
Soil slope and texture as factors of phosphorus exportation from pasture
areas receiving pig slurry

D.J. Dall'Orsoletta a,⁎, L.C. Gatiboni b, G.L. Mumbach a, D.E. Schmitt c, G. Boitt d, T.J. Smyth b

a Department of Soil Science and Natural Resources, Santa Catarina State University, Lages, Santa Catarina, Brazil
b Department of Crop and Soil Sciences, North Carolina State University, Raleigh, NC, United States of America
c Department of Agriculture, Biodiversity and Forests, Federal University of Santa Catarina, Curitibanos, Santa Catarina, Brazil
d UWA School of Agriculture and Environment, The University of Western Australia, Perth, Australia
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• Phosphorus exportation has studied in
soils of distinct texture and slope.

• Increasing slope or pig slurry rate rises
the phosphorus losses by surface runoff.

• Sites with slopes higher than 25% have
losses three times higher than the
others.

• High adsorption capacity turns soils
prone to phosphorus losses by surface
runoff.

• Site slope has added to soil phosphorus
threshold model of Santa Catarina,
Brazil.
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Phosphorus (P) loss from agricultural areas to waterbodies is a worldwide concern. However, the effect of soil
source and transport factors, such as clay (C) content and slope (S), on the magnitude of the P transport in
Brazilian subtropical soils is still understudied. The objectives of this study were i) to quantify the loss of P frac-
tions by runoff in areas receiving pig slurry application and with variations in S and C content; ii) propose an en-
vironmental critical limit model of P (P-threshold) for Brazilian subtropical soils. Thus, two series of experiments
were conducted from 2016 to 2018, one under a Nitisol with 642 g kg−1 of C and another under a Cambisol with
225 g kg−1 of C. The treatments were four P rates (0, 56, 112 and 224 kg P ha−1 year−1) superficially applied as
pig slurry, on Tifton (Cynodon sp) pasture, and three S (10, 20 and 30% in the Nitisol and 15, 25 and 35% in
Cambisol). P losses increased in both soils as the S and P rates rose. The Nitisol showed P losses three times higher
than the Cambisol. Soil S above 25% promotes P losses at a rate three times higher than in soil below this limit.
Therefore, we propose a P-threshold model for Mehlich-1 extractable P levels for Brazilian subtropical soils as:
“P-threshold = (42.287 + C) − (0.230 S + 0.0123 C S)” in soils with a S ≤ 25% and “P-threshold =
(42.287 + C) − (−0.437 S + 0.039 C S)” in soils with a S >25%, where both C and S are shown in percentage.
The soil clay content and slope are aggravating factors to the P transfer process, thus must be considered in suit-
able models to predict the P losses risk.
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1. Introduction

The concern with water quality has stimulated the search for eco-
nomically viable solutions for both the treatment of wastewater
(Beidokhti et al., 2019; Cordier et al., 2020; Hashemi et al., 2019) and
the definition of parameters andmodels to address the risk of nutrients
transfer, such as phosphorus (P), from the soil to water bodies (Abboud
et al., 2018; Bortolon et al., 2016; Fischer et al., 2018; Gatiboni et al.,
2015, 2020; Goularte et al., 2020). P transfer from soil to surface water
is an eutrophication precursor leading to water quality deterioration
(Alzeyadi et al., 2019; Correll, 1998; Schindler et al., 2016; Zhang et al.,
2017), and has been the focus of discussion around the world, due to
its diffuse pollution potential and control difficulty (Cassidy et al.,
2016; Correll, 1998; Heathwaite et al., 2005; Kleinman et al., 2011).

The transfer of P from soil to water bodies is a complex process in-
volving variable linked to the soil as a source of pollution, P sorption
capacity, availability, fertilizer management, and transport factors such
as slope, soil infiltration capacity, rainfall volume and intensity
(Heathwaite et al., 2005). In this sense, many models to assess the risk
of P transfer are proposed around the world and vary in their degree
of complexity, much depending on the number of factors they consider
and the data availability (Heathwaite et al., 2005). The attempts to
established environmental critical limits of soil P levels (P-threshold)
in southern Brazilian soils are based only on P sorption characteristics
of the soil (Bortolon et al., 2016; Gatiboni et al., 2015, 2020). Alterna-
tively, other studies tried to apply adaptations of the P-index model
established in the USA to the Brazilian subtropical region context
(Couto et al., 2015, 2018; Goularte et al., 2020; De Oliveira et al.,
2010), however, those are often being limited by the lack of calibration
studies.

Thus, to improve the prediction capacity of P losses potential of agri-
cultural areas to aquatic environments, models such as P-threshold pro-
posed for southern Brazil, need to incorporate other variables related to
P transport, among them, the slope is one of the most impactful ones in
the P transport because it is positively related to soil and water losses
(Borda et al., 2014; Bouraima et al., 2016; Khan et al., 2016;
Mahmoodabadi and Sajjadi, 2016; Morbidelli et al., 2016; Sharpley,
1985; Yang et al., 2015), in addition to being easy to determine in the
field. Coupled with that, the clay content can also affect the proportion
ofmacropores andmicropores, changing the dynamics of water infiltra-
tion into the soil. As a result, although clay soils have a higher P reten-
tion capacity (Gérard, 2016; Ige et al., 2005; Oliveira et al., 2014), the
lower proportion of macropores in clay textured soils can increase
losses due to runoff (Essig et al., 2009; Mazaheri and Mahmoodabadi,
2012), especially in higher slopes (Khan et al., 2016; Morbidelli et al.,
2018).

Despite keeping P less available, the particles of clay soils submitted
to frequent applications of phosphate fertilizers are rich in P, and soil
erosion is an important pathway of P transfer out of the agricultural en-
vironment (Rubæk et al., 2013; Sharpley, 1980). In this sense, the
knowledge of lost P pools is also important because the environmental
impact of each one is varied. Readily available forms such as reactive sol-
uble P, for example, have an immediate impact on water quality. Mean-
while, recalcitrant forms associated with clay minerals do not have an
immediate impact but can buffer available P over time, therefore com-
prising a "legacy P" (Withers et al., 2018).

Altogether, the knowledge of P-threshold is especially important for
areas subjected to continuous application of P, as the case of those adja-
cent to pig farms used for the disposal of pig slurry. The Santa Catarina
state is the largest pig producer in Brazil (ABPA, 2018), and has one of
the largest pig livestock concentrations in South America (Robinson
et al., 2014). As a result, large amounts of waste are generated, as pig
slurry. The main method of disposal of this residue is its application to
the soil in areas of grain and pasture production because it contains sig-
nificant levels of nutrients, including P (Cassol et al., 2001; Li et al., 2009;
CQFS-RS/SC, 2016). However, continued applications of pig slurry

without the observance of technical criteria lead to the P accumulation
in the soil and, consequently, to an increased risk of transfer to surface
waters (Baker et al., 2017; Boitt et al., 2018; Lourenzi et al., 2015). As a
general feature, this production is predominantly carried out in con-
fined systems, in small rural properties with an average slope of 22.5%
(Martini, 2012) increasing the P transport potential.

Soil and water loss are commonly low in pasture areas yet, due to
soil texture, slope, and frequent application of P source as pig slurry,
the transfer of P to the environment may impair the water quality
even in these conditions. Based on that, we hypothesized that P frac-
tions losses from pasture areas are related to clay content, slope, and
pig slurry input rates. Also, we hypothesized that quantifying these
losses will allow predicting a limit of P that the soil support before the
environmental risk increase, based on easily obtained variable as soil
clay content, slope, and P availability. Proving this hypothesis will en-
able the classification of areas from southern Brazil that receive pig
slurry application according to its environmental risk of P transfer and
so supporting farmers, stakeholders, and regulatory agencies to apply
best management practices in target areas, enhance water quality
economically.

Thus, the objectives of this study was (i) quantify the loss of P frac-
tions by runoff in areas under pasture as a function of the land slope
and pig slurry rates in a series of replicated field trials conducted in
two contrasting soil types found in Santa Catarina, southern Brazil;
and (ii) propose an environmental critical limit model of P (P-thresh-
old) for Brazilian subtropical soils. These regions were selected due to
their relevance to Brazil's economy of which agriculture and intensive
swine industry play major roles.

2. Materials

2.1. Study area

Six field experiments were carried out using the same basic experi-
mental design across two study areas (referred to as central and eastern
regions) of the state of Santa Catarina, southern Brazil (Fig. 1).

The climate at the central region is classified as Cfb (humid subtrop-
ical) according toKöppen (Peel et al., 2007), with anhistoric average an-
nual rainfall of 1959 mm year−1 (Ref. to EPAGRI) (Table S1). The soil at
this site is a Nitisol (WRB/FAO, 2015), with a clay content of 642 g kg−1.
The area had been used for commercial grain (corn) cropping, but was
under fallow for four years prior the study. At the eastern region how-
ever, the area was previously covered by a native grassland without
grazing. Liming was done to raise pH-H2O of the 0.0–0.20 m soil layer
to 6.0 (8.0 Mg lime ha−1 incorporated by a disc plough) to remove the
natural soil acidity constrains (natural soil pH ~ 4.5). The climate of
the region is a Cfa of Köppen (Peel et al., 2007), with an historic average
annual rainfall of 1668 mm year−1 (Ref. to EPAGRI) (Table S1). The soil
is classified as a Cambisol (WRB/FAO, 2015), with 225 g clay kg−1.

Prior to the set-up of the trials however, a perennial pasture system
was established at both areas andwas composed by the `Tifton 85` grass
(Cynodon sp), implemented in March 2015. This plant species was cho-
sen as it composes the main pasture specie grown in the State (Sbrissia
et al., 2017). Once the pasture was fully established, the field plots were
installed in January 2016. Runoff plots (1m×4.25m)were delimited by
metal plates to direct the runoff to collectors installed at the base of the
plots (Fig. 2a).

2.2. Description of the field studies

The experimental design had four treatments which were com-
prised by the addition of increasing rates of pig slurry broadcast to the
topsoil. Pig slurry samples were always analysed for total P concentra-
tion, and applications rates were calculated to add the amounts of P
(in kg P ha−1) required to supply levels equivalent to 0, 0.5, 1, and 2-
times the P rate needed for the production of 16 Mg forage dry matter
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ha−1 year−1, following local recommendation guidelines (CQFS RS/SC,
2016). In total, six applications of pig slurry were performed over the
two years of investigations, which equated to P input rates of 0, 56,
112, and 224 kg P ha−1 year−1. Each experiment had three replicates
randomly arranged in blocks.

At each study site (i.e. central and eastern regions), three experi-
ments were installed using the abovementioned protocol, but on a gra-
dient of soil slopes commonly found in the areas. In the central region,
the trials were set up on either 10, 20, or 30% declivity, whereas the
slope range at the eastern region were 15, 25, or 35%.

Pasture cuts at both study areas were performed when the sward
reached approximately 30 cm (5–6 times per year), and the above-
ground plant biomass was removed from the plots, simulating hay
cropping (Fig. 2d). On January 15th 2016, the pig slurry applications
were started, and the runoff assessments begun.

2.3. The used data

The total drained volume was measured and the runoff samples
were collected periodically for analyses. Over the length of the

Fig. 1. Regions of Santa Catarinawhere the experimentwas carried out, middle-west in themunicipality of Campos Novas and in the region of Alto Vale do Itajaí, in themunicipality of Rio
do Sul.

Fig. 2. Partial view of the plots delimited by metal sheets (a); surface application of pig slurry (b); appearance of plots after application (c); and pasture cut at 10-cm height before the
application of pig slurry (d).
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experiments, i.e. from January 2016 to January 2018, 36 and 22 runoff
samplings were carried out at the central (Nitisol) and eastern
(Cambisol) regions, respectively.

3. Methods

3.1. Runoff and soil sampling and analysis

The total volumedrained in each samplingwas determined from the
measure of the water-column in the interior of the collectors with the
aid of a ruler, the ratio between water-column and volume was
previously calibrated. Homogenized samples of the runoff were then
taken to the laboratory for determination of sediment concentration
(in g L−1) by turbidity measurements made in bench turbidimeter
(Digimed TB-1000P), with readings in nephelometric turbidity units
in 10 mL aliquots of the homogenized samples (Minella et al., 2008).
The total sediment losses were calculated by multiplying concentration
by volume and results are presented as annual rates in kg ha−1 year−1.

Runoff samples were also analysed for P in different fractions. Con-
centrations of P were determined separately in the following pools:
water soluble (i.e. molybdate reactive) P (hereafter named as P-H2O)
(4500–P; APHA, 2017), exchangeable or adsorbed P extracted by an
anion exchange resin (P-resin), and total P (P-total) (4500–P; APHA,
2017). Data quantified in runoff in different P pools is presented in g P
ha−1 year−1 after multiplying the P concentrations in the aliquots by
the total volume of runoff. Formore details of the processing of the sam-
ples, see the flowchart in the Supplementary material (Fig. S1).

Three soil samplings were carried out in the experiments: at the be-
ginning of the assessments (January 2016), at the end of the first year
(January 2017), and at the end of the second year of investigations (Jan-
uary 2018). Soil samples were collected from the 0.0–0.10 m depth
layer, taking three subsamples per plot which were combined into a
composite sample. In these samples, P was extracted by the Mehlich-1
solution (HCl 0.05 mol L−1 + H2SO4 0.025 mol L −1; Mehlich, 1953).
Data is shown in mg P dm−3.

P concentration in all extracts was determined by colorimetry at
882 nm following the Murphy and Riley (1962) method.

3.2. Statistical analysis

The data obtained were submitted to the Kolmogorov Smirnov
normality test and Bartlett homoscedasticity test and transformed
by a logarithmic function (log10 x) to meet the precepts of normality
and homoscedasticity. They were then submitted to analysis of vari-
ance (ANOVA) for the comparison of groups of experiments where
all treatments are equal, according to the model “Yijk = m + Ek + b
(E)j(k) + ti + (E ∗ t)ik + eij(k)” where, “Y” is the value of the response
variable; “m” is the general average; “E” is the effect of the experi-
ment (slope), “b” is the block effect and “t” the treatment effect
(pig slurry input rate). The significant effects (P < 0.05) were com-
pared by regression, when pig slurry input rate, or by the averages
LSD (P < 0.05), when slope, using the statistical software SISVAR
5.6 (Ferreira, 2014). Regression models were adjusted by the
method of least squares, using Sigma Plot 12.5 software to access
the model's statistical significance by the F test (P< 0.05) and its pa-
rameters by the t-test (P < 0.05).

4. Results and discussion

4.1. Runoff and soil losses

With the increase in land slope, the volume of runoff in both soils
was increased (Fig. 3a; c), while pig slurry affected the runoff volume
only in theNitisol (Fig. 3b; d). In the Nitisol (central region), the volume
of solution drained increased proportionately to the increase in soil
slope, resulting in an over 2-fold increase, on average, for every 10%

accretion in slope. The cumulative volume of solution quantified as run-
off from the Nitisol was equal to 206, 482, and 1053m3 ha−1 year−1, re-
spectively from plots with 10, 20, and 30% declivity (Fig. 3a). In the
Cambisol (eastern region), the mean volume drained increased from
85 to 168 m3 ha−1 year−1 considering the slope of 25 and 35%, respec-
tively, presenting a magnitude similar to that observed for the Nitisol.
The volume drained at Nitisol was also altered by the pig slurry applica-
tions, ranging from 603 to 1029 m3 ha−1 year−1 between the lowest
and highest rates tested, respectively (Fig. 3b).

Increases in soil slope reflect in reductions in soil surface water re-
tention and infiltration, therefore increasing the overland drainage
and sediment transport energy (Khan et al., 2016; Morbidelli et al.,
2018). Assessing losses by runoff in soils under different slopes, pres-
ence or absence of soil cover and different rainfall intensities, Khan
et al. (2016) observed significant increases in losses under more in-
clined terrain conditions; under the condition that the soil surface was
kept protected and under a rainfall intensity of 54 mm h−1, the flow
losses were 0.0 and 3.4 mm m−2 for the slopes of 5 and 25%, respec-
tively, passing to 3.7 and 34.1 mm m−2 when precipitation became
94 mm h−1. Rainfall intensity and volume together with soil character-
istics, particularly those soil physical properties influencing the water
retention dynamics such as texture and aggregate structure and distri-
bution play a determinant role to the runoff susceptibility of a given
area (dos Santos et al., 2017; Essig et al., 2009; Khan et al., 2016). Coarse
textured soils as the Cambisol for example, have a higher infiltration
rate and therefore a lower runoff volume compared to clay soils as the
Nitisol (Essig et al., 2009;Mazaheri andMahmoodabadi, 2012). Further-
more, the volume of rain observed in the Cambisol region was 25%
lower than for the Nitisol region (Table S1). It is evident that although
discrepant runoff volumes are observed among the evaluated soils,
due to intrinsic characteristics and climate, the effect of slope on these
variables showed similar tendencies.

The superficial application of pig slurry may increase runoff through
its hydrophobicity and surface sealing (Cherobim et al., 2018). On the
other hand, this increase in runoff can be partly counterbalanced by
an enhanced plant biomass yield and consequently, an increase in the
infiltration rate (da Rocha Junior et al., 2017). As observed in the Nitisol,
there was probably a beneficial effect of the application of pig slurry on
infiltration up to the first rate tested (equivalent to 56 kg P ha−1 year−1;
Fig. 3b), however, with the increase in the input rates, surface runoff
was increased probably due to the effect of superficial soil sealing and
conferred hydrofobicity of the pig slurry. Moreover, the lower intrinsic
macroporosity of heavy textured soils, such as the Nitisol studied here,
can favor the deleterious effects of pig slurry on runoff (Farrick et al.,
2018; Jiménez-de-Santiago et al., 2019; Pagliari et al., 2011).

Sediment losswas only influenced by the land slope in the Nitisol. In
these soils, losses increased from 17 to 41 kg ha−1 year−1 in 10 and 20%,
respectively, representing an increase of 2.4 units for each 1% increase in
slope (Fig. 4a). In the 30% slope, the sediment loss was 176 kg ha−1

year−1, 10 and four times higher than in the 10 and 20% slope, respec-
tively. In Cambisol, the mean sediment loss was 62 kg ha−1 year−1, re-
gardless of slope (Fig. 4b). Although the sediment losses increase with
the slope in the Nitisol, the total amounts lost can be considered negli-
gible. Evaluating different soils in the state of Santa Catarina, Brazil,
Bertol and Almeida (2000) obtained average values of annual soil loss
tolerance of 9,000 and 14,000 kg ha−1 for Cambisols and Nitisols, re-
spectively. In the present study, the mean values of sediment lost in
Cambisol, regardless of the slope, and the values lost in the steepest con-
dition of Nitisol represented only 0.7 and 1.2% of the tolerated annual
losses. Even though total soil losses are low in the pasture conditions
of this study, losses of chemical elements capable of causing environ-
mental contamination, such as P, must be a concern. The following
topics will address this issue.

The increase in slope increases the runoff rate and its capacity to load
and transport sediments (Mahmoodabadi and Sajjadi, 2016). The main
factor that influences the soil loss under pasture conditions is the slope
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(Galdino et al., 2016). According to Khan et al. (2016) the slope of the
terrain and the intensity of the rain enhanced sediment losses, even if
plant residues cover the soil. However, the presence of plant residues
on the soil surface, a condition present in this study, protects it against
the impact of raindrops and delays the runoff process. For this reason,
soils under pasture have the lowest losses of soil and water (Anache
et al., 2017).

Sediment loss is directly related to runoff (Bouraima et al., 2016; dos
Santos et al., 2017; Ramos et al., 2016). According to Bertol and Almeida
(2000), soilswith restrictions onwater infiltration, such as clay textured
horizons, may have an enhanced risk of erosion losses. Additionally, Jia

et al. (2020) found that the effect of conservationist practice on soil and
water losses is more efficient in sandy soils. Therefore, the improved
conditions to water infiltration present in the sandy soil studied here,
the Cambisol, concomitantly to the protective effect of soil cover by
the pasture, limited the influence of the slope on the soil losses. Besides,
the relationship between slope and sediment losses observed for the
Nitisol can be justified by the possible contribution of superficial sealing
caused by the application of pig slurry (Farrick et al., 2018; Jiménez-de-
Santiago et al., 2019; Pagliari et al., 2011).

Soil and sediment loss are commonly estimated by Universal Soil
Loss Equation (USLE), which includes parameters as rainfall erosivity,
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soil erodibility, soil use and management, adoption of conservationist
practices, ramp length, and terrain slope (Wischmeier and Smith,
1978). In general, there are discrepancies between soil losses observed
experimentally and estimated by models such as USLE, RUSLE, and
WEPP, for Brazilian edaphoclimatic conditions (Amorim et al., 2010).
These discrepancies can be attributed to the fact that these models
have been developed for temperate regions of the globe, and so mark-
edly contrasting to tropical and subtropical Brazil, being more pro-
nounced under conditions where low soil losses occur (Amorim et al.,
2010). Additionally, most of the research quantifying soil and water
losses in Brazil are carried out under average soil slope conditions, be-
tween 3 and 21% (Anache et al., 2017). In this sense, the soil loss equa-
tions and nutrient export assessment tools urge data in greater slope
ranges and varied soil types, mainly regarding pasture areas from sub-
tropical Brazil.

4.2. Soil slope, phosphorus rates and phosphorus fraction losses by runoff

The P losses were influenced by the land slope and by the P rates, in
all its fractions, in both soils. Regarding P-H2O fraction, the Nitisol had
losses of 134, 237 and 327 g P ha−1 year−1, for the slope of 10, 20 and
30%, respectively (Fig. 5a). Whereas for the Cambisol, P-H2O losses in-
creased from 60 g ha−1 year−1, in the mean slope of 15 and 25%, to
144 g P ha−1 year−1 in the slope of 35% (Fig. 5c). The linear increase
in P-H2O losses, due to the addition in P input rates in both sites,
followed the increases in Mehlich-1 P concentration in the soil
(Fig. 5b; d). When considering the P-H2O quantified from the soils in-
vestigated and the linear equations describing this response variable

as a function of P input rates (Fig. 5b; d), a 3.4 times greater angular co-
efficientwas evident for theNitisol compared to the Cambisol, and there
is a relation of 2.4 times between the clay content of the soils.

Similarly, the loss of P fraction measured by the P-resin increased as
a function of the applied P rates, but responses varied among the soil
slopes evaluated. In the 10% slope in the Nitisol, the rate of P loss in-
creased by 3.0 g P ha−1 year−1 per kilogram of applied P (Fig. 6b),
while in the 20% slope, this increase was 46% higher with 4.4 g P ha−1

year−1 lost as P-resin for each kilogram of P applied. For the same soil,
under the 30% slope, P losses measured as P-resin increased exponen-
tially, whereby the P losses from soils receiving the highest P rate tested
(i.e. 224 kg P ha−1 year−1) were on average 2.3 and 1.1 fold higher than
the 10 and 20% slopes respectively. In the Cambisol, P-resin loss in the
35% slope was 202 g P ha−1 year−1, approximately three times higher
than the others, which presented an average loss of 73 g P ha−1

year−1 (Fig. 6c). In the meantime, the application of P rates, regardless
of the soil slope, has significantly increased P-resin losses, mainly for
rates above 112 kg P ha−1 year−1 (Fig. 6d).

The behavior of P-total losses due to slope was similar among the
sites, with a 2-fold increase in themean from the smallest to the highest
slope evaluated (Fig. 7a; c). Also, regardless of the slope, the Nitisol pre-
sented P-total losses approximately 3 times higher than the Cambisol.
Similar to what was found for P-H2O and P-resin, both soils presented
an increase in P-total losses as a function of the P rate applied, in this
case with a linear increase (Fig. 5b; d). The increase in total P losses in
Nitisol was about four times higher than in Cambisol, with mean values
of 4.6 g P ha−1 year−1 and 1.2 g P ha−1 year−1, respectively. Even so, the
P-total loss observed in this study is considered low, as expected for the
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conditions of a perennial pasture covering the soil (Couto et al., 2018).
Lourenzi et al. (2015) assessing P losses by runoff in no-till areas
under grain cropping and subjected to pig slurry application observed
values ranging from 2.4 to 50.4 kg P ha−1 year−1, which was attributed
to the rate of pig slurry input, rainfall volume, and soil coverage.

The increase in the land slope increases the effective depth of soil
that interacts with the runoff (Sharpley, 1985; Yang et al., 2015) and,
consequently, increases the volume of soil that contributes to the loss
of P (Ahuja et al., 1982; Dong et al., 2013). This effect, associated with
the higher volume of water and sediment losses with the increase in
slope, resulted in the increase of P losses in all fractions evaluated, re-
gardless of the soil.

The difference in magnitude of P losses observed between the soils
can be attributed primarily to the differences in runoff volume, but
also to other intrinsic soil properties. Clay soils, such as the Nitisol stud-
ied here, have a higher P adsorption capacity comparatively to sandier
soils, such as the Cambisol (Gérard, 2016; Ige et al., 2005; de Oliveira
et al., 2014). Thus, the soil surface enrichment with P will be higher
the more sorptive the soil is (Rubæk et al., 2013; Sharpley, 1980). In
sandy soils, P has greater mobility especially when associated with col-
loidal, organic and, or, inorganic particles (Abboud et al., 2018; Djodjic
et al., 2004; Liu et al., 2012). Applying pig slurry rates for 93 months
to a sandy soil in southern Brazil, Lourenzi et al. (2013) observed dis-
placement of P down to the 30 cm layer. Based on this, inferring that
the runoff in Nitisol interacted with a layer of soil that is richer in P
than the runoff in Cambisol is possible. Another important factor to con-
sider is that, in general, with the increase in slope and P loading, there

are losses of more labile pools of the nutrient (Fig. S2), since that the
most avid sites by P are already saturated and the linking energy be-
tween P and adsorption sites is gradually reduced (Barrow, 2015).

P pools considered for the development of critical limits, whichmea-
sure the risk of environmental contamination, vary, leading to contrast-
ing results. The P-H2O is a fraction acknowledged to be readily available
to biological activity (Correll, 1998; Maccoux et al., 2016; Zhang et al.,
2017). This fraction represented on average 50% of the P-total lost
(Fig. S2) measured in this study. For this reason, many studies aimed
at assessing the potential for P contamination in aquatic environments,
having as source the soil, focused on this fraction (Abboud et al., 2018;
Bortolon et al., 2016; Casson et al., 2006; Gatiboni et al., 2015; Hua
et al., 2016). These models, however, use soil samples traditionally col-
lected for routine soil testing for agronomic purposes at depths of
0.0–0.10 or 0.0–0.20m. In otherwords, they consider a larger diagnostic
layer than it interacts with the runoff, which is mostly restricted to the
surface 0.025 m of the soil (Schroeder et al., 2004; Sharpley, 1985).
Thus, these models can be true when related to the P movement in
the soil profile and lost by leaching, but they are erroneous for losses
by runoff. This fact is corroborated by the results of this study, where
in the Nitisol, the most P sorptive, had P losses due to runoff approxi-
mately three times higher than the amount quantified for the Cambisol.
This is because these models considered only parameters related to the
degree of P saturation of the soil, determining a point fromwhich there
is an increase in the amount of P in the soil-water balance solution
(Abboud et al., 2018; Bortolon et al., 2016; Casson et al., 2006;
Gatiboni et al., 2015).
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It is possible to consider that an adequate estimator for the construc-
tion of loss predictionmodels to be P-resin fraction, since it presents the
association between P-H2O fraction and dessorbable organic and inor-
ganic P pools in balance with the soil solution (Cheesman et al., 2010;
Roboredo and Coutinho, 2006; Sharpley, 1993; Uusitalo and Ekholm,
1999). These P pools can also be lost by runoff, associated with organic
and inorganic particles, with low binding energy (Bol et al., 2016;
Maynard et al., 2009). Besides, the P-resin fraction is more sensitive to
rates and slope than P-H2O, including the interaction among them in
the more clayey soil investigated here (Fig. 6b).

However, the use of fractions such as P-H2O and P-resin as an indic-
ative of the polluting potential of runoff to the aquatic environment is
controversial, as over time all P pools can became available to microbial
activity (Dodd and Sharpley, 2016; Maynard et al., 2009). The practices
adopted to prevent the transfer of soil P to the environment have in
some cases improved the water quality (Cullum et al., 2006; Schuster
et al., 2017) while in others it has not (Jarvie et al., 2013; Nelson and
Shober, 2012; Sharpley et al., 2012). In general, what is observed is a
delay in improving water quality in response to the management prac-
tices adopted for this purpose (Jarvie et al., 2013; Meals et al., 2010).
This delay is due to the P legacy that exists in the environment, built
during years of soil management without concern for pollution
(Cassidy et al., 2016; Jarvie et al., 2013; Meals et al., 2010; Rowe et al.,
2016; Withers et al., 2018).

In some situations, much of the lost P is found in non-exchangeable
pools, or not quantified by the P-H2O and P-resin methods (Borda et al.,
2014; Yang et al., 2018). P in this pool may be adsorbed to the mineral
constituents and oxides of sediments or even into recalcitrant organic
forms (Borda et al., 2014; Maynard et al., 2009; Yang et al., 2018).

Although these forms are not considered exchangeable, in the long
term they can potentially contribute to the enrichment of P in the envi-
ronment (Borda et al., 2014; Maynard et al., 2009). Based on this, using
the P-total fraction in the inclusion of the land slope as an aggravating
factor of P losses to the P-thresholdmodel, in which the clay factor is al-
ready considered, is appropriate.

4.3. Inclusion of slope into the environmental phosphorus threshold model
for southern Brazilian soils

P-total data were used for the construction of a critical environmen-
tal P limit model for Santa Catarina state soils, including the slope of the
site as an aggravating factor of the losses. In addition to these data, the
weighted average of the Mehlich-1 extractable P concentration the
0.0–0.10 m soil layer was used, which was calculated considering that
the difference between the final and initial P levels increased propor-
tionally with the P applications over time.

The aimwas to quantitatively assess the increase in losses due to the
slope and clay and to transform them into values equivalent to the avail-
able soil P. The values obtained, equivalent to P available in the soil,
were discounted from the environmental critical limit model in soils
of Santa Catarina (P-threshold) proposed by Gatiboni et al. (2015), gen-
erating a new P-threshold model.

There is an exponential relationship between the increase in slope
and P-total losses in both soils (Fig. 8a). By adjusting a segmented linear
equation to P-total data transformed by the ratio with soil clay content,
an abrupt increase in nutrient losses is observed from 25% slope
(Fig. 8b), value corroborated by other works on soil and P losses by run-
off (Defersha and Melesse, 2012; Liu et al., 1994).
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The highest P losses due to runoff occur soon after the application of
P fertilizers (Cherobim et al., 2017; Schuster et al., 2017). However, the
main effect of this practice is the increase in the available soil P concen-
tration, resulting in a higher P load that can be transferred (Bortolon
et al., 2016; Kleinman, 2017). The environmental critical limit of P in
the soil proposed by Gatiboni et al. (2015) and presented in the
Eq. (1), consider this effect and may serve as the upper limit of a
model that becomes more restrictive as the slope of the land increases.

P � threshold ¼ C þ 40 ð1Þ

Where "P-threshold" is the environmental safety soil P levels available
by the Mehlich-1 method, in mg dm-3; and "C" is the clay content of
the soil, in percentage and evaluated by the densimeter method.

To combine these two factors, clay and slope, it is necessary to trans-
form the effect of slope on P-total losses, presented in Fig. 8b, into equiv-
alent units of Mehlich-1 P. To do this, first, it is necessary to define the
ratio between P-total loss by runoff and soil concentrations extracted
by theMehlich-1method, as shown in Fig. 9. After defining this relation-
ship, the equation generated in Fig. 9 was replaced in the segmented
equations shown in Fig. 8b, isolating theMehlich-P term, thus obtaining
the Eqs. (2) and (3).

For S≤25%PM1 ¼ 0:230 C þ 0:0123 C S−2:287 ð2Þ

For S>25%PM1 ¼ −0:437 C þ 0:039 C S−2:287 ð3Þ

where “PM1” is the P content available in the soil, extracted by the
Mehlich-1 method, in mg dm−3; “C” is the clay content of the soil, in
percentage and evaluated by the densimeter method; and “S” is the
slope of the soil in percentage.

Thus, the environmental critical limit model of P (P-threshold), con-
sidering the restrictions due to runoff losses, can be calculated by
subtracting the values of Eqs. (2) or (3), depending on the slope condi-
tion, from the Eq. (1), as simplified in Eqs. (4) and (5) and shown in
Fig. 10.

For S≤25%P−threshold ¼ 42:287þ Cð Þ−ð0:230C þ 0:0123 C SÞ ð4Þ

For S>25%P−threshold ¼ 42:287þ Cð Þ− −0:437 C þ 0:039 C Sð Þ ð5Þ

Thus, adding to the previously proposed model, which considers
only soil characteristics as a source of pollution, a restrictive factor
linked to P transport, it goes toward the experimental results, restricting
clay soilsmore severely due to the increase in slope. Considering the av-
erage slope in Santa Catarina state watersheds of 22.5% (Martini, 2012),
the proposed P-threshold does not limit agricultural production for

grain crops, pastures, and perennial crops, with values higher than the
critical level of P for these crop groups (CCFS-RS/SC, 2016).

4.4. Environmental implications

The results shown here raised the concern about the P water pollu-
tion in regions impacted by continuous applicarions of pig slurry. The
average concentration of P-total in the runoff from the studied soils, re-
gardless of the slope or soil P availability, were 1.4 and 1.6 mg L-1 (data
not showed), for Nitisol and Cambisol respectively, concentrations 22
and 25 times higher than the critical level for streams, 0.075 mg L−1

(Dodds et al., 1998), and reservoir eutrophication, 0.064 mg L−1

(Cunha et al., 2013). So, even in pasture soils that showed low water
and sediment losses (Anache et al., 2017), the runoff generated by one
hectare of the Cambisol and Nitisol in one year could bring to the P eu-
trophication limit around 3,000 and 15,000 m3 of streams, and 4,000
and 17,000 m3 of a reservoir, respectively. Although, the limits
established by Dodds et al. (1998) and Cunha et al. (2013) are for con-
ditions different from the studied area, and variationsmay be expected.

Unfortunately, there is a lack of information regarding P eutrophica-
tion limits to the majority of southern Brazil basis, as is the case for the
studied areas, even though this region has one of the largest pig concen-
trations in South America (Robinson et al., 2014). Besides, other
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parameters are foremost to the establishment of the eutrophication
index as nitrogen and chlorophyll concentrations (Carneiro et al.,
2020). Thus, without knowing this limit, an issue worthy of a long-
term research effort, an alternative is to immediately address the
areas within a high risk of P transfer and work on best management
practices to bring these losses to a minimum.

Some attempts to establish P-threshold to soils from southern
Brazilian soils are the works of Bortolon et al. (2016) and Gatiboni
et al. (2015, 2020). These models have established limits based only
on P sorption characteristics of the soil, disregarding the transport fac-
tors affecting the P transfer process. Even so, the later model stands
out due to the ease of obtaining variables and comprehensive estima-
tion, the reason why the environmental regulatory agency of Santa
Catarina currently uses it. Other studies tried to apply in the Brazilian
subtropical region adaptation of models as the P-index (Couto et al.,
2015, 2018; De Oliveira et al., 2010), and even with promising results
present limitations to its implementation due to the need of hard to ob-
tain variables and, or, complex calculations. In the same way, the work
of Goularte et al. (2020) proposed a P-index to the conservative system
to the state of Parana, Brazil, but even based on easy to obtain variable
cannot be implemented in regions of Santa Catarina, once it was cali-
brated to just one soil class (Oxisol) and slopes between 7 and 17%,
lower than the average slopes for Santa Catarina watersheds of 22.5%
(Martini, 2012).

Themodel proposed here has adherence to the principles of P trans-
portation from agricultural areas to aquatic environments, being more
limiting in conditions where higher transport is expected (Heathwaite
et al., 2003, 2005; Heckrath et al., 2008; Sharma et al., 2017), as areas
with sandy soils or clayey soils and steep slopes. Additionally, P is
transported by runoff in fractions of more availability as slope and P
rate increase (Supplementary material Fig. S2.), whereas having an ac-
centuated environmental impact (Zhang et al., 2017). Due to variables
ease to obtain and straightforward calculation, adding to themodel cur-
rently in use (Gatiboni et al., 2015), themodel proposed here stands out
among others being immediately applicable. However, in addition to
trying to predict the potential risk of P losses from agricultural areas
to aquatic environments, the proposition of a new model is intended
to bring the concern about this process to the public, indicating a need
for management changes in agricultural areas.

In agronomic terms, the P-threshold proposed here, which considers
the inclusion of the terrain slope to the current in-use model (Fig. 10),
must be interpreted concurrently with the fertilizer recommendations

in force to the region (CQFS - RS/SC, 2016). Especially for soils with
a clay content below 20% and terrains with a slope higher than 40%,
where the P-threshold is lower than the sufficient levels of P for
some species, as grains and vegetables (CQFS - RS/SC, 2016). In
these cases, aiming to associate the economic and environmental
factors, fertilization should be allowed until reaching sufficient levels
of P in the soil. Nevertheless, the adoption of additional conservation
practices such as contour cultivation, maintaining the soil surface
protected by plant residues, among others to minimize the P losses
is imperative.

Further researches should focus on the validation of the proposed
model to broader conditions and the addition of other variables related
to the P transfer from agricultural soils to water bodies. Moreover, in-
vestigations on mitigation practices to reduce P losses in areas with P
levels above the P-thersholds are an urgent need, including thedetermi-
nation of eutrophication P limits for the watersheds impacted by pig
slurry applications.

5. Conclusions

The results show that as the land slope and the applied rate of P in-
creases, there is an increase in P losses in surface runoff in all its frac-
tions, regardless of the type of soil evaluated being the majority of the
losses in more available fractions. However, the magnitude of losses is
dependent on the volume of surface runoff, climatic conditions, and
soil type. Being that, in the condition evaluated, the clayey soil exhibited
P loss three times higher than the less clay soil. However, the land slope
had an indistinct effect on the total of P lost in both soils, and there was
an abrupt increase, of three folds in the rate, in slopes higher than 25%.
Such results justify the inclusion of land slope and its interaction with
the clay content in prediction models of the transfer potential of P
from agricultural areas to aquatic environments. Therefore, the adop-
tion of two new P-threshold models for the state of Santa Catarina is
proposed, namely: “P-threshold = (42.287 + C) − (0.230 C + 0.0123
C S)”, for soils with up to 25% of clay, and “P-threshold =
(42.287 + C) − (−0.437 C + 0.039 C S)”, for soils with slope higher
than 25%. The proposed model will allow farmers and managers,
based on easily obtainable variables, to address the risk of P loss from
soil to surface water in areas from southern Brazil in which best man-
agement practices must be implemented.
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Recomendação de enxofre elementar para a redução
do pH de solos do sul do Brasil

Daniel J. Dall’Orsoletta2* , Gilmar L. Mumbach2 , Fernando M. Brignoli2  & Luciano C. Gatiboni3

ABSTRACT: The elemental sulfur (S0) application may reduce soil pH, benefiting plants adapted to acid conditions 
and lessening problems of overliming. Nevertheless, there is no official recommendation for its application. The 
objective of the study was to quantify the S0 doses required to reduce the pH of soils from Southern Brazil. The 
experiment was carried out in the laboratory in a factorial scheme (5 × 5), with a completely randomized design 
and three replicates. The treatments consisted of five soils, and five doses of S0, corresponding to 0, 50, 100, 150, 
and 200% of the estimated dose need to reach pH 4.0. The applied doses of S0 resulted in reduction of pH and base 
saturation (V%) and increase of potential acidity (H + Al). These effects, however, were reduced due to the low rate 
of oxidation of the S0 applied (0.76-3.36%). The soil variables correlated with S0 oxidation were Mg2+ (0.86***), Al3+ 
(-0.82***), H + Al (-0.89***), V% (0.68***) and aluminum saturation (m%) (-0.87***). In the evaluated soils the 
oxidation of 50 kg ha-1 of S0 was required to reduce one unit of pH in H2O.

Key words: sulfur oxidation, sulfate, acidity, overliming

RESUMO: A aplicação de enxofre elementar pode reduzir o pH do solo, beneficiando as plantas adaptadas às 
condições ácidas e diminuindo os problemas de supercalagem. No entanto, não há recomendação oficial para sua 
aplicação. O objetivo deste estudo foi quantificar doses de S0 necessárias para a redução do pH de solos do Sul do 
Brasil. O experimento foi conduzido em laboratório em um esquema fatorial (5 x 5), com delineamento inteiramente 
casualizado e três repetições. Os tratamentos foram constituídos por cinco solos e cinco doses de S0, correspondente 
a 0, 50, 100, 150 e 200% da necessidade estimada para atingir pH 4,0. A aplicação de S0 resultou na redução do pH e 
da saturação por bases (V%) e no aumento da acidez potencial (H + Al) esses efeitos, contudo, foram reduzidos em 
função da baixa taxa de oxidação do S0 aplicado (0,76-3,36%). As variáveis de solo correlacionadas com a oxidação 
de S0 foram Mg2+ (0,86***), Al3+ (-0,82***), H + Al (-0,89***), V% (0,68**) e saturação por alumínio (m%) (-0,87***). 
Nos solos estudados é necessária a oxidação de 50 kg ha-1 de S0 para redução de uma unidade de pH em H2O.

Palavras-chave: oxidação de enxofre, sulfato, acidez, supercalagem

HIGHLIGHTS:
Elemental sulfur application is an option to decrease the pH of southern Brazilian soils.
The soil oxidative potential of elemental sulfur can be estimated by its magnesium concentration, acidity, and base saturation.
Decrease the soil pH by one unity required the oxidation of 25 mg of elemental sulfur by kilogram of soil.
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Introduction

Some plants of agronomic interest are adapted or 
benefited from high acidic conditions of the soil. Among 
those are the blueberry (Vaccinium myrtillus), yerba mate 
(Ilex paraguariensis), and black-tea (Camellia sinensis). 
Reducing soil pH for the cultivation of these species may be a 
recommended practice.

One of the main alternatives for soil acidification is the 
application of elemental sulfur (S0) (Pourbabaee et al., 2020). 
The oxidation of S0 reduce the soil pH, in a reaction derived by 
microbial activity. Several organisms may oxidize S0 (Lucheta 
& Lambais, 2012; Zhao et al., 2017), as Acidithiobacillus 
(Malhotra et al., 2002; Mousavi et al., 2006; Tourna et al., 2014; 
Vitti et al., 2015), Penicillium and Aspergillus (Li et al., 2010). 
Their population and activity dynamics are strongly influenced 
by soil factors, consequently impacting the oxidation of S0 
(Horowitz & Meurer, 2006, 2007; Vitti et al., 2015).

Besides that, in the no-tillage system, in which liming is not 
incorporated, soil correction is restricted to the surface layers, 
potentially resulting in the “overliming” effect (Rheinheimer 
et al., 2018). Therefore, in addition to unnecessary expenses, 
chemical imbalance detrimental to plant development might 
occur, as low availability of cationic micronutrients (Saha 
et al., 2019), ammonia volatilization (Rauber et al., 2017), 
and formation of calcium phosphate precipitates (Penn & 
Camberato, 2019).

Although the mechanisms involved in the S0 oxidation is 
known, there are no recommendations regarding the amount 
that needs to be applied to obtain the predetermined pH values. 
Thus, the objective of the study was to quantify the S0 doses 
required to reduce the pH of soils from Southern Brazil.

Material and Methods

Soil samples were collected from the 0.00-0.20 m layer in 
five sites, at regions that represent the area of expansion of the 
blueberry crop over previously limed commercial orchards 
and crops in southern Brazil (Figure 1). The soil samples 
collected corresponded to three Ultisols (Bento Gonçalves 
- RS, Farroupilha - RS and Pinto Bandeira - RS), one Oxisol 
(Vacaria -RS) and one Inceptisol (Itá - SC), according to Soil 
Survey Staff (2014). 

After being collected, soil samples were dried in an oven 
with forced circulation of air at 65 °C and then sieved in 
2 mm mesh. Subsequently, their chemical attributes were 
characterized according to the methodologies proposed 
by Tedesco et al. (1995). The soils of Bento Gonçalves 
and Vacaria, which presented the lowest pH values, were 
incubated with doses of limestone to raise the pH to 6.0, as 
recommended by the CQFS RS/SC (2016). The soils chemical 
characteristics after pH corrections, if needed, are presented 
in Table 1.

The experimental design was completely randomized 
with three repetitions, with the treatments disposed in a 5 × 
5 factorial arrangement, being five soils and five doses of S0, 
corresponding to 0, 50, 100, 150, and 200% of the estimated 
dose need to reach pH 4.0.

The need for S0 was calculated by estimating the amount of 
lime to be neutralized in the soil in order to reach the desired 
pH, and this in turn was estimated by base saturation. In 
subtropical soils, base saturation of 20% corresponds to pH 
in H2O 4.0 (Predebon et al., 2018), a value used as a reference 
in Eq. 1, which calculates the need for limestone (CQFS RS/
SC, 2016).

Figure 1. Geographic location of the municipalities in the southern region of Brazil with expansion of the blueberry cultivation 
area, where soil samples were collected
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where:
LR 	 - limestone requirement in Mg ha-1; 
V1 and V2 - the desired and initial base saturation values, 

respectively, in percent; and,
EC pH 7.0 - soil cations exchange capacity estimated at pH 

7.0 in cmolc kg-1. 

The negative results obtained by Eq. 1 represent the amount 
of limestone to be neutralized in the soil in order to reach the 
desired pH.

Based on the reactions presented in Eqs. 2 and 3, it is 
possible to observe that there is a need for oxidation of one 
mol of S0 to neutralize one mol of CaCO3, that is, for the 
neutralization of 1000 kg of CaCO3 are theoretically required 
the oxidation of 321 kg of S0.

corrected in periods no longer than three days by weighing, 
with the packages being opened and the soil homogenized, 
allowing gas exchange with the external environment. After 
the incubation period, the soil was again dried in an oven with 
forced circulation of air at 65 °C, sieved in a 2 mm mesh, and 
characterized regarding its chemical attributes, according to 
the methodologies proposed by Tedesco et al. (1995).

The obtained data were checked regarding the assumptions 
of normality and homoscedasticity by the Shapiro Wilk and 
Levene tests. Once these assumptions were met, the data were 
submitted to the analysis of variance and regression for doses, 
or Tukey test for the soils. Additionally, linear correlations 
were performed by the Spearman test between the oxidation 
potential of S0 and the chemical attributes of the soil. In order 
to predict the oxidation potential of the soils studied, a multiple 
linear regression model with the backward stepwise method 
was used between the significantly correlated variables, treated 
as independent, and the oxidation potential of S0, a dependent 
variable. In addition, the variation of pH data as a function of S0 
oxidation was submitted to simple linear regression analysis. For 
all tests p ≤ 0.05 was assumed using the SigmaPlot12.5 software.

Results and Discussion

There was significant effect of the interaction between S0 
doses and soils, for all the variables tested (Table 3). The soil 
of Bento Gonçalves presented the highest reduction in pH, 
in the order of 0.01 units per percentage of S0 applied, which 
corresponded to 0.03 g kg-1 of S0 for this soil (Figure 2A). The 
soils of Vacaria and Farroupilha presented exponential decay 
of pH with the increase of the S0 dose. This reduction was more 
expressive with the lower dose and later there was a tendency 
to stabilize at low values. For the Itá soil there was an opposite 
effect, with small increase in pH caused by the lowest dose 
and gradual reduction with the others, however, no proper 
adjustment was possible (y = 5.93 + 10-4x – 1.61-5**x²; R² = 
0.52). The Pinto Bandeira soil has not presented significant 
pH change according to the S0 doses.

The application of S0 proved to be effective in modifying 
the potential acidity, with different behavior in the soils tested 
(Figure 2B). Related to the pH result, the Bento Gonçalves soil 
presented the highest increase of H + Al, varying from 1.67 

Table 1. Chemical characterization of the 0.00-0.20 m layer of the subtropical soils used in the study

(1)T - Clay activity corrected for carbon concentration; (2)BS - Percentual of base saturation; (3)m - Percentual of aluminum saturation; (4)S.O.M. - Soil organic matter

( )
pH7.0

V1 V2
LR EC

100
− 

=  
 

0 1
2 2 2 4S 1 O H O 2H SO+ −+ + → +

2
3 2 2CaCO H O Ca 2OH CO+ −+ → + +

Based on the above assumptions, the S0 doses applied to 
each treatment were calculated, as detailed in Table 2.

Each experimental unit consisted of 2 L plastic bag 
containing 250 g of soil. After the application of the treatments, 
the soil packages were closed, sealing the air inside. The soil 
was incubated for 90 days at room temperature (25 °C ± 5) 
and 80% moisture of the field capacity. The moisture was 

Table 2. Elemental sulfur doses applied to the five soils 
from Southern Brazil used in the study, as a function of the 
percentage empirically estimated to reach pH 4.0

Table 3. Summary of the analysis of variance and error probability (p-valor) by the F test to the variables evaluated

(1)

(2)

(3)
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**Significant at p ≤ 0.01 by t test; HSD: Tukey honestly significant difference at p ≤ 0.05

Figure 2. Water pH (A), H + Al (B), and base saturation (C) in 
function of S0 doses in five soils from Southern Brazil

to 4.19 cmolc kg-1 between the lowest and highest S0 dose, 
respectively. For the Vacaria soil, the H + Al increase behaved 
in a similar way, but in a lower magnitude, however, no proper 
adjustment was possible (y = 1.52 + 5.7 10-3**x; R²: 0.56). The 
Itá and Pinto Bandeira soils presented a similar behavior, with 
reduction of H + Al with the lowest S0 dose and gradual increase 
with the other ones. For the Farroupilha soil there was no effect 
of the doses upon this variable.

The interaction of processes acting in opposite directions 
may explain the heterogeneous response of the Itá and Pinto 
Bandeira soils, regarding the change in pH and H + Al as a 
function of the S0 dose. An explanation for the initial increase 
of soil pH values may be due to the S0 reaction that produces 
thiosulfate which, when reacting with H+, forms sulfites, raising 
the pH (Germida & Jansen, 1993). This reaction, however, is 
followed by the formation of sulfuric acid and its dissolution 
in SO4

2- and 2H+, reducing the soil pH to values below the early 
ones. Additionally, the specific adsorption of SO4

2- to oxides 
present in the soil culminates with the consumption of H+ in 
solution, resulting in an increase in the pH of the medium 
(Kitadai et al., 2018). This process is favored in clay soils with 
low activity (Kitadai et al., 2018), as in the case of the Itá soil, 
the most clayey one and with less clay activity among the 
evaluated soils, and the Pinto Bandeira soil, which presents 
the second lowest clay activity (Table 1).

The V% of the Bento Gonçalves soil decreased linearly 
with the increase of the S0 dose, at 0.07 percentage points 
per percentage unit of S0 (Figure 2C). The V% reduction as a 
function of S0 doses was less expressive in the Vacaria soils, and 
zero for the Pinto Bandeira and Farroupilha soils. Emphasis 
may be placed on the behavior observed in the Itá soil which, 
similarly to what is observed for the pH in H2O and H + Al, 
presented a quadratic effect as a function of the S0 doses: while 
the lowest dose increases V%, the higher doses decrease its 
value. The increase in a soil pH, resulting from the addition of 
limestone, is followed by increase in base saturation (Predebon 
et al., 2018) and, conversely, the reduction in base saturation 
is one of the factors related to soil acidification.

In this context, the non-removal of bases, since it is an 
incubation study in a system without free drainage, might 
have contributed to a low pH reduction and base saturation 
of the soils. A secondary effect observed by the application 
of S0 is the increase of electrical conductivity (Boaro et al., 
2014). This increase is the result of the release of exchangeable 
cations into the soil solution, due to the increase of H+ ions 
in the exchange complex. The non-leaching of these elements 
may result in their accumulation in the soil, leading to toxic 
effects to the microorganisms involved in the S0 oxidation, 
impairing the maintenance of the process. This effect will 
be more expressive according to the increase of the S0 dose 
(Horowitz & Meurer, 2006). 

The application of S0 is an effective practice for reducing 
soil pH and modifying other acidity variables, such as H + 
Al and V% for most soils evaluated and is a potential source 
of S for plants (Lucheta & Lambais, 2012), by increasing the 
sulfate concentration (SO4

2-) available in the soil (Figure 3B) 
(Pias et al., 2019; Pourbabaee et al., 2020). The efficiency of 
S0 as a soil acidifier and source of S to plants is, however, 
dependent on its oxidation rate to SO4

2-. As observed in Figure 
3A, the percentage of S0 oxidized, in comparison to the total 
applied, varied between 0.75 and 3.35%. Similar to this, the 
SO4

2- concentrations presented decreasing increments with 
increasing doses applied S0 (Figure 3B). These results indicate 
the occurrence of limiting factors to the oxidation of S0, which 
will be further discussed.
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2017), or disfavoring it, due to the presence of Al (Horowitz & 
Meurer, 2007; Herisson et al., 2014). Kulczycki (2021) studying 
the effect of S0 doses over various types of soils, concluded that 
lowering soil pH impairs its oxidation rate.

Additionally, the high pH may favor the S0 oxidation 
process by consuming the excess of sulfuric acid formed in 
the reaction, which is detrimental to the continuation of the 
process (Germida & Janzen, 1993) or by favoring other groups 
of microorganisms, other than Acidithiobacillus, capable of 
oxidizing S0 (Zhao et al., 2017). However, the Pinto Bandeira 
soil, which presented the highest initial pH value among the 
soils evaluated, 6.7, was also the one with the lowest effect as 
a function of the S0 doses, for all the variables assessed.

Besides the initial pH, soil organic matter has been pointed 
out as an important conditioning factor of the S0 oxidation 
(Horowitz & Meurer, 2007; Zhao et al., 2017), due to the 
dependence of microorganisms on the energy contained in 
organic compounds (Di Lonardo et al., 2019). In this study, 
however, there was no correlation between organic matter 
concentration and S0 oxidation, possibly due to the organic 
matter concentration, higher than 25 g kg-1 not being limited 
to microbial development. Studies that reveal a relationship 
between organic matter and S0 oxidation (Horowitz & Meurer, 
2007; Zhao et al., 2017) present lower organic matter values, 
possibly limiting microbial development.

The SO4
2- concentration present in the soil may interfere 

with the S0 oxidation. Under high concentration, the SO4
2- 

content may limit S0 oxidation, since it is one of the products 
of this reaction (Horowitz & Meurer, 2007) and because it has 
an inhibitory effect on microbial activity (Souza et al., 2015; 
Garg et al., 2019). This effect might be minimized with the 
vertical displacement of part of the oxidized S, favoring the 
maintenance of the oxidation process (Souza et al., 2015), 
which does not occur in incubation assays, as in the present 
study. It should be noted that, except for the Farroupilha soil, 
all soils presented initial S-SO4

2- values above 7,5 mg kg-1, 
considered adequate by Pias et al. (2019). With the application 
of S0 doses, all soils presented values above 100 mg kg-1 (Figure 
3B), ten folds higher than the critical level for sulfur demanding 
plants as soybeans, (CQFS RS/SC, 2016) and yerba mate (Ilex 
paraguariensis) (Schmitt et al., 2018). Besides that, S-SO4

2- 
values above 100 mg kg-1 are considered inhibitory for some 
microorganisms (Garg et al., 2019).

The granulometric composition of the soil may also 
influence the amount of oxidized S0 (Horowitz & Meurer, 2006). 
However, there was no correlation between S0 oxidation and the 
clay concentration of soils in this study. Most likely, one of the 
effects of granulometry, besides allowing a larger contact area 
between S0 and soil, is in the buffering of soil acidity, generally 
higher in clay soils (Motta & Melo, 2019). Horowitz & Meurer 
(2006), comparing the effect of S0 doses in sandy and clay soils, 
observed that the highest oxidized content occurred in sandy 
soils, which is attributed to the higher fertility of this soil, 
especially higher pH and availability of P. However, in the study 
of these authors, the sandy soil was also the one with the lowest 
buffering of acidity. This was similar in this study, in which the 
soils of Bento Gonçalves and Vacaria, with the highest rates of 
S0 oxidation and reduction of pH as a function of the doses of S0, 

Figure 3. Percentage of S0 oxidized to the sulfate form (A) and 
concentration of sulfate in the soil (B), in function of S0 doses 
in five soils from Southern Brazil

*Significant at p ≤ 0.05 by t test; **Significant at p ≤ 0.01 by t test; HSD - Tukey honestly 
significant difference at p ≤ 0.05; Note that the scales are different

Aerobic soil microorganisms, especially of the genus 
Acidithiobacillus, are responsible for the oxidation of S0 (Li 
et al., 2010; Tourna et al., 2014; Pourbabaee et al., 2020; 
Kulczycki, 2021). These, in turn, are influenced by soil chemical 
variables, such as initial soil pH, organic matter concentration 
and adequate nutrient availability (Horowitz & Meurer, 2006; 
Zhao et al., 2017), associated with physical variables such as 
particle size, temperature, moisture, and aeration (Germida 
& Janzen, 1993).

In this study, there was no significant correlation between 
S0 oxidation and soil initial pH, probably due to the very close 
pH values of the soil group studied, ranging from 5.9 to 6.7. 
According to Horowitz & Meurer (2007), the oxidation rate 
of elemental S itself is not correlated with pH values, but with 
the presence or absence of exchangeable Al. The presence of 
this element may directly impair the oxidation of the elemental 
S by reducing the microbial activity due to its bacteriostatic 
effects (Horowitz & Meurer, 2007; Herisson et al., 2014). This 
factor is corroborated in this study since there was a negative 
correlation between the potential for S0 oxidation and the 
content of exchangeable Al (-0.82***).

In general, pH may have an ambiguous effect on the S0 
oxidation, favoring the process in low pH conditions, due to the 
preference of the major microorganisms involved (Malhotra et 
al., 2002; Mousavi et al., 2006; Tourna et al., 2014; Zhao et al., 
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are also the soils with the lowest buffering capacity, expressed 
by their initial H + Al concentration (Table 1).

As already shown, there are many factors that influence 
the effectiveness of S0 as a soil conditioner, largely due to its 
impacts on the microbial activity involved in its oxidation. 
Understanding these factors in isolation and their interactions 
is necessary for an adequate estimate of the S0 dose required 
with the aim of reducing the pH in H2O of the soil.

Regardless of the soil and dose, it was not possible to reduce 
the pH to the pre-defined value (4.0). Similarly, base saturation 
was also reduced below the expect 20% (Figure 2C). These 
results are directly related to the reduced oxidation rate of the 
applied S0, whose variables involved were discussed previously.

As observed in Figure 3B, which shows the amount of 
S0 applied in mg kg-1 of soil, to practically demonstrate its 
conversion to sulfate, all the soils tend to present a maximum 
SO4

2- concentration. For the Bento Gonçalves and Vacaria 
soils, the maximum concentration is 237 and 221 mg kg-1 of 
SO4

2-, respectively; for the Farroupilha and Pinto Bandeira 
soils, are 178 and 148 mg kg-1 of SO4

2-, respectively; and for 
the Itá soil is 121 mg kg-1 of SO4

2-. Based on this it is possible 
to define, for the set of soils studied, the S0 oxidation potential. 
This is represented by the amount of S present in the anion 
SO4

2- and its maximum concentration found for these soils. The 
oxidation potential of S0 estimated for these soils, according 
to the equations of Figure 3B, is 79, 73, 40, 60, and 50 mg kg-1 
for the Bento Gonçalves, Vacaria, Itá, Farroupilha, and Pinto 
Bandeira soils, respectively. 

The chemical characteristics that influenced soil oxidation 
potential of S0 were Mg2+ (0.86***), Al3+ (-0.82***), H + Al 
(-0.89***), V% (0.68***), and m% (-0.87***). Based on some 
of these variables, the equation below presents the oxidation 
potential of the studied soils:

between the oxidation potential and the exchangeable Mg2+ 
concentrations. However, the soils grouped as having the highest 
and lowest oxidation rate by these authors are, respectively, those 
with the highest and lowest average Mg2+ concentration.

Considering the pH variation observed for the set of 
evaluated soils, given the difference between the initial and final 
pH, and the amount of oxidized S0, it is possible to establish a 
linear relationship between these variables (Figure 4). Through 
this, it is possible to determine that, to reduce the pH in H2O 
in one unit, it is necessary to apply 25 mg kg-1 of S0 to the 
soil. In practical terms and extrapolating the experimental 
situation tested to field conditions, for the reduction of a pH 
unit in the arable layer, 0-20 cm deep, it would be necessary 
to apply 50 kg ha-1 of S0. The success of this practice, however, 
is conditioned to the oxidation of 100% of the amount of S0 
applied. Corroborating the results of the present study, in a 
study developed in the United States, on alkaline soils cultivated 
with blueberry (Vaccinium corymbosum L.), Almutairi et al. 
(2017) obtained reduction of 0.8 units of pH just one month 
after the application of 100 kg ha-1 of S0.

Finally, knowing the amount of S0 required to reduce the pH 
in one unit and the oxidation potential of the soil, it is possible 
to estimate in an accurate way the amount of S0 required to 
reach the desired pH. Thus, technicians and producers who 
need to adapt the acidity conditions in areas where overliming 
has occurred, or even for the conversion of orchards and crops 
for the cultivation of species benefited by higher soil acidic 
conditions, gain an important ally with the application of S0. 
However, it is worth to mention the limitations of this work, 
such as the limited number of soils and the conditions of the 
incubation environment, such as the absence of drainage. 
Even so, this preliminary work should be used as a stimulus 
for future research projects to focus on the understanding of 
the factors involved in the oxidation of S0, and the calibration 
of this product in more comprehensive conditions, for its use 
as a soil acidity conditioner.( )s 276.44 5.70Mg 25.13 H Al 2.17V%Ψ = + − + −

where:
Ψs 	 - S0 oxidation potential of the soil in mg kg-1; 
Mg and H + Al - values of exchangeable magnesium and 

potential acidity, both in cmolc kg-1; and, 
V% 	 - base saturation in percentage. 
All coefficients of the equation were significant (p ≤ 0.05) 

and presented R² = 0.95.

The relation between the oxidative potential of S0 and V% 
and H + Al, as well as to the concentration of exchangeable Al, 
is known and has been discussed previously. It draws attention, 
however, to the positive relation between the concentration 
of exchangeable content of Mg2+ with the oxidation rate of 
S0. This close relationship may be related to the essentiality of 
this chemical element in the oxidation process performed by 
microorganisms. Based on the results of Malhotra et al. (2002) 
and Mousavi et al. (2006), Mg2+ is defined as fundamental in the 
bioxidation of iron sulphate, a process performed by bacteria 
of the genus Acidithiobacillus, which are also involved in the 
oxidation of S0 (Germida & Janzen, 1993; Vitti et al., 2015). 
Studying the factors affecting S0 oxidation in Brazilian soils, 
Horowitz & Meurer (2007) found no significant correlation 

**Significant at p ≤ 0.01 by t test

Figure 4. Variation of soil pH according to the total amount 
of oxidized S

Conclusions

1. The application of elemental S reduces soil pH. 
2. For the evaluated soils from Southern Brazil, the 

application of 50 kg of elemental S per hectare is required to 
reduce one unit of pH in H2O, conditioned to the oxidation 
of all the elemental S applied.

(4)
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