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ABSTRACT

The use of pig slurry (PS) as fertilizer can affect the soil quality and increase total stocks 
of soil organic carbon (TOC). However, the effects of PS on TOC amount and forms in the soil 
are not fully understood, particularly in areas under no-tillage (NT). The purpose of this study 
was to determine TOC contents and stocks in the particulate (POC) and mineral-associated 
C fractions (MAC) of an Oxisol after nine years of maize-oat rotation under NT, with annual 
applications of PS, soluble fertilizer and combined fertilization (pig slurry + soluble fertilizer). 
The experiment was initiated in 2001 in Campos Novos, Santa Catarina, with the following 
treatments: PS at rates of 0 (without fertilization - PS0); 25 (PS25); 50 (PS50); 100 (PS100); 
and 200 m3 ha-1 yr-1 (PS200); fertilization with soluble fertilizer (SF); and mixed fertilization 
(PS + SF). The TOC content was determined in samples of six soil layers to a depth of 40 cm, and 
the POC and MAC contents in four layers to a depth of 20 cm. From the rate of 50 m3 ha-1 yr-1 
and upwards, the soil TOC content and stock increased according to the PS rates in the 
layers to a depth of 10 cm. The POC and MAC contents and stocks were higher in the surface 
layers, with a clear predominance of the second fraction, but a greater relative amplitude in 
the contents of the first fraction.
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INTRODUCTION

The fixation of organic carbon (OC) in soil organic 
matter (SOM) contributes to the mitigation of 
greenhouse gas emissions from agriculture (Lal, 
2004; Carvalho et al., 2010) compensating for the 
increasing carbon dioxide (CO2) a major cause 
of global warming (IPCC, 2007). The fixation of 
atmospheric C in the soil can be increased by 
appropriate management practices and, according 
to some estimates, could reach global levels of 0.6 
to 1.2 Pg yr-1 of C in agricultural soils (Lal, 2004).

Among the land management strategies that can 
increase total organic carbon (TOC) are the no-tillage 
system (NT), which reduces the decomposition rate 
(Six et al., 2000; Chen et al., 2009), and fertilization 
with waste from animal production, which can 
increase the C input, mainly by stimulating the 
biomass production of crops (Steiner et al., 2012). 
Currently, NT is used on about 7 % of the world’s 
cultivated land area, i.e., on around 95 million 
hectares (Huggins and Reganold, 2008). In the 
0-20 cm layer of fields in southern Brazil, NT can 
potentially fix about 0.57 Mg C ha-1 yr-1 (Costa et al., 
2008). The potential for total organic carbon 
accumulation (TOC) in the form of soil organic 
matter (SOM) in NT is greater than in conventional 
tillage systems, since the latter involves soil 
plowing (Bayer  et  al., 2000). Fertilization with 
organic fertilizers such as animal waste, alone or 
in combination with soluble fertilizers, generally 
also increases TOC stocks in the soil (Gong et al., 
2009). On the other hand, fertilization with soluble 
fertilizer alone has led to increases in TOC contents, 
and its particulate (POC) and mineral-associated 

fractions (MAC) (Gong et al., 2009; Maltas et al., 
2013), as well as to reductions (Wu et  al., 2004), 
or even to the absence of any effect (Simon, 2008). 
These differences were ascribed to processes that 
control SOM accumulation and preservation and 
that vary mainly according to the soil type and 
its management, climate and crops. Therefore, 
the C fixation potential of soil is being assessed in 
a number of specific systems of climate, soil and 
crop, to obtain consistent conclusions (Liang et al., 
2012). In this sense, the effects of pig slurry (PS) 
application to the soil surface, especially at high 
rates and in NT areas, are still largely unknown, 
calling for long-term evaluations.

The accumulation of TOC in pig slurry-fertilized 
areas can be a guideline to determine PS rates, 
with a view to exploit the fertilizer effect for crops, 
improve the soil and food quality, and mitigate 
potential pollutants of this residue. However, in 
the short and medium term, the TOC content 
and stock do generally not reflect the changes in 
soil quality resulting from management practices 
and the application of organic materials to the 
soil. In this case, the particle size fractionation 
of SOM contributes to the assessment of these 
changes, because its effects on the amounts and 
proportions of forms of particulate organic C 
and mineral-associated organic carbon (MAC) 
may be greater (Cambardella and Elliott, 1992; 
Bayer et al., 2004).

Particulate organic carbon (POC) is the SOM 
fraction with a particle diameter greater than 
53 μm, consisting of residues derived from plants 
and organisms in early degradation stages, with 
still recognizable cell structure, a slower turnover 

RESUMO: Teores e Estoques de Carbono Orgânico em Frações 
Granulométricas de Latossolo Fertilizado com Dejeto Suíno 
e Adubo Solúvel

O uso de dejeto suíno (DS) como fertilizante pode interferir na qualidade do solo e aumentar 
os estoques de carbono orgânico total do solo (COT). Entretanto, os efeitos do DS na quantidade e 
formas de COT acumulados no solo não são totalmente conhecidos, em especial em áreas em sistema 
plantio direto (SPD). O objetivo deste trabalho foi analisar os teores e estoques de COT e de C nas 
frações particulada (COP) e associada aos minerais (CAM) em Latossolo Vermelho cultivado com a 
sucessão milho e aveia-preta, sob SPD após nove anos com aplicações anuais de DS, de adubo solúvel 
e fertilização combinada (DS + adubo solúvel). O experimento foi iniciado em 2001, no município de 
Campos Novos, SC, e compreendeu os seguintes tratamentos: DS nas doses zero (sem adubação), 25, 
50, 100 e 200 m3 ha-1 ano-1; adubação com adubo solúvel (AS); e adubação mista (25 m3 ha-1 ano-1 
de DS + AS). O teor de COT foi determinado em seis camadas de solo até a profundidade de 40 cm, 
enquanto os teores de COP e CAM foram determinados em quatro camadas até a profundidade de 
20 cm. O teor e estoque de COT no solo aumentaram em razão da dose de DS aplicada nas camadas 
até 10 cm de profundidade, com doses a partir de 50 m3 ha-1 ano-1. Os teores e estoques de COP e CAM 
foram maiores nas camadas superficiais, com expressiva predominância da segunda fração, porém com 
maior amplitude relativa nos teores da primeira fração.

Palavras-chave: adubo orgânico, dejeto suíno, fixação de carbono, matéria orgânica do solo, plantio direto.
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rate and shorter soil residence time. The POC 
represents a form of labile C that is susceptible to 
mineralization in the short term, very sensitive 
to variations in plant residue inputs and their 
exposure to degradation in relation to the soil 
management, and the first fraction to reflect changes 
in the C content in the soil (Conceição et al., 2005). 
The particles of the MAC fraction of SOM have a 
diameter smaller than 53 μm, and interact with the 
surface of mineral particles to form organo-mineral 
complexes. This fraction corresponds to SOM in 
an advanced stage of stabilization and with longer 
residence time in the soil (Christensen, 2001). Thus, 
the size fractionation of SOM particles can help 
assess the changes resulting from the land use, due 
to the sensitivity of these fractions to the effects of 
soil management (Bayer et al., 2004).

The objective of this study was to determine the 
contents and stock of total organic carbon in the soil, 
as well as their particulate fractions and associated 
minerals in an Oxisol after nine years of maize-oat 
rotation under no-tillage, with annual applications 
of pig slurry, soluble fertilizer and combined 
fertilization (pig slurry + soluble fertilizer).

MATERIAL AND METHODS

A field experiment was carried out in Campos 
Novos, Santa Catarina (51º 21’ 47’’ W and 27º 23’ 
34.5’’ S; 863 m asl), where the climate is humid 
mesothermal with mild summers, classified as 
Cfb (Köppen), with mean annual rainfall and 
temperature of 1,480 mm and 16 °C, respectively. 
The soil of the study area originates from basalt 
and was classified as Typic Hapludox (Embrapa, 
2013), with contents of 664 to 701 g kg-1 clay 
and 120 g kg-1 Fe oxide (hematite and goethite) 
(Almeida et al., 2003).

At the beginning of the experiment, the 
soil (layer 0-20 cm) had the following chemical 
properties: pH(H2O) 6.1; TOC content 25 g kg-1; 
exchangeable Ca and Mg (1 mol L-1 KCl) of 8.2 and 
4.6 cmolc dm-3; and extractable P and K (Mehlich-1) 
of 6.4 and 67 mg dm-3, respectively. Total organic 
C was quantified by acid digestion, Ca and Mg by 
atomic absorption spectrophotometry, K by flame 
photometry and P by colorimetry, according to 
procedures described by Tedesco et al. (1995).

The pig slurry (PS) applied was generated by 
fattening and growing animals, and was collected 
and stored in open dunghills. Two samples were 
collected from the annual PS applications, which 
were analyzed according to the methods described 
by Tedesco  et  al. (1995). The pH measured 
directly in the PS sample was 7.2 and the dry 
matter content 59 kg m-3. The total N content was 
3.6 kg m-3, determined by the Kjeldahl method in a 

wet sample. Organic C was measured in 100 mL of 
wet sample dried at 60 °C to constant weight and 
then ground in a porcelain mortar to determine 
TOC by the Walkley-Black method, as described by 
Tedesco et al. (1995).

The experiment was implemented in 2001, in 
a randomized block design with four replications 
in plots (total area 12 × 6.3 m). The treatments 
consisted of a control (PS0), pig slurry (PS) 
application at annual rates of 25, 50, 100 and 
200 m3 ha-1, soluble fertilizer (SF) and fertilization 
with 25 m3 ha-1 PS combined with SF (PS + SF). 
From 2001 to 2006, in the SF treatment, annual 
rates of 130, 44 and 58 kg ha-1 of N, P and K were 
applied, which increased from 2007 to, respectively, 
170, 57 and 67 kg ha-1, using the sources urea, 
superphosphate and potassium chloride. The rates 
were defined for a maize grain yield of 8 Mg ha-1 
in the first period and 11 Mg ha-1 in the second, as 
recommended by the Commission of Chemistry and 
Soil Fertility (CQFS-RS/SC, 2004). Twenty percent 
of the N fertilizer was applied at planting and the 
rest sidedressed. Treatment PS + SF included, 
aside from PS, applications of the soluble fertilizers 
mentioned above, at rates of N, P2O5 and K2O that 
were adjusted annually, to provide similar total 
quantities of the three nutrients as in treatment 
SF. For N, the final rate of the water-soluble source 
in sidedressing was applied as described below, but 
P and K in two applications (80 % on the day of PS 
application and the rest 10 days later). On average, 
the PS applications contributed with approximately 
61, 75 and 65 % of the total applied N, P2O5 and K2O, 
respectively, in the treatment PS + SF.

The treatments, except N, which was always 
applied in October of each year, were applied 
between 15 and 20 days after glyphosate desiccation 
of the winter crop. Both PS and SF were broadcast 
on the soil surface on the straw of winter crops. The 
PS was distributed by a hose with a jet, connected 
to a pressurized tank, and soluble fertilizer by hand 
(Cassol et al., 2012).

Annually, maize and black oat were grown 
in rotation and NT, except for the summer of 
2002-2003, when common bean (Phaseolus vulgaris) 
was planted instead of maize, and in the winters of 
2005 and 2008, when wild radish (Raphanus sativus) 
was used instead of oat. All crops were sown with 
a no-till seeder, consisting of a front disc gang and 
double-disc furrower (Cassol et al., 2012).

Soil sampling was performed in 2010, taking 
seven sub-samples per plot, which were ground 
and blended to obtain composite samples of the 
following layers: 0.0-2.5, 2.5-5.0, 5-10, 10-20, 20-30 
and 30-40 cm. To a depth of 20 cm, sampling was 
carried out with Dutch augers and in the 20-40 cm 
layer, with a soil column cylinder auger. For each 
treatment and layer, bulk density was determined 
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in samples in Kopeck rings (height 2.5 cm, diameter 
5.88 cm, volume 68 cm3).

The contents and stocks of organic carbon were 
determined for two particle size fractions, i.e., 
particulate (POC), containing particles >53 μm 
and mineral-associated organic carbon (MAC), with 
particles <53 μm. The TOC was determined in six 
layers to a depth of 40 cm while the POC and MAC 
fractions were determined in four layers to a depth 
of 20 cm. The POC was determined according to 
the procedure described by Cambardella and Elliot 
(1992) and MAC was estimated as the difference 
between TOC and POC. The organic carbon of TOC 
and POC were determined by the Walkley-Black 
method, as described by Tedesco  et  al. (1995), 
after drying the samples at 60 °C and grinding 
them in a porcelain mortar. Carbon stocks were 
estimated by the Veldkamp (1994) equation as 
follows: StC = (TOC × ρ × Th)/10, where: StC is 
the TOC stock (Mg ha-1) in a given layer; TOC, the 
total organic carbon content (g kg-1); ρ, bulk density 
(kg dm-3); and Th the layer thickness (cm). Soil bulk 
density (Table 1) was determined at three points 
per plot in layers down to 20 cm, and the amounts 
used to calculate the TOC stocks, POC and MAC. 
In the 20-30 and 30-40 cm layers, sampling was 
conducted at only one point per plot and the overall 
mean calculated (1.45 kg dm-3) from these samples 
and used to compute the TOC stock in these layers.

Data were subjected to analysis of variance by 
the F test, and means compared by the Tukey test 
(p<0.05) and by regression analysis for the effect of 
PS rates on TOC.

RESULTS AND DISCUSSION

The TOC contents in layers to 10 cm deep 
increased according to the PS rate, adjusted to the 
exponential model and tending to a maximum value 
(Figure 1). This behavior shows that the increase in 
TOC promoted by PS is most significant at rates up 
to about 50 m3 ha-1, which is evidenced by the mean 
rates of variation of this attribute with the increase 
of the applied rate. Thus, in the 0-2.5 cm layer, the 
rates of 25, 50, 100 and 200 m3 ha-1 yr-1 resulted 
in mean TOC increase rates of, respectively, 0.28, 
0.17, 0.08 and 0.02 g kg-1 TOC for each additional 
applied m3 of PS. In the 2.5-5 cm layer, the mean 
TOC increase rates were, respectively, 0.15, 012, 
0.07, and 0.03 g kg-1.

In the 5-10 cm layer, the mean increment rates 
were lower (0.08, 0.05, 0.02, and 0.006 g kg-1 TOC, 
respectively). In the mean of the three upper layers, 
applications of 50 and 100 m3 of PS, respectively, 
resulted in TOC increases of 58 and 83 %. The low 
increase obtained at the higher rates, especially 
at rates of 100 m³ PS and higher, may indicate 

a tendency of saturation of the soil capacity to 
accumulate C in these surface layers, under the 
crop and management conditions of this study. As 
reported by Stewart et al. (2007), a given soil has a 
maximum TOC content it can accumulate when the 
supply sources of this component are maximized.

There was no significant effect of treatments on 
the TOC content in the 10-40 cm layers (Figure 1). 
Significant effects of crop and soil management on 
TOC contents in NT were generally observed in 
the upper soil layers, usually to a depth of 10 cm, 
especially in maize. This has been mainly attributed 
to the deposition of large amounts of crop residues, 
as well as root concentration and decomposition, 
humus production and residue deposition in the 
surface layer (Lovato et al., 2004). Maize residues 
generally contain high levels of recalcitrant fibers 
such as lignin and have a high C/N ratio, which 
are favorable aspects in the conversion of this 
material in humified organic compounds in the soil 
(Six  et  al., 2002; Bordin  et  al., 2008). This layer 
also concentrates most of the fine roots, which are 
important sources of humified organic compounds 
in the soil (Bordin et al., 2008; Kätterer et al., 2011). 
The roots grow and spread in the profile, and thus 
act as a major source of humified organic compounds, 
which are the main form of OC accumulation in 
the deeper soil layers under NT (Bayer et al., 2000; 
Lovato et al., 2004).

The TOC stocks determined in the soil layers in 
different treatments are listed in table 2. In layer 

Table 1. Soil bulk density in the layers 0.0-2.5, 
2.5-5.0, 5-10, and 10-20 cm of a Typic Hapludox 
cultivated for nine years with no-tillage maize 
and oat and annually fertilized with soluble 
fertilizer (SF), pig slurry (PS) at rates of up to 
200 m3 ha-1, and the combination PS + SF. Mean 
of four replications

Treatment 0.0-2.5 cm 2.5-5.0 cm 5-10 cm 10-20 cm

kg dm-3 
 

SF 1.28 a 1.28ns  1.45ns 1.43ns

PS + SF 1.15 ab 1.24 1.46 1.40
PS0 1.22 a 1.28 1.47 1.39
PS25 1.23 a 1.28 1.41 1.46
PS50 1.28 a 1.31 1.44 1.46
PS100 1.22 ab 1.23 1.45 1.34
PS200 1.08 b 1.27 1.45 1.41

Means followed by different letters in columns differ by the Tukey 
test (p<0.05); ns: not significant. SF: treatment with soluble 
fertilizer as recommended by the Commission of Chemistry and 
Soil Fertility of RS/SC (CQFS-RS/SC, 2004); PS + SF: treatment 
with 25 m3 ha-1 yr-1 PS combined with soluble fertilizer to 
complete the amount of NPK recommended by CQFS-RS/SC; PS0: 
unfertilized treatment; PS25, PS50, PS100 and PS200: treatment 
with 25, 50, 100 and 200 m3 ha-1 yr-1 pig slurry, respectively.
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0.0-2.5 cm, PS50 (50 m3 ha-1 yr-1) accumulated a 
larger TOC stock (5 Mg ha-1), than the unfertilized 
treatment PS0. However, at higher rates there 
was no additional effect of PS on the TOC stock of 
that layer. On the other hand, TOC stocks were 
intermediate and similar to each other in the 
treatments SF, PS + SF and PS25, and did not differ 
from PS0 treatments in the deeper layers, nor from 
PS50, PS100 and PS200 in the upper layers. In the 
2.5-5.0 cm layer, the general behavior was similar 
as in the surface layer, with a TOC increase at PS 
rates of 50 m3 ha-1 yr-1 and higher. A treatment 
effect was also observed in the 5-10 cm layer, but 
the differences were relatively minor than in the 
surface layers. In this layer, TOC stocks were 
highest in the PS treatments (PS100 and PS200), 
exceeding PS0, but similar to PS + SF. In the three 
surface layers, with significant treatment effects 
on TOC stocks, the rate of 200 m3 ha-1 yr-1 did not 
increase this fraction in comparison with the 100 
m3 ha-1 yr-1 rate, but added the double of organic C 
via PS. It is worth remembering that the PS rate 
200 m³ ha-1 yr-1 exceeds four times the threshold 
of the environmental legislation of Santa Catarina 
(FATMA, 2004).

In the layers 10-20 cm and 20-30 cm, the TOC 
stocks did not differ between treatments. However, 
in the 30-40 cm layer, the same trend was observed 

as in the two upper layers, where PS rates of 
50 m3 ha-1 yr-1 and higher increased TOC stocks, 
being similar to each other and also to the PS + SF 
treatment. The differences between the treatments 
in this lower layer may indicate a contribution of 
crop roots to C accumulation in deeper layers. In 
the same experimental area, Cassol  et  al. (2012) 
observed that at PS rates of 50 m3 ha-1 yr-1 or more, 
the content of available Ca increased in the layer 
20-30 cm, favoring root growth (Caires et al., 2008).

Although the PS amount applied was two and 
four times higher in treatments PS100 and PS200 
than in PS50, respectively, there was no significant 
increase in TOC stock due to the increase of PS with 
rates higher than 50 m3 ha-1, except in the 5-10 cm 
layer, where TOC in PS100 was higher than in PS50 
(Table 2). One of the reasons for this result may 
be the saturated soil capacity to accumulate SOM, 
evidenced by the fitting to exponential regression 
of the TOC content, tending to a maximum value, 
according to the PS rates, in agreement with 
Bayer et al. (2006) and Stewart et al. (2007).

In addition, PS application on crop residues 
may have increased the mineralization rate of this 
material due to the reduction of the C/N ratio of the 
residue left on the soil and consequent stimulation 
of microbial activity, bearing in mind that the mean 
C/N ratio of PS applied in the evaluation period was 
less than 10. The PS applied on crop residues can 
stimulate microbial activity and thus increase the 
consumption of SOM in the soil surface layer, which 
is called the ‘activator’ or ‘priming’ effect. The result 
is an increase in CO2 emission, reducing the soil TOC 
source (Aita et al., 2007). Aita et al. (2007) observed 
that when PS was applied on black oat residues, the 
apparent mineralization of C increased, exceeding 
treatments exclusively with residues on the surface 
and incorporated PS + plant residues on the surface 
by 9 %. According to the authors, the N demand 
of the decomposing microbial population was best 
supplied when PS was applied together with the C 
source. On the other hand, Saviozzi et al. (1997) and 
Chantigny et al. (2001) observed that PS applied to 
wheat stimulated residue decomposition since the 
total CO2-C emission in the treatment containing 
the mixture of pig slurry and plant residues 
exceeded the sum of the CO2-C quantities emitted 
from the treatments with separate use of PS and 
plant residues.

For the sum of TOC stocks to a soil depth of 40 cm, 
the trend of treatment effects observed in the separate 
layers was confirmed. Thus, PS treatments with 
rates of at last 50 m3 ha-1 yr-1 and treatment PS + SF 
increased the TOC stocks. The TOC stocks in the 
treatments PS200, PS100, PS50 and PS + SF were 
not significantly different from each other and varied 
from 13 to 16 Mg ha-1, compared to treatment PS0.

The result of treatment PS + SF was noteworthy, 
for being similar to PS100 and PS200 and higher 

Figure 1. Relation between total organic carbon 
(TOC) contents and pig slurry (PS) rates 
(unfertilized treatment - 0; treatment with 25, 
50, 100 and 200 m3 ha-1 yr-1) applied annually 
in soil layers (0.0-2.5, 2.5-5.0, 5-10, 10-20, 20-30, 
and 30-40 cm) of a Typic Hapludox under 
no-tillage (NT) maize and black oat in the 
mean of four replications. *: significant at 
5 %, ns: not significant.
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than SF and PS25. This result may indicate 
synergism in the complementary use of organic 
fertilizer with soluble fertilizer, with greater plant 
development, as observed by Mafra  et  al. (2014) 
in another study in the same experimental area. 
These authors reported that the combined treatment 
PS + SF resulted in a biomass yield similar to the 
treatments with highest PS rates and this yield was 
positively correlated with the TOC fixation rate in 
the soil (Mafra et al., 2014).

Pig slurry applied at rates of 50 m3 ha-1 yr-1 
and higher resulted in larger TOC stocks than 
fertilization with SF only, although both provided 
similar amounts of N, P and K. Similar results 
were reported by Gong et al. (2009) in successive 
cultivation of maize and wheat for about 17 years, 
in a flooded Neosol in northern China. The authors 
observed a greater TOC increase when applying 
organic and mixed fertilizer than with exclusively 
soluble sources (urea, triple superphosphate and 
potassium sulfate).

However, the increase in TOC stocks resulting 
from fertilization with organic sources has also 
been explained by the higher productivity of 
plant biomass it promotes, especially of roots, 
bearing in mind that roots are the main source of 
accumulated C in the soil, as reported by Gale and 
Cambardella (2000), Albuquerque et al. (2005) and 
Kätterer et al. (2011).

The effects of treatments on POC contents 
and stocks were significant to a depth of 20 cm, 
but in the surface layers to a depth of 5 cm, the 
differences were proportionally higher (Table 3). 
The POC contents had a gradient decreasing with 
depth, as also observed for TOC. This shows the 
strong influence of NT on the SOM dynamics, 

promoting greater contribution and consequent 
POC accumulation in the surface layer, usually 
to a depth of 5 cm. In the 0.0-2.5 layer, the POC 
content was five to nine times higher than in 
the 10-20 cm layer (Table 3). This indicates the 
strong influence of the quantity of pig slurry and 
plant residues added to the soil surface and by the 
management on POC.

In the 0.0-2.5 cm layer, POC stocks were highest 
in the treatments PS100 and PS200, as generally 
observed in the other layers as well and their 
sum, in the mean 100 and 73 % higher than in 
the treatments PS0 and PS25, respectively. In the 
5-10 cm layer, POC contents did not differ between 
treatments, however, the POC stock had a similar 
tendency to that observed in the surface layers, 
although with proportionally smaller differences, 
for considering the double soil mass.

In the sum of POC stocks in the layers 0-20 cm 
the largest stock was observed in treatment PS100, 
followed by treatments PS200 and PS + SF 
(Table 3), whereas PS50 had an intermediate stock, 
being similar to treatments PS25, SF and PS + SF. 
These data show that rates up to 50 PS m³ ha-1 yr-1, 
in general, were not sufficient to significantly 
increase the POC stocks to the maximum value 
observed in the study that occurred at a rate of 
100 m³ ha-1 yr-1.

The significant treatment effect on POC stocks 
to depths of 20 cm highlights the significant 
contribution of crop roots to C input in this soil 
layer. Gale and Cambardella (2000) found that 
most of the 14C added by roots was recovered 
in silt + clay and particulate (POC) fractions, 
indicating that shortly after soil tillage, POC is 
derived mainly from roots. Thus, the combined 

Table 2. Stock of total organic carbon (TOC) in the layers 0.0-2.5; 2.5-5.0; 5-10; 10-20; 20-30; 30-40 and 
0-40 cm of a Typic Hapludox, cultivated for nine years with no-tillage maize and oat, fertilized 
annually with soluble fertilizer (SF), pig slurry (PS) rates up to 200 m3 ha-1 and combined PS + SF. 
Mean of four replications

Treatment 0.0-2.5 cm 2.5-5.0 cm 5-10 cm 10-20 cm 20-30 cm 30-40 cm 0-40 cm

Mg ha-1
 

SF 12 ab 11 bc 19 b 33ns 33ns 27 bc 135 b

PS + SF 12 ab 12 abc 20 ab 36 34 27 bc 141 a

PS0 10 b 9 c 18 c 33 30 26 bc 126 c

PS25 13 ab 11 bc 19 b 33 29 25 c  129 bc

PS50 15 a 12 ab 19 b 31 31 31 a  139 ab

PS100 14 a 12 abc 22 a 33 32 29 ab 142 a

PS200 14 a 14 a 21 ab 33 30  28 abc 140 a

CV (%) 9.1 10 6.7 6.3 9.8 6.3 6.1
Means followed by different letters in columns differ by Tukey’s test (p<0.05). SF: treatment with soluble fertilizer; PS + SF: treatment 
with 25 m3 ha-1 yr-1 PS combined with soluble fertilizer to complete the recommended amount of NPK; PS0: unfertilized treatment; 
PS25, PS50, PS100 and PS200: treatment with 25, 50, 100 and 200 m3 ha-1 yr-1 pig slurry, respectively. ns: not significant.
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effect of NT management associated with PS 
fertilization possibly increased the plant dry 
weight, which induced higher soil POC stocks 
(Bayer  et  al., 2003). Campos  et  al. (2011) also 
observed a higher POC stock in the intermediate 
soil layer (20-30 cm) in cultivation systems with 
greater plant diversity and root cycling at an 
intermediate soil depth. The greater range of 
proportional variation of contents as well as of the 
POC compared to TOC stocks, observed between 
treatments, shows that this fraction most directly 
reflects changes in soil management and C input, 
affecting SOM dynamics within a relatively short 
period, in line with findings of Bayer et al. (2001) 
and Quanying et al. (2014).

The effects of treatments on the MAC content 
(Table 4) were also more significant in the surface 
layers to a depth of 5 cm, and significantly higher than 
in the 10-20 cm layer. The MAC contents to a depth 
of 5 cm in the layers differed between treatments, but 
with proportionally lower amplitude of variation than 
observed in POC contents. In the various treatments 
in the 0.0-2.5 cm layer, MAC contents were 36 to 

40 % higher than in the 10-20 cm layer, while POC 
contents differed between 400 and 600 %.

No differences were observed between SF, 
PS + SF, PS25, PS50 and PS100, in the weighted 
mean of MAC contents in the 0-20 cm layer. The 
largest difference in MAC content was observed 
between treatments PS200 (28 g kg-1) and PS0 
(24 g kg-1) with 4 g kg-1, corresponding to 6 Mg ha-1 
of MAC in this layer, with a relative lower variation 
that that in the POC fraction.

The percentage of POC compared to TOC 
(Table 5) was higher in the upper two surface 
layers (9 to 20 %), in the order of 3 to 6 times 
higher in the respective treatments than in 
the 10-20 cm layer, equivalent to results of 
Campos et al. (2011). This higher contribution of 
POC to TOC accumulation in the surface layer to 
a depth of 5 cm can be due to a higher input of 
organic waste by crop shoots and roots and their 
partial biological degradation (Balota et al., 1998) 
under NT management. There was no significant 
difference between treatments in the 0.0-2.5 and 

Table 3. Contents and stocks as particulate organic carbon (POC), with size >53 μm in layers 0.0-2.5, 
2.5-5.0, 5-10, 10-20 and 0-20 cm of a Typic Hapludox cultivated for nine years with no-tillage maize 
and oat and annually fertilized with soluble fertilizer (SF), pig slurry (PS) at rates up to 200 m3 ha-1 
and combined PS + SF. Mean of four replications

Treatment 0.0-2.5 cm 2.5-5.0 cm 5-10 cm 10-20 cm 0-20 cm

Content (g kg-1)

SF 5.2 Aabc 3.4 ABbc 1.7 BCns 0.9 Cab 1.8 cd

PS + SF 6.5 Aabc 4.9 Ab 1.9 B 0.9 Bab 2.4 bc

PS0 3.5 Ac 2.7 Bc 1.5 C 0.7 Dab 1.5 d

PS25 4.7 Abc 4.4 Ab 1.4 B 0.7 Bab 1.8 cd

PS50 5.5 Aabc 5.0 Ab 1.7 B 0.6 Bb 2.1 bc

PS100 8.2 Aa 7.6 Aa 2.5 B 1.2 Ba 3.2 a

PS200 7.5 Aab 5.1 Bb 2.5 C 1.1 Da 2.8 ab

CV (%) 24.3 23.7 27.4 27.1 25

Stock (Mg ha-1) 

SF 1.6 abc 1.0 b 1.1 ab 1.3 ab 5.0 cd

PS + SF 1.9 abc 1.5 ab 1.2 ab 1.3 ab 5.9 bc

PS0 1.1 c 0.8 b 0.9 b 1.1 ab 4.0 d

PS25 1.4 bc 1.4 b 0.9 b 1.0 ab 4.7 cd

PS50 1.7 abc 1.6 ab 1.1 ab 0.8 b 5.2 c

PS100 2.4 a 2.3 a 1.6 ab 1.7 a 8.0 a

PS200 2.0 ab 1.4 b 1.7 a 1.6 a 6.7 b

CV (%) 23.2 25.4 25.8 27.1 26.2
Means followed by lowercase letters in columns and capital letter in rows with the same sign are not significantly different at 5 % 
by the Tukey test. SF: treatment with soluble fertilizer as recommended by the Commission of Chemistry and Soil Fertility of 
RS/SC (CQFS-RS/SC, 2004); PS + SF: treatment with 25 m3 ha-1 yr-1 PS combined with soluble fertilizer to complete the amount of 
NPK recommended by CQFS-RS/SC; PS0: unfertilized treatment; PS25, PS50, PS100 and PS200: treatment with 25, 50, 100 and 
200 m3 ha-1 yr-1 pig slurry, respectively.
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5-10 cm layers. In the 2.5-5.0 and 5-10 cm layers, 
the highest POC percentage was observed in 
treatment PS100, while PS200 was similar to 
PS0 and PS25 and SF. The lower percentage of 
POC/TOC in treatment PS200 than in PS100 can 
be explained by the activator or priming effect, 
which leads to accelerated decomposition and 
higher CO2 emissions (Aita et al., 2007).

In the weighted mean of the POC compared 
to TOC percentages, the highest value occurred 
in treatment PS100, followed by the other PS 
treatments, which were similar to each other. 
The two highest PS rates resulted in higher 
values than the mean percentages of treatments 
PS0 and SF. This result reflects the increased 
POC stock in response to the addition of OC in 
manure and especially the higher biomass yield 
of crops, in line with the findings of Diekow et al. 
(2005). In the 10-20 cm layer, the differences in 
POC percentage can be related to the contribution 
of the root system in response to PS application 
(Kong et al., 2005).

The MAC stock represents on average 92 % of 
the total TOC stock in the 0-20 cm layer (Figure 2), 
constituted by organic material stabilized over 

Table 4. Contents and stocks of mineral-associated organic carbon (MAC) with particle diameter of <53 μm 
in the layers 0.0-2.5, 2.5-5.0, 5-10, 10-20 and 0-20 cm of a Typic Hapludox cultivated for nine years with 
no-tillage maize and oat and annually fertilized with soluble fertilizer (SF), pig slurry (PS) at rates 
up to 200 m3 ha-1 and combined PS + SF. Mean of four replications

Treatment 0.0-2.5 cm 2.5-5.0 cm 5-10 cm 10-20 cm 0-20 cm
Content (g kg-1)

SF 33 Abc 31 Abc 25 BCns 22 Cns 26 b
PS + SF 36 Abc 33 Ab 26 B 24 B 27 b
PS0 31 Ac 27 Bc 23 BC 22 C 24 c
PS25 36 Abc 30 Bbc 25 C 21 C 25 bc
PS50 40 Aab 32 Bbc 25 C 21 C 26 b
PS100 38 Aab 31 Bbc 28 B 22 C 26 b
PS200 44 Aa 39 Ba 26 C 22 C 28 a
CV (%) 8.5 8.1 7.8 6.8

Stock (Mg ha-1)
SF 10 ab 9 ab 15ns 32ns 67 ab
PS + SF 11 ab 10 ab 16 34 70 a
PS0 9 b 8 b 14 32 65 b
PS25 11 ab 9 ab 16 32 68 ab
PS50 13 a 10 ab 16 30 70 a
PS100 12 a 10 ab 18 31 70 a
PS200 12 a 11 a 17 31 71 a
CV (%) 10.8 9.4 11.3 6.8

Means followed by lowercase letters in columns and capital letters in rows with the same sign are not significantly different at 5 % by the Tukey 
test. SF: treatment with soluble fertilizer as recommended by the Commission of Chemistry and Soil Fertility of RS/SC (CQFS-RS/SC, 2004); 
PS + SF: treatment with 25 m3 ha-1 yr-1 PS combined with soluble fertilizer to complete the amount of NPK recommended by CQFS-RS/SC; 
PS0: unfertilized treatment; PS25, PS50, PS100 and PS200: treatment with 25, 50, 100 and 200 m3 ha-1 yr-1 pig slurry, respectively.

Table 5. Percentage of POC compared with TOC 
in the layers 0.0-2.5, 2.5-5.0, 5-10, 10-20 and 
0-20 cm of a Typic Hapludox cultivated for 
nine years with no-tillage maize and oat and 
annually fertilized with soluble fertilizer 
(SF), fertilizer combination (PS + SF) and pig 
slurry (PS) at rates up to 200 m3 ha-1. Mean of 
four replications

Treatment 0.0-2.5 cm 2.5-5.0 cm 5-10 cm 10-20 cm 0-20 cm
%

 

SF 13 A 10 ABb 7 BC 4 Cab 6 c
PS + SF 15 A 13 ABab 7 BC 4 Cab 8 bc
PS0 10 A 9 Ab 6 B 3 Cab 6 c
PS25 13 A 11 Aab 5 B 3 Bab 7 bc
PS50 12 A 13 Aab 6 AB 2 Bb 8 bc
PS100 17 A 20 Aa 8 B 5 Ba 11 a
PS200 14 A 11 Bb 9 B 4 Cab 9 b
Means followed by different, lowercase letters in columns and 
capital letters in rows are significantly different at 5 % by the 
Tukey test. SF: treatment with soluble fertilizer as recommended 
by the Commission of Chemistry and Soil Fertility of RS/SC 
(CQFS-RS/SC, 2004); PS + SF: treatment with 25 m3 ha-1 yr-1, 
PS combined with soluble fertilizer to complete the amount of 
NPK recommended by CQFS-RS/SC; PS0: unfertilized treatment; 
PS25, PS50, PS100 and PS200: treatment with 25, 50, 100 and 
200 m3 ha-1 yr-1 pig slurry, respectively.
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long periods. In a study on two Brazilian Latosols, 
Denef et al. (2007) observed that the C associated 
with minerals in microaggregates and intra 
macroaggregates stocked most of the accumulated 
C in NT, and concluded that MAC contributes more 
than POC to the C-fixation process in the soil in 
the long-term.

However, although most C is accumulated in 
the MAC fraction, Six  et  al. (2000) emphasized 
the role of the POC fraction as a “bridge” between 
the light fraction of organic material consisting of 
plant residue fragments and MAC, characterized 
by the C stock in the stabilized fraction. Carbon 
of the residue is not stabilized immediately at the 
surfaces of minerals or in microaggregates, but first 
undergoes slow stabilization processes, whereas 
POC can persist for a longer time if protected within 
the aggregates (Six et al., 2000).

Organic C of residues is not stabilized immediately 
on the surfaces of minerals, or the microaggregates, 
but undergoes slow first stabilization process, 
while the COP can only stay protected inside the 
aggregates for a longer time.

CONCLUSIONS

The total organic carbon (TOC) content in the 
layers of 0.0-2.5, 2.5-5.0 and 5-10 cm of a Typic 
Hapludox cultivated with no-tillage maize-oat 
rotation is increased by pig slurry rates applied to 
the soil, in an exponential model with highest growth 
rate per unit (m3) up to the rate of 50 m3 ha-1 yr-1.

The actual increase in the TOC stock can be 
obtained with the application rate from 50 m3 ha-1 yr-1 
PS and with 25 m3 ha-1 yr-1, but in this case, only 
when supplemented with SF.

The content and stock of OC in the particulate 
(POC) and mineral-associated fractions (MAC) were 
higher in the surface layers to a depth of 5 cm, with 
greater amplitude of variation in the POC contents 
and stocks compared to TOC in the treatments.
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