factor in total P loss. For both fertili-
zations, the TP loss caused by the third rainfall (117 mm
h™) was about 80% of the total loss (Figure 2). TP loss
in the first rain was about twice that of the second rain-
fall, while the intensity of the first rainfall was just about
20% greater than intensity of the second rainfall. These
show the combined effect of rainfall intensity and soil
hydrological condition (Shigaki et al., 2007; Kleinman
et al., 2006) on P transport. The application of liquid
swine manure increased by 315% the TP lost in the third
rainfall (117 mm h™) compared with the first rainfall (72
mm h™). These differences reflect the effect of the run-
off volume and the sediment concentration for the third
and higher intensity rainfall.

The results from this study indicate a great poten-
tial of water contamination if the runoff from the no-
tillage system reaches the water body, even from the ar-
eas without mineral and manure fertilization. So, it is
recommended the use of vegetative and mechanical prac-
tices to control runoff (Foster, 1982), as plant cover, crop
rotation, strip cropping, contour cultivation, and terraces
(SEAB, 1994). Also it is fundamental to have the ripar-
ian vegetation considering the important role on the pol-
lutants filtering (Smith et al., 1990).

Conclusions

The application at the soil surface, one day before
the rain, of liquid swine manure at a rate of 60 m” ha™ in
no-till system, increased the concentrations and loads of
dissolved reactive P, particulate P and total P in runoff
in comparison with the mineral fertilizer. In general, the
most intense rainfall caused a greater concentration and
load of P in runoff. These results show the great poten-
tial of water contamination by slurry application at the
soil surface just before rain, and also show the impor-
tance to keep the runoff out of the streams by increas-
ing the runoff infiltration in the agricultural field with
best management practices, as plant cover, crop rota-
tion, strip cropping, contour cultivation, terraces and
riparian vegetation.
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