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EPÍGRAFE

“Paciência é o intervalo entre a semente e a flor.”
Ana Jácomo

“Uma existência sem sonhos é como uma semente sem solo, uma planta sem nutrientes.
... Sem terra a semente não germina.”
A. Cury
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RESUMO
Eficiência do uso de fósforo em sistema agrícola conservacionista: impacto das
restituições orgânicas
As savanas tropicais cobrem uma área de cerca de 1.900 milhões ha sendo o segundo
bioma do Brasil. O fósforo (P) é frequentemente um grande ou mesmo o principal fator
limitante no crescimento das plantas nas regiões tropicais e subtropicais (solos altamente
intemperizados). Os sistemas agrícolas de pequena escala (agricultura familiar) são bastante
representativos no Brasil, representando cerca de 85% dos estabelecimentos agropecuários e
tendo como principal prática o preparo convencional do solo. O objetivo deste trabalho foi
estudar a dinâmica do P em um experimento agronômico localizado na região do Cerrado,
sobre o uso eficiente do P em sistema agrícola conservacionista: i) a avaliação da
variabilidade espacial da fertilidade do solo de P, Ca, Mg, K e pH ii) o estoque de C e P, e iii)
a caracterização das espécies de P por 31P-RMN. A área de estudo está localizada no bioma
Cerrado em um Latossolo Vermelho distrófico argiloso. Os tratamentos são caracterizados
por diferentes práticas agrícolas (preparo convencional – CT e plantio direto – NT), e a
presença ou não de plantas de cobertura (Brachiaria ruziziensis e Cajanus cajan) com milho
(Zea mays). No estudo da variabilidade espacial os dados foram analisados por estatística
descritiva e geoestatística. Os semivariogramas foram calculados de acordo com o modelo
esférico para pH H2O, pH CaCl2, K, logK, Ca e Mg. O P e LogP foram modelados usando um
modelo de efeito pepita. Mesmo após ~ 20 anos do desmatamento, a distribuição espacial do
pH H2O, pH CaCl2, Ca, Mg e K foi influenciada pela queima de madeira em leiras. A
distribuição espacial de P não foi afetada pela queima da madeira em leira. No estudo
realizado para melhorar a compreensão do impacto da agricultura conservacionista em
sistemas agrícolas de pequena escala sobre os estoques de C e P no solo, na camada de 0-40
cm, os estoques de C nos tratamentos NT e MCr (milho + C. Cajan na linha) foram
significativamente superiores. Os estoques de P variou entre 0,63 e 0,91 t ha-1 e não foram
significativamente diferentes entre os tratamentos. O plantio e MCr foram os únicos
tratamentos que apresentaram ganhos de carbono, onde o acúmulo foi de 2,67 e 2,91 t C ha-1
ano-1, respectivamente. O tratamento MCr mostra o importante papel das leguminosas no
sequestro de carbono. No estudo do fósforo orgânico (Po) do solo com o objetivo de
determinar como os teores e formas de Po variam de acordo com os sistemas de preparo e
plantas de cobertura utilizadas. Os teores de Po (PMonoester e PDiester) determinados por RMN
não foram diferentes entre os tratamentos. Os níveis de Po foram superiores a 59% do total do
POlsen extraído e as principais alterações em relação ao Po Olsen ocorreu na camada superficial
do solo. O Po (PMonoester e PDiester) determinado pela RMN não alterou entre os tratamentos. A
manutenção dos níveis de Po sugere que a disponibilidade de P não está necessariamente
ligada à sua acumulação, mas ao aumento dos fluxos entre as formas disponíveis (grupos
ativos).
Palavras-chave: Adubo verde; RMN 31P; Fósforo orgânico; Biodisponibilidade; Sistemas de
conservacionista
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ABSTRACT
Phosphorus use efficiency in conservation agricultural system: impact of organic
restitution
The tropical savannas cover an area of approximately 1,900 million ha second biome
of Brazil. Phosphorus (P) is frequently a major or even the prime limiting factor for plant
growth in the subtropical and tropical regions (highly weathered soils). Small-scale farming
systems are fairly representative in Brazil, accounting for approximately 84.4% of Brazilian
agriculture establishments and the conventional tillage being the common practice in the
systems. The objective of this work was to study the dynamics of P in an agronomic
experiment located in the Cerrado region, on the efficient use of P in conservation agricultural
system: i) assessing soil spatial fertility variability of P, Ca, Mg, K and pH; ii) the C and P
stock; and iii) characterizing of species of P by 31P-NMR spectroscopy. The area of study is
located at Cerrado biome (Brazilian neotropical savannas) in a clayey Oxisol classified as
Haplic Ferralsol. The treatments are characterized by different agricultural practices
(conventional tillage – CT; and no-tillage – NT), and the presence or not of cover crops
(Brachiaria ruziziensis – a grass specie and Cajanus cajan – a leguminous specie) with maize
(Zea mays). In the study of spatial variability the data were analyzed by descriptive statistics
and geostatistics. The semivariograms were computed according to the spherical model for
pH H2O, pH CaCl2, K, LogK, Ca and Mg. P and LogP were modeled using a nugget effect
model. Even ~20 years after deforestation the spatial distribution of pH H2O, pH CaCl2, Ca,
Mg and exchangeable K is influenced by the wood windrow burning that took place during
deforestation. The spatial distribution of P was not affected by the windrow woods burning. In
the study conducted to improve the understanding of the conservation agriculture impact in
small-scale farming systems on soil C and P stocks in the 0–40 cm layer due to its importance
in agrosystem management. The C stocks (up to 40 cm depth) in NT and MCr treatments
were significantly superior. The P stocks varied between 0.63 and 0.91 t ha−1 and were not
significantly different among the treatments. No-till treatment and MCr treatments were the
only ones that showed gains carbon, where the accumulation was 2.67 and 2.91 t C ha−1
year −1, respectively. The highlight of MCr treatment shows the important role of legumes in
carbon sequestering. In the study of soil organic P aiming to determine how the amounts and
forms of organic phosphorus vary according to the tillage systems and cover crops used. The
Po (PMonoester and PDiester) values determined by NMR were not different among the treatments.
The levels of Po were higher than 59% of the total content of POlsen and the main changes in
relation to P occurred in the topsoil. The values show that Po does not change (PMonoester and
PDiester) among the treatments. The maintenance of the Po levels, no accumulation and loss,
suggests that the availability of P is not necessarily linked to accumulation, but to the increase
of fluxes between active pools.
Keywords: Green manure 31P NMR; Organic phosphorus; Bioavailability;
Conservation system
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1 INTRODUTION

Phosphorus (P) is essential for life, but it often is the element that most limits
biological productivity. Most organisms absorb the inorganic orthophosphate, although
organic forms of phosphorus often dominate in soil and aquatic systems. It is therefore not
surprising that many organisms have complex mechanisms that enable them to access P from
organic compounds. But the soil organic phosphorus is poorly understood and is currently the
largest gap in our knowledge on the global phosphorus cycle.
The growth of agricultural production has been accompanied by an increased
use of inputs (including fertilizers). The application of P in corn is low in Brazil, with an
average of 35 kg ha-1 P2O5 (INTERNATIONAL FERTILIZER INDUSTRY ASSOCIATION,
2008). The intensive and excessive fertilizer use is being increasingly questioned due to the
increased cost of raw material in recent years. Furthermore, the practice of excessive
fertilization leads to degradation, sometimes irreversible, especially by eutrophication of
ecosystems. The non-conservation agriculture also leads to the emission of greenhouse gases
(CO2, CH4, N2O, NH3,...) directly and indirectly. The scarcity of mineral resources for the
production of phosphate fertilizers and the increased cost of energy for the synthesis of
nitrogen fertilizers, it also exceeded the prospects for increased use of fertilizers to maintain
or increase levels of crop production. The cost represented by fertilizers in the production
process cannot be sustainably supported by most countries in the southern hemisphere. In
addition, many tropical soils, in particular Oxisols, have a limited fertility, particularly in
respect to P. Phosphorus deficiency is a major constraint to agricultural productivity and
affects an area of more than two billion hectares worldwide in highly weathered Oxisols and
Ultisols and other acid soils. The P deficiency occurs in more than 70% in Oxisols and
approximately 50% of these are found in tropical America (FAIRHURST et al., 1999).
Brazil is one of the countries directly affected by these problems, due to three
main factors: (i) the nature of their soils (Oxisols occupy one-third), (ii) the need to reduce
forest clearing for agriculture and (iii) the need to reduce the increasing in production costs
both for family farming and for competitiveness in the international market (export). Faced
with limited possibilities to increase the area currently under cultivation and increase the use
of inputs to improve soil fertility, it is essential to improve the efficiency of nutrient use by
crops. The challenge of increased productivity with reduced use of inputs is necessary to
define new strategies based on the principles of ecological intensification proposed by
Jørgensen and Nielsen (1996) for agriculture. Research on the availability and nutrient
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dynamics must be renewed in order to improve the productivity of agroecosystems and thus
overcome the current challenges. In this context, management of nutrients and its recycling in
the soil plant system, are essential, especially for a scarce element such as P.
Agricultural systems that favor the accumulation of soil organic matter (SOM)
may have positive effects on P recycling, increasing levels of organic phosphorus (Po) and/or
decrease the inorganic phosphate (Pi) adsorption. The systems under no-tillage (NT) have
demonstrated beneficial effects on C sequestration (CORBEELS et al., 2006). More recently,
integrated crop-livestock systems (ICLS), which aim at mainly to improve the fertility of
degraded pastures, have demonstrated their agronomic and economic efficiency (VILELA et
al., 2011). However, the effects of these systems on P dynamics are still poorly understood
(EBERHARDT, 2008) and need to be further studied.
The use of green manure in NT, such as lupine (GARDNER et al., 1983;
KEERTHISINGHE et al., 1997) and pigeon pea (OTANI et al., 1996), present several
benefits such as improved soil fertility through increased SOM content, recycling nutrients
(mainly P) and reduce soil erosion (SØRENSEN, 1991; MERBACH et al., 1997; DINNES et
al., 2002; NZIGUHEBA; BÜNEMANN, 2005). Overall, green manures or cover crops, when
used in no-tillage system, play an important role in nutrient cycling, both those added through
fertilizers and not used by crops (soybean, maize), as those from mineralization of SOM
(TORRES et al., 2008). In conservation agriculture systems, mineralization of Po was found
to have significant contribution to the requirements of the plants P (OEHL et al., 2001), while
the addition of green manures that amending P cycle in soil improves the dissolution and
bioavailability of rock phosphate, which is poorly soluble (CAVIGELLI; THIEN, 2003;
KAMH et al., 1999). The accumulation of nutrients, especially Ca, Mg, K and P in the soil
surface layers in NT, promotes the accumulation of nutrients in plant tissue with subsequent
decomposition and release of these nutrients in the surface layers (PAVINATO; ROSOLEM,
2008).
Considering the importance of cover crops for sustainable management of notillage system, the objectives of this was to study the P dynamics in a conservation agriculture
located at Unaí, Minas Gerais State, in Cerrado region; i) assessing soil spatial fertility
variability of P, Ca, Mg, K and pH; ii) quantifying C and P stocks; and iii) characterizing
organic species of P by 31P-NMR spectroscopy.
References
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2 IMPACT OF SAVANNAS WINDROW WOODS BURNING ON SPATIAL
VARIABILITY OF SOIL CHEMICAL PROPERTIES
Abstract
The tropical savannas cover an area of approximately 1,900 million ha and are
burned every one to four years during the dry season, with the highest frequency in the humid
savannas. The objective of this study was to evaluate the influence of burning windrow woods
from the deforestation of savannah (Cerrado) on the spatial variability of soil chemical
properties. The study was carried out in Unaí, Minas Gerais State, Brazil. An experiment was
set in 2006 was used to evaluate the spatial variability of soil chemical properties. Soil
samples were collected in 2010, through a grid of 5 x 5 m, at a depth of 0 - 20 cm. A total of
240 samples were analyzed for pH H2O and pH CaCl2, exchangeable calcium, magnesium
and potassium, and available phosphorus. Data were analyzed by descriptive statistics and
geostatistics. The semivariograms were computed according to spherical models for pH H2O,
pH CaCl2, K, LogK, Ca and Mg. P and LogP were modeled using nugget effect models. The
all cross-semivariograms was adjusted for spherical model and pH H2O and pH CaCl2 showed
correlation (adjusted) for all variables with spatial dependence. The maps of the spatial
variability of pH H2O, pH CaCl2, Ca and Mg concentrations, as well as the crosssemivariograms, showed the same pattern of spatial variability for all these chemical
properties, highlighting that the burning of piles of wood, during deforestation of native
forest, causes a well-defined spatial arrangement. In contrast, the P semivariograms is
constant demonstrating the lack of spatial dependence for this property. Even ~20 years after
deforestation, with exception of P, the spatial distribution of pH H2O, pH CaCl2, Ca, Mg and
exchangeable K is influenced by the wood windrow burning that took place during
deforestation. The management of deforestation in the Cerrado through piles and burns has a
major influence on the spatial variability of soil properties even after several years (~20 years)
of agricultural use of the land.
Keywords: Fire; Ash; Soil fertility; Oxisol
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2.1 Introduction
The tropical savannas cover an area of approximately 1,900 million ha and are
burned every one to four years during the dry season, with the highest frequency in the humid
savannas (NARDOTO; BUSTAMANTE, 2003; PIVELLO et al., 2010). The Cerrado is the
tropical savannah in central Brazil which occupies around 23% of the national territory or
some 2 million km2 (AB’SABER, 1971). The native vegetation is composed of a grass
understory with a variable cover of shrubs and trees. Ferralsols (FAO Soil Classification) or
Oxisols (USDA Soil Taxonomy) are the most common soils covering about 45% of the area
(ADAMOLI et al., 1986).
In the Cerrado biome, fires set by man and lightning are common and have been
occurring for thousands of years. Fire set by lightning occurs naturally in the dry season
(SALGADO-LABOURIAU; VICENTINI, 1994) and is recognized for its ecological
importance influencing the nutrient cycling and affecting the dynamics of the vegetation,
particularly the grass/woody biomass ratio. However, increased population pressures and land
use changes have enhanced both the intensity of deforestation and frequency and severity of
anthropogenic fires (LAMBIN et al., 2003). The historic occupation of the Cerrado region
began in the 1920s by the coffee industry, and later (1930-1945) perpetuated by government
incentive grants and the provision of technical assistance to farmers, the intensification of
deforestation of the Cerrado region culminated between 1970 and 1985 with incorporation of
the Cerrado in the Brazilian agricultural production plan, and thanks to the arrival of new
technologies (phosphate fertilizer and lime to correct both nutrient deficiency and acidity;
Rhizobium-based nitrogen fixation; development of crop varieties; heavy use of herbicides
and pesticides; and modern machinery) (KLINK; MOREIRA, 2002). Studies on the effects of
fire on Cerrado soil properties are scarce (SILVA; BATALHA, 2008; PIVELLO et al., 2010).
Biomass affects the biogeochemical cycles of tropical ecosystems (CRUTZEN;
ANDREAE, 1990). Direct transformation of elements during fire combustion can affect the
cycling and availability of nutrients during many years following the disturbance. The
combustion of organic matter releases significant quantities of nutrients to the atmosphere as
gaseous compounds. Others are deposited on the soil as ash and can be an important source of
nutrients for plant regrowth. The mineral ash can also increase the soil pH due to the release
of basic ions (NOBLE et al., 1996), and consequently microbial activity, which is intimately
connected with decomposition and nutrient turnover, owing accumulation of nutrients P, Ca,
Mg, K and with the first rain events after fires (KAUFFMAN et al., 1992; NARDOTO;
BUSTAMANTE, 2003; NOBLE et al., 1996; PIVELLO et al., 2010). For example,
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Strømgaard (1992) reported for an Orthic Oxisols an increase in pH 4.2, 7.2, 5.2 and 5.1,
respectively, 24 hours, 40 days and 9 years after a burning event.
Deforestation practices in the Cerrado to clear the area for agricultural production
were traditionally done by track-type tractors pulling a clearing chain and the vegetation was
concentrated in windrows before it was burned. As a result, in a large part of the deforested
area the soil surface layer was considerably altered by the machinery and burning.
Geostatistics has been used as an important and efficient tool to characterize spatial
variability of soil properties (GREGO; VIEIRA, 2005; SILVA et al., 2007) for which there is
independence between samples (VIEIRA et al., 1981; VIEIRA et al., 1983). It is commonly
known that the spatial variability of soil properties can significantly affect the results of
agronomic experiments (HARRIS, 1920). Although the effects of spatial variability of soil on
crop production are an old problem (WAYNICK; SHARP, 1919), this remains a current
problem, especially for the practice of precision agriculture (FROGBROOK et al., 2002).
As such, geostatistics are also a promising way to study the heterogeneity of soil
properties after burning and land clearing (LAVOIE; MACK, 2012; FRASER; SCOTT,
2011). Horizontal and vertical variation in the spatial distribution of soil properties results
from the interaction of soil formation and management factors (FROGBROOK et al., 2002;
CAVALCANTE et al., 2007). Replacing natural vegetation, soil tillage, liming and fertilizing
are some management practices that influence soil properties and their variability.
The objective of this study was to evaluate the influence of burning windrow woods
from the deforestation of savannah (Cerrado) on the spatial variability of soil chemical
properties.
2.2 Material and Methods
Study site
The study was carried out in the Cerrado biome (Brazilian neotropical savannas), as
part of a research project on the impact of conservation agriculture practices on soil fertility
and crop yields. The study area is located in Unaí, northwest of Minas Gerais State, Brazil
(Figure 1). The field experiment was conducted at the Juvêncio Martins Ferreira Agricultural
School of Unaí (16°32’26” S, 46°50’44” W and altitude of 600 m). The study region is
characterized by the typical subhumid tropical climate of the Brazilian Cerrado. According to
Köppen classification, the climate is Tropical wet and dry “Aw” (or savanna climate). The
average annual rainfall varies between 1200 mm and 1400 mm, with rain occurring between
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October to April, and the dry season, with duration of 5 to 6 months, coincides with the
coolest months. The average annual temperature is 24.4° C (SEBRAE MINAS, 1999).

Figure 1 - The Cerrado region in Central Brazil (in gray) and a detailed map showing the
study area in Unaí, near Brasília (adapted from SANO et al., 2008)
The soil is classified as Typic Acrustox (SOIL SURVEY STAFF, 2010) or
“Latossolo Vermelho” according to the Brazilian classification (EMBRAPA, 2006), or Haplic
Ferralsol (IUSS-WRB, 2006). The soil has a clay texture (0-20 cm), with 726, 162 and 112 g
kg-1 of clay, silt and sand, respectively.
The deforestation of the area was done 14 years prior to the establishment of an
experiment. The vegetation clearing was done by track-type tractors pulling a chain and
vegetation was concentrated in windrows before it was burned. The subsequent cropping was
upland rice for 3 years, beans for 1 year, soybean for 2 years, sorghum for 1 year and maize
for 7 years.
The evaluation of the spatial variability of soil chemical properties, was performed in
experimental area which was set in 2006. It contained 12 treatments arranged in three
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completely randomized blocks. These treatments are characterized by different agricultural
practices (conventional versus no-tillage), different crops (maize (Zea mays) and sorghum (S.
bicolor (L.) Moench) and the presence or not of cover crops (Brachiaria ruziziensis, Cajanus
cajan). During its four-year duration, all the treatments of the experiment received the same
amount of fertilizer, i.e. 230, 118 and 104 kg ha-1 of N, P and K, respectively.

Sampling and analysis
The total area of the experiment measures 80 m x 80 m. Soil samples were collected
in 2010, through a grid of 5 x 5 m, at a depth of 0 - 20 cm, resulting in a total of 240 samples
(Figure 2). Soil analysis were carried out at the soil laboratory of Embrapa Cerrados on the
air-dried <2-mm sieved material following the Brazilian standard procedures established by
Claessen (1997). The soil pH was measured in distilled water (pH H2O) and 0.01 M CaCl2
(pH CaCl2) using a 1:2.5 (mass) soil:solution ratio. Exchangeable calcium (Ca2+) and
magnesium (Mg2+) were extracted with 1 M KCl. Exchangeable potassium (K+) and available
phosphorus (P) were extracted with Mehlich-1 solution (0.0125 M H2SO4 and 0.050 M HCl).

Figure 2 - Sampling grid of the experimental area

Statistical and geostatistical analysis
Data were analyzed by descriptive statistics and geostatistics. In the descriptive
analysis we determined the minimum and maximum values, median, mean, standard
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deviation, coefficient of variation, skewness and kurtosis, using BioEstat 5.0 (AYRES et al.,
2007) to check data dispersion and central tendency. The assumption of data normality was
tested using the Kolmogorov-Smirnov test to 5%. A logarithmic transformation was applied to
data that were not normally distributed.
Data were analyzed by geostatistical methods (semivariogram calculation as
described by VIEIRA, 2000) based on hypothetical intrinsic stationarity assumptions to study
the spatial variability of soil properties. Semivariance was applied to calculate the partial
autocorrelation among local neighbors.
Among the models tested the spherical model was the best model for predicting
spatial variability, with the exception of available P where the nugget effect model was the
best model. The spherical mathematical model (γ(h)) was applied to spatially dependent
semivariograms. It generates values for the distances (h). Thus, γ(h) will increase with h until
reaching a maximum value, after which it stabilizes at a level that corresponds to the distance
limit of spatial dependence, the range. Measurements over longer distances than the ranger are
randomly distributed, and are thus independent from each other.
The degree of spatial dependence (GD), which measures the degree of the nugget
effect (C0) relative to the level (C0 + C1) (CAMBARDELLA et al., 1994), was applied to
express the spatial dependence of a variable, and was calculated using equation GD = (C0/
C0+C1)100. According to Cambardella et al. (1994), GD can be classified into strong (GD ≤
25 %), moderate (25 % < GD ≤ 75 %), and weak spatial dependence (GD > 75 %).
After

the

spatial

autocorrelation

among

samples

was

demonstrated

by

semivariograms analysis, values with no tendencies and minimal variation were interpolated
for non-sampled sites by the ordinary kriging method described by Vieira (2000).
Crossvariograms were used to determine whether two properties had common variance
(GOOVAERTS; CHIANG, 1993). Descriptive statistics, semivariograms and kriging
parameters were calculated as explained by Vieira et al. (2002). Contour maps were drawn
using the SURFER 7.0 (GOLDEN SOFTWARE, 1999) software, visualizing the spatial
distribution of soil properties.

2.3 Results
2.3.1 Descriptive statistics of raw data set
The descriptive statistics of the chemical properties analyzed was shown in Table 1.
The values of the measures of central tendency (mean and median) are relatively similar for
most variables. Based on the criterion of Warrick and Nielsen (1980) to classify the
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coefficient of variation - CV (low - CV < 12%, average - 12% < CV < 60%, high - CV ≥
60%), it was found that they are low for the variables pH H2O and pH CaCl2, average for
exchangeable K, Ca and Mg and high for available P. Available P and exchangeable K were
not normally distributed (Gaussian distribution), as shown by the skewness and kurtosis
coefficient values and the Kolmogorov-Smirnov test (Table 1).
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Table 1 - Descriptive statistics of soil chemical properties
Variables
Unit
Min Max Median Mean SD CV (%) Skew Kurt K-S
--pH H2O
4.15 6.03
5.07
5.06 0.30
6.01
0.07 0.47
ns
--pH CaCl2
3.91 5.04
4.34
4.37 0.19
4.47
0.64 0.65
ns
mg kg-1
P
1.41 38.17
4.42
6.41 5.68 88.73
2.71 9.41 < 0.01
mmolc kg-1 3.59 18.72
K
6.41
7.05 2.41 34.13
1.73 3.91 < 0.01
mmolc kg-1 5.7
Ca
38.7
16.75 16.89 5.57 33.00
0.49 0.55
ns
-1
mmolc kg
Mg
4.2 28.3
11.7
11.89 4.11 34.62
0.70 1.19
ns
* Min: minimum values; Max: maximum values; SD: standard deviation; CV: coefficient of variation; Skew:
skewness; Kurt: kurtosis; K-S: test Kolmogorov-Smirnov (5%).

Table 2 shows the best theoretical models fitted and the estimated parameters of the
experimental semivariograms for the soil chemical properties. The semivariograms were
computed according to the spherical model for pH H2O, pH CaCl2, K, LogK, Ca and Mg. P
and LogP were modeled using a nugget effect model. With the exception of P and LogP, all
the theoretical models gave a good fit to the experimental semivariograms and the values for
the determination coefficients, R2, are above 0.75 and sometimes were close to one (pH
CaCl2, Ca, Mg). It should be noticed that the logarithm transformations do not improve the
determination coefficients of the models for K and P.
Available P showed the nugget effect. Thus, we can assume that the distribution is
completely random with independence between samples. This means that the methods of
classical statistics can be applied, with an arithmetic mean value that represents well the data
set. However, it does not necessarily mean that there is structure variance. The spatial
dependence may occur at a shorter distance than the distance between sampling points used.
The C0 values reflect variability not explained by semivariograms for distances
below the separation distance between samples (VIEIRA, 2000). The C0 of 0.05, 0.02, 0.07
and 0.07, respectively, for pH H2O, pH CaCl2, Ca and Mg means that there is a discontinuity
between values separated by distances less than 5 m (Table 2). Lower C0 values were found
for pH H2O, pH CaCl2, Ca and Mg indicating higher continuity of spatial variability
compared to the exchangeable K and the proportion of this value to the level of the
semivariogram, is indicative of the amount of random variation from one point to another, and
the lower its value, the more similar neighbors (Figure 3).
Analysis of the C0/(C0 + C1) ratio makes it possible to quantify the random
component (C0) within total variance (C0 + C1), and is referred to as the degree of spatial
dependence (DSD). A moderate degree of spatial dependence (25% < DSD < 75%) was
observed for pH H2O, pH CaCl2 and Mg, whilst K and Ca presented a strong degree of spatial
dependence (DSD < 25%).
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Table 2 - Semivariograms parameters of soil chemical properties
Parameters
Variable

Model

Spatial

C0

C1

R (m)

R2

DSD (%)

Class

pH H2O

Spherical

0.0491

0.0467

35.91

0.771

51.25

Moderate

pH CaCl2

Spherical

0.0154

0.0247

35.15

0.995

38.37

Moderate

P

Nugget effect

27.61

29719.9

-

-

LogP

Nugget effect

0.064

0.026

41

0.414

-

-

K

Spherical

1948.4

7481.7

23.46

0.852

20.66

Strong

LogK

Spherical

0.005

0.013

25

0.837

27.78

Moderate

Ca

Spherical

0.0662

0.2342

20.99

0.996

22.02

Strong

Mg

Spherical

0.0731

0.0896

28.74

0.996

44.95

Moderate

556942.7 0.461

2

C0 – nugget effect; C1 – baseline; R – range; R – determination coefficient; DSD – degree of spatial
dependence.

The range (R) is the distance at which spatial autocorrelation between pairs of data
points ceases. Its variation between 21 and 36 m implies that the distance of the spatial
autocorrelation is longer than the average distance of 5 m between samples, indicating that the
sample framework used was adequate to represent the spatial structure so that geostatistical
interpolation maps of good quality can be obtained (MCGRATH et al., 2004).
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Figure 3 - Semivariograms of soil chemical properties (pH H2O, pH CaCl2, P, K, Ca and Mg)

The cross-semivariogram estimates for pairs of variables, using pH H2O, pH CaCl2,
Ca, Mg and K are shown in Table 3. All the cross-semivariograms was adjusted for Spherical
model. All the pairs of variables showed a strong or moderate degree of spatial dependence.
Their ranges are similar, ranging from 20 to 35 m, with a mean of 27 m.
The spatial distribution pattern of soil chemical properties were evaluated by the
geostatistical maps of the kriged estimates (Figure 4). A visual map analysis showed that all
properties have a tendency to have the highest concentrations in the area, which starts at the
top center and ending at the bottom left of the maps (west to east).
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Table 3 - Cross-semivariograms parameters of soil chemical properties
Pair of variables

Parameters
R2

R (m)

DSD (%)

Spatial Class

Model

C0

C1

Ca x Mg

Spherical

0.035

0.15

20.00 0.783

18.92

Strong

Ca x pHCaCl2

Spherical

0.015

0.06

25.00 0.787

Mg x pHCaCl2

Spherical

0.022

0.045

K x pHCaCl2

Spherical

0.000

pH H2O x pHCaCl2 Spherical

20.00

Strong

0.791

32.84

Moderate

7.100

26.00 0.507

0.00

Strong

0.020

0.031

35.00 0.791

39.22

Moderate

30

pH H2O x Ca

Spherical

0.021

0.068

25.00 0.686

23.60

Strong

pH H2O x Mg

Spherical

0.021

0.06

30.00 0.756

25.93

Moderate

pH H2O x K

Spherical

0.000

12.000

24.00 0.633

0.00

Strong

2

C0 – nugget effect; C1 – baseline; R – range; R – determination coefficient; DSD – degree of spatial
dependence.
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2.4 Discussion
We found a low CV for soil pH, corroborating with several studies that have reported
that soil pH is the least variable soil property (MULLA; MCBRATNEY, 2000). The basic
cations had average CVs, which may be due to management of deforestation in the Cerrado.
On the other hand, the high CV of P should be related with fertilization in rows and the high P
adsorption capacity of Ferralsols.
Soil chemical properties can have a normal distribution or not (ZANÃO JÚNIOR et
al., 2010; VIEIRA et al., 2009). As the normal distribution is not needed for geostatistical
analysis (GONÇALVES et al., 2001; CRESSIE, 1991), the approximately normal adjustment
was considered enough to avoid any distribution with very long tails and eventual issues with
mean kriged values.
The low values of C0 continuity that indicate high spatial variability, especially for
pH H2O, pH CaCl2, Ca and Mg suggests a relationship between these soil properties. The
cross-semivariograms (Table 3), confirm this relationship. As the main elements that make up
the plant ash (Cerrado), Ca, Mg and K, and their oxides act on the soil pH, there is a clear
interdependence between these elements, indicating spatial dependent patterns, in this case, its
origin ash-burning plant (Figure 4). This type of correlation could not be detected using the
Pearson correlation coefficient because the Pearson statistics do not take into account the
spatial locations of the soil cores (MORA; BEER, 2012).
The large concentration of Ca and Mg in the soil is due to large increases in
extractable base cations from the ash-burning plant and poor movement of these elements in
the Ferralsols (SANCHEZ, 1976; STØMMGAARD, 1992; KHANNA et al., 1996).
The influence of forest fires on pH values was confirmed by Nardoto and
Bustamante (2003) who found differences pH H2 O values between burned and unburned site
of savannah (Cerrado). This was probably due to the deposit of ash on the soil surface at the
burned sites and its incorporation into the soils (KAUFFMAN et al., 1992). Basic cations are
initially present as oxides, which neutralize soil acidity and subsequently, they may be
converted into carbonates which are acid-soluble (VIRO, 1974).
As the pH H2O, pH CaCl2, and Ca and Mg concentrations are frequently associated
to the use of lime, the maps of spatial variability was decisive in determining the spatial
dependence, because the burning piles of wood, during deforestation of native forest, causes a
well-defined spatial arrangement. The effect of ash deposition explains the higher availability
of Ca, Mg and K in the burned areas and the ash releases basic cations which temporarily
increase soil pH (PIVELLO et al., 2010).
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Khanna et al. (1996), working with soil chemical equilibrium models, concluded that
the predicted changes in exchangeable cations do not occur immediately in the field but occur
slowly over a time scale of 6 years or more. Fraser and Scott (2011) showed that, persistence
of the burn effect (pH, Ca and Mg) after ~20 years was due in part to the presence of free lime
formed after the timber burn and that burning of timber in windrows or stacks contributed to
the spatial variability of soil acidity. Therefore, the management of deforestation in the
Cerrado through piles and burns has a major influence on the spatial variability of soil
properties even after several years (~20 years) of agricultural use of the land.
In the case of P, an influence on the spatial distribution of P is unlikely, because the
available P is found in very small amounts in the ashes from Cerrado biomass (RESENDE et
al., 2011). Therefore the P semivariograms (figure 3) is constant and equal to the threshold for
any value of h representative of the pure nugget effect or total lack of spatial dependence.
This means that the range for the data in question is smaller than the smallest spacing between
samples, which could probably be assigned to a variable fertilization (RÜTH; LENNARTZ,
2008) or inherited from the natural area (YAVITT et al., 2009).
Several authors evidenced an increase of available P in the burned topsoil on
annually burned savannas (HARRINGTON, 1974; TRAPNELL et al., 1976; BROOKMANAMISSAH et al., 1980; STØMMGAARD, 1992). Increases of available P in the topsoil are
expected from burned biomass and from pH changes. However, according Stømmgaard
(1992) the increase is not only caused by burning the biomass or increased solubility of P
complexed with iron and aluminum, because the increase in available P does not follow that
of pH, which we also found in this study. This fact highlights the importance of other factors
involved in P availability such as microorganisms and mycorrhizae involved in making the
organic phosphate available and changes in phosphorus plant uptake, respectively, and P soil
adsorption dynamics.

2.5 Conclusion
1. The semivariograms show that the distribution of most soil variables was not
random, but spatially dependent.
2. Even ~20 years after deforestation the spatial distribution of pH H2O, pH
CaCl2, Ca, Mg and exchangeable K is influenced by the wood windrow
burning that took place during deforestation
3. The spatial distribution of P was not affected by the windrow woods burning.
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3 CARBON AND PHOSPHORUS STOCKS IN CONSERVATION AGRICULTURE
SMALL-SCALE FARMING SYSTEMS
Abstract
Small-scale farming systems are fairly representative in Brazil, accounting for
approximately 84.4% of Brazilian farms. The conventional tillage is already the main practice
in these systems. Conservation agriculture practices, which are typically used in larger farms,
can increase crop production, C and N stocks, and change P contents of soil. This study was
conducted to improve the understanding of the conservation agriculture impact in small-scale
farming systems on soil C and P stocks in the 0–40 cm layer. The area of study is located at
Cerrado biome (Brazilian neotropical savannas) in a clayey Oxisol classified as Haplic
Ferralsol. The treatments are characterized by different tillage regimes (conventional tillage –
CT; and no-tillage – NT), and the use of cover crops (Brachiaria ruziziensis – a grass specie
and Cajanus cajan – a leguminous specie) alone or associated with maize (Zea mays).
Undisturbed samples were collected in March 2010 at 0-5, 5-10, 10- 20, 20-30 and 30-40 cm
depth, with cylinders. The soil under the NT system had higher SOC values than the CT in
surface layers (0 – 20 cm). The cover crops used alone (CC and BR) showed an intermediary
potential to add C into the soil and different results were observed if the cover crops are
grown in the row or between rows of maize. The C stocks in NT and maize + C.Cajan in row
(MCr) treatments were significantly higher. The P stocks varied between 0.63 and 0.91 t ha−1
and were not significantly different among treatments. No-till treatment and MCr treatments
were the only ones that showed gains carbon, where the accumulation was 2.67 and 2.91 t C
ha−1 year−1, respectively. The highlight of MCr treatment shows the important role of legumes
in carbon sequestering, mainly as a source of N that increases the production of plants
biomass and consequently the potential of carbon sequestration.
Keywords: Carbon storage; Phosphorus storage; Carbon sequestration; Cover crop
3.1 Introduction
Small-scale farming systems are fairly representative in Brazil, accounting for
approximately 84.4% of Brazilian farms (INSTITUTO BRASILEIRO DE GEOGRAFIA E
ESTATÍSTICA - IBGE, 2006), the conventional tillage being the common practice in the
systems. Few studies are directed toward to the bio-physical aspects of these farming systems.
The conventional tillage practice may reduce environmental quality due to the soil
organic carbon (SOC) loss through soil mineralization and erosion, increasing the emission of
greenhouse gases such as CO2 (LAL, 1997; BODDEY, 2010) and affects the amount and
composition of phosphorus (P), decreasing its utilization efficiency and hence the crop
productivity (WANG et al., 2011). The management and maintenance of soil carbon (C) and
P is therefore essential for sustainability of system.
Conservation agriculture practices can increase crop production while reducing
erosion and increases soil fertility by continual additions of fresh organic matter (crop
residues and cover crops) stimulating biological activity in the root zone (LAL, 1988). The
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use of cover crops in no-tillage system have several benefits such as increased sustainability
system, improved soil fertility through increased content of organic matter, the cycling of
nutrients and reduce soil erosion (DINNES et al., 2002; NZIGUHEBA; BÜNEMANN, 2005).
Currently there is a demand for selection of suitable cover plants to improve SOC
and soil fertility. Simulations modeling for the Cerrado indicated that soybean monoculture
with bare fallow soil have declined approximately 20% after 50 years the C and N stocks
under no-tillage (CORBEELS et al., 2006). The SOC is a fundamental component of soil
fertility and is responsible for nutrient reserves, cycling and supply to the plants. The soil P
availability, which is one of the most limiting nutrients to the crops in the Cerrado soils
(CARVALHO et al., 1995), is directly related to the SOC content.
Research on soil management and crop rotation have shown positive results of the
no-tillage system when crop rotation includes the use of cover crops, mainly legumes, as
green manure, influencing the SOM (AE et al., 1990; SISTI et al., 2004; DIECKOW et al.,
2009). Alcântara et al. (2000) observed greater benefits of the cover plants on the chemical
fertility when the residues were incorporated than when they were left on the soil surface. The
legumes had a higher capacity to recycle and mobilize nutrients than Brachiaria sp. due to
their higher concentrations of nutrients in their plant tissue. However, recent results obtained
by Carvalho et al. (2011) demonstrate low concentrations of lignin present in Brachiaria
ruziziensis which can accelerate plant residue decomposition, higher nutrient cycling and
higher crop yields in succession.
Researches on C and P stocks in tropical soils has increased due to the increasing
interest in quantifying atmospheric C sequestration under these agricultural systems and
changes in soil P contents modified by land-use (MARCHÃO et al., 2009; CHAPUIS
LARDY et al., 2002). The clayey Oxisols show an accumulation of organic matter at depth
and relationships between C and P stocks showing the connection between these two nutrients
(CHAPUIS LARDY et al., 2002). There are few studies on C and P pools together on the
savannah agroecosystems (ZINN et al., 2005; CHAPUIS LARDY et al., 2002).
This study was conducted to improve the understanding of the conservation
agriculture impact in small-scale farming systems on soil C and P stocks in the 0–40 cm layer
due to its importance in agrosystem management.
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3.2 Material and Methods
Study sites
Our study was carried out in the Cerrado biome (Brazilian neotropical savannas),
Brazil, as part of research on conservation agriculture systems. The area of study is located at
Unaí, northwest of Minas Gerais state, Brazil (Figure 1). The field experiment was located at
the Juvêncio Martins Ferreira Agricultural School of Unaí (16°32’26” S, 46°50’44” W and
altitude of 600 m). The study region is climatically characterized as typical subhumid tropical
climate of the Brazilian Cerrado. According to Köppen classification, the climate is Tropical
wet and dry “Aw” (or savanna climate). The average annual rainfall varies between 1200 mm
and 1400 mm, with rain occurring between October to April, and the dry season, with
duration of 5 to 6 months, coinciding with the coolest months. The average annual
temperature is 24.4° C (SEBRAE MINAS, 1999).

Figure 1 - The Cerrado region in Central Brazil (in gray) and a detailed map showing
the study area in Unaí, near Brasília (adapted from SANO et al., 2008)
The soil, a clayey Oxisol, is classified as Typic Acrustox (USDA, 2010) or
“Latossolo vermelho” according to the Brazilian classification (EMBRAPA, 2006), or Haplic
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Ferralsol (FAO, 2006). Some physicochemical characteristics of the soil, before installation of
experiment, are presented in Table 1.

Table 1 - Chemical and physical characteristics of the Oxisol in upper 0-20 cm depth
pH
OM
CaCl2 (g kg-1)
4.5

25

Ca Mg
Al
H+Al
K
-----------(mmolc kg-1)-----------13

13

0.55

54

5.6

S-SO4
(mg kg-1)

P
(mg kg-1)

12

7

Clay Silt Sand
---------(g kg-1)--------726

162

112

The experiment, set in 2006, contained eight treatments arranged in three completely
randomized blocks (Table 2). These treatments are characterized by different agricultural
practices (conventional or no-tillage), and the presence or not of cover crops (Brachiaria
ruziziensis – a grass specie and Cajanus cajan – a leguminous specie) with maize (Zea mays).
Individual plots measured 75 m2 (15m by 5m), with exception of the plots with cover crops
(treatment 3 and 4) which were half the size (37.5 m2).

Table 2 - Experimental treatments at the Juvêncio Martins Ferreira Agricultural School in
Unaí, Brazil
Sowing
Treatments
Soil tillage
Cropping system
Crop + Cover crop
cover crop
CT
Conventional till Sole cropping
Maize
NT
No-till
Sole cropping
Maize
CC
No-till
Sole cropping
Cajanus Cajan
BR
No-till
Sole cropping
Brachiaria ruziziensis
MBi
No-till
Intercropping
Interrow Maize + Brachiaria ruziziensis
MCi
No-till
Intercropping
Interrow
Maize + Cajanus Cajan
MBr
No-till
Intercropping
Row
Maize + Brachiaria ruziziensis
MCr
No-till
Intercropping
Row
Maize + Cajanus Cajan
During the four years, the experiment received 64.8, 117.7 and 104.2 kg ha-1 of N, P
and K at sowing, respectively and more 165.0 kg ha-1 of N topdressing (Table 3).

Table 3 - Relation of fertilizer applied in the experiment from 2006 to 2010
Fertilizer application
At seeding
Top-dress
Seasons
N
P
K
N
------------------ kg ha -1 ------------------------- kg ha -1 ------2006/07
20.8
27.3
44.0
2007/08
24.0
36.7
40.0
44.0
2008/09
8.0
14.4
24.2
44.0
2009/10*
12.0
39.3
40.0
33.0
Total
64.8
117.7
104.2
165.0
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*1.5 kg ha-1 de Zn.
Sampling and analysis
Undisturbed samples were collected in March 2010 at 0-5, 5-10, 10- 20, 20-30 and
30-40 cm depth, with 6.05 cm inner diameter cylinders, corresponding to 99.22 cm3 (0-5 and
5-10 cm depth) and 283.7 cm3 (10- 20, 20-30, 30-40 cm depth). The first (0-5) and the second
(5-10) layers were collected in triplicate and duplicate, respectively, and joined to create a
composite sample. In each treatment, the soil samples were collected in two replicates in the
row and interrow.
Since there was no statistical difference between bulk densities (Bd) for the
treatments, an equivalent depth approach was used to calculate C and P stocks. Bulk density
was used to convert C and P concentrations (g kg-1) to mass per soil area (t ha-1) within a
given soil depth using the expression:
C or P stocks (t ha-1) = [C or P](g kg-1) * Bd(g dm-3) * Soil depth(cm)

From the total undisturbed samples, one subsample of each layer was taken and
weighed to determine dry mass after oven-drying at 105°C for 48 h and then calculate bulk
density. The rest of the sample was air-dried and sieved to pass 2 mm. From the later, subsample was taken to C analysis by dry combustion after grinding and sieving at 0.2 mm, using
a CHN 2400 Perkin-Elmer analyzer and total soil P was determined spectrophotometrically
by the blue molybdate-ascorbic acid method of (MURPHY; RILEY, 1962) after digestion at
200° C in nitric-perchloric-sulfuric acids (triple acid).
Analysis of variance was performed using SISVAR to determine the effects of land
management practices and cover crop on the contents of C and P (g kg-1) and, C and P stock
of soil, at each respective depth. Effects were considered statistically significant at p < 0.05.
The standard function of maximum-likelihood proposed by Cox Box, was used to estimate the
best transformation for the normal range of scores (AYRES et al., 2007). The Tukey test was
used to compare treatments means. Spearman correlations was also calculated in order to
relate C and P stocks with biomass of maize, cover crops and sum of the two biomasses.
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3.3 Results

The soil under the NT system had higher SOC values in all soil layers than the CT
with exception of the 20-30 and 30-40 cm soil layers (table 4). In the 0-5 cm soil layers the
NT, MCr, MBi and BR treatments showed the highest values of SOC, on the other hand MCi
and MBr showed the lowest values.
In the deeper layers (5-10, 10-20, 20-30 and 30-40 cm) the MBi and BR treatments
lose the ability to add soil C because there is a decrease in the concentrations of SOC in
relation to NT and MCr treatments.
The cover crops sole cropping (CC and BR) showed an intermediary potential to add
C in soil. But when they are associated with maize (intercropping) the row or interrow of the
cover crops makes a difference because, in general, B. ruziziensis intercropped was better
interrow and C. Cajan was better in row. The intercropping maize + C. Cajan, showed the
better treatment (MCr) and the worst treatment (MCi).

Table 4 - Effects of treatments on the carbon concentration by depth
Depth
(cm)
0-5
5-10
10-20
20-30
30-40

Treatments*
CT
NT
CC
BR
MBi
MCi
MBr
MCr
-1
------------------------------------ C g kg --------------------------------------16.29bc 20.84a 15.67bc 17.66abc 18.71ab
14.88c
14.62c
21.19a
15.33cd 18.96ab 13.98cd 14.73cd 16.00bc
12.71d
13.36cd
20.08a
14.55b 17.70a 13.19bc 13.32bc 13.21bc
11.33c
12.57bc
18.18a
13.16bc 16.05ab 12.18bcd 11.95cd 11.77cd
10.29d
11.83cd
16.68a
11.63bc 13.94b 10.76bc 11.54bc 12.73bc
10.04c
10.81bc
15.45a

* CT – maize under conventional tillage; NT – maize under no-tillage; CC – Cajanus Cajan under no-tillage; BR –
Brachiaria ruziziensis under no-tillage; MBi – maize + Brachiaria ruziziensis intercropping interrow under no-tillage; MCi –
maize + Cajanus Cajan intercropping interrow under no-tillage; MBr – maize + Brachiaria ruziziensis intercropping row
under no-tillage; MCr – maize + Cajanus Cajan intercropping row under no-tillage.

Only the 0-5, 10-20 and 30-40 cm soil layers showed differences in P concentrations
between treatments (table 5). The CT and NT systems showed no differences, with exception
of the 10-20 cm soil layer, where the concentration was higher for CT system. Total
phosphorus contents decrease with soil depth in all treatments (Table 5).
In the 0-5 cm soil layer CC, BR and MBi treatments presented the lowest P
concentrations. For 10-20 cm soil layer CT and MCr had highest P concentrations. In the 3040 cm soil layer CC and MBr showed the lowest P concentrations. In relation to total P, CT
and MCr treatments had higher values in all layers showing greater homogeneity in the
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distribution of P. Phosphorus total differing from what was observed in the SOC, the NT, BR
and MBi there was no significant differences with MCr treatment in the 30-40 cm soil layer.
Phosphorus in the 0-5 cm soil layers correlates positively with P of 5-10 and 10-20
cm soil layers, but has no correlation with 20-30 and 30-40 cm soil layers indicating that P
fertilization may be altering the P content up to 10-20 cm depth. Moreover, the SOC
correlates positively at all depths indicating the dependence of SOC in all soil layers.

Table 5 - Effects of treatments on the phosphorus concentration by depth
Depth
(cm)
0-5
5-10
10-20
20-30
30-40

Treatments*
CT
NT
CC
BR
MBi
MCi
MBr
MCr
-1
------------------------------------ P g kg --------------------------------------0,27ab 0,30ab
0,25b
0,25b
0,24b
0,30ab
0,31ab
0,38a
0,25
0,27
0,22
0,25
0,21
0,24
0,24
0,27
0,27a
0,21b
0,18b
0,18b
0,20b
0,21b
0,18b
0,23ab
0,18
0,16
0,14
0,14
0,15
0,16
0,13
0,17
0,17a 0,15ab
0,13b
0,14ab
0,15ab
0,15ab
0,12b
0,16ab

* CT – maize under conventional tillage; NT – maize under no-tillage; CC – Cajanus Cajan under no-tillage; BR –
Brachiaria ruziziensis under no-tillage; MBi – maize + Brachiaria ruziziensis intercropping interrow under no-tillage; MCi –
maize + Cajanus Cajan intercropping interrow under no-tillage; MBr – maize + Brachiaria ruziziensis intercropping row
under no-tillage; MCr – maize + Cajanus Cajan intercropping row under no-tillage.

There was no difference between the densities of soil for treatments (table 6). The
same trend of SOC was observed in the C stock, the NT system had higher values than the CT
(table 7). In the C stock of the 0-5, 5-10, 10-20 and 20-30 cm soil layers there also was the
same tendency of carbon of SOC confirming that densities of soil did not have much
influence on the C stock in the first layers of the soil. The C stocks (up to 40 cm depth)
significantly differed between NT and CT systems. The C stocks in NT and MCr treatments
were significantly superior.
Table 6 - Effects of treatments on the soil bulk density
Depth
(cm)
0-5
5-10
10-20
20-30
30-40

Treatments*
NT
CC
BR
MBi
MCi
MBr
MCr
-1
------------------------------------ P g kg --------------------------------------1.00
1.02
1.01
1.06
1.02
1.00
1.05
1.02
1.06
1.09
1.09
1.11
1.08
1.08
1.15
1.08
1.05
1.14
1.15
1.11
1.12
1.13
1.12
1.12
1.02
1.13
1.11
1.05
1.06
1.07
1.14
1.05
1.00
1.11
1.09
1.06
1.06
1.08
1.09
1.02
CT

* CT – maize under conventional tillage; NT – maize under no-tillage; CC – Cajanus Cajan under no-tillage; BR –
Brachiaria ruziziensis under no-tillage; MBi – maize + Brachiaria ruziziensis intercropping interrow under no-tillage; MCi –
maize + Cajanus Cajan intercropping interrow under no-tillage; MBr – maize + Brachiaria ruziziensis intercropping row
under no-tillage; MCr – maize + Cajanus Cajan intercropping row under no-tillage.
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Table 7 - Effects of treatments on the carbon stock by depth and in the 0-40 layer
Treatments*
Depth
(cm)
CT
NT
CC
BR
MBi
MCi
MBr
MCr
-1
---------------------------------------- C t ha -------------------------------------------0-5
8,14bc 10,61a 7,97bc 9,22abc 9,57ab
7,45c
7,67c
10,76a
5-10
8,09c 10,36b
7,60c
8,17c
8,69bc
6,84c
7,66c
10,91a
10-20
15,33b 20,12a 15,14b
14,81b
14,79b
12,77b
14,14b
20,71a
20-30
13,55bc 18,18a 13,54bc 12,57c
12,49c
11,16c
13,50c 17,57ab
30-40
11,72bc 15,45ab 11,71bc 12,23abc 13,49abc 10,85c 11,71bc 15,95a
0-40
56,82b 74,72a 55,95b
56,99b
59,05b
49,08b
54,68b
75,91a
* CT – maize under conventional tillage; NT – maize under no-tillage; CC – Cajanus Cajan under no-tillage; BR –
Brachiaria ruziziensis under no-tillage; MBi – maize + Brachiaria ruziziensis intercropping interrow under no-tillage; MCi –
maize + Cajanus Cajan intercropping interrow under no-tillage; MBr – maize + Brachiaria ruziziensis intercropping row
under no-tillage; MCr – maize + Cajanus Cajan intercropping row under no-tillage.

The P stocks varied between 0.63 and 0.91 t ha−1 and were not significantly different
among the treatments. Phosphorus stock was significantly different only in the 10-20 and 2030 cm depths. The cover crops sole cropping (CC and BR) and intercrops maize + B.
ruziziensis (MBi and MBr) showed low values of P stock in the 10-20 cm depth. But in the
20-30 cm depth, only BR treatment had low value of P stock.

Table 8 - Effects of treatments on the phosphorus stock by depth and in the 0-40 layer
Treatments*
CT
NT
CC
BR
MBi
MCi
MBr
MCr
-1
---------------------------------------- P t ha -------------------------------------------0,14
0,15
0,13
0,16
0,10
0,15
0,16
0,19
0,13
0,15
0,12
0,23
0,10
0,13
0,14
0,15
0,29a 0,24ab 0,20bc
0,14c
0,17bc
0,23ab
0,20bc 0,21abc
0,19a
0,18a
0,15ab
0,11b
0,13ab
0,16ab
0,15ab
0,18a
0,16
0,16
0,11
0,12
0,13
0,16
0,13
0,15
0,91
0,89
0,71
0,77
0,63
0,83
0,78
0,87

Depth
(cm)
0-5
5-10
10-20
20-30
30-40
0-40

* CT – maize under conventional tillage; NT – maize under no-tillage; CC – Cajanus Cajan under no-tillage; BR –
Brachiaria ruziziensis under no-tillage; MBi – maize + Brachiaria ruziziensis intercropping interrow under no-tillage; MCi –
maize + Cajanus Cajan intercropping interrow under no-tillage; MBr – maize + Brachiaria ruziziensis intercropping row
under no-tillage; MCr – maize + Cajanus Cajan intercropping row under no-tillage.

The accumulation rate (t ha-1 year-1) of C was calculated according to the duration of
the experiment according to the initial soil characterization before the establishment of the
experiment.
No-till treatment and MCr treatments were the only ones that showed gains of
carbon, with an accumulation of 2.67 and 2.91 t C ha−1 year −1, respectively (Figure 2). The
other treatments had losses that varied from -0.47 to 2.46 t C ha−1 year−1, with the greatest loss
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for C MCi treatment. Once again it appears that the CT system is not sustainable with respect
to C accumulation or preservation. Furthermore, the performance to accumulate or lose C in
the intercropping differs when cover crops are seeded in the row or interrow, highlighting the
MCr treatment with 2.91 t C ha-1 year-1.

Rate of accumulation and loss (t C ha-1 year-1)

4
3

2.91

2.67

2
1
0
-0.47

-1

-0.91

-1.09

-0.88
-1.34

-2
-2.46

-3
CT

NT

CC

BR

MBi

MCi

MBr

MCr

Figure 2 - Rates of carbon accumulation in the soil layer 0-40 cm for the treatments: Maize
under conventional tillage (CT), Maize under no-tillage (NT), Cajanus Cajan under
no-tillage (CC), Brachiaria ruziziensis under no-tillage (BR), Maize + Brachiaria
ruziziensis intercropping interrow under no-tillage (MBi), Maize + Cajanus Cajan
intercropping interrow under no-tillage (MCi), Maize + Brachiaria ruziziensis
intercropping row under no-tillage (MBr), Maize + Cajanus Cajan intercropping
row under no-tillage (MCr) a function of time of implantation of the experiment
When we analyzed the concentration of SOC and C stocks in each layer of the soil
there is the same tendency of the treatments MCr and NT have larger values than the initial
time (T0) and the other treatments lower values than the T0 (Table 9).
Table 9 – Soil organic carbon and carbon stock at initial time*
Variables†
SOC
C stock

-1

g kg
t ha-1

0-5
16.44
8.66

5-10
14.74
7.77

Depth (cm)
10-20
20-30
14.38
12.71
16.72
14.55

*before implantation of the experiment
†SOC – Soil organic carbono; C stock – Carbon stock

30-40
12.53
13.67

0-40
61.38
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3.4 Discussion
The advantages of conservation management system (NT) compared to the
conventional tillage system (CT) are already quite known (BAYER et al., 2006; DIECKOW
et al., 2009; BODDEY et al., 2010). This effect was seen in the present study where the SOC
content was higher in the NT systems than with CT, except for the 20–30 and 30-40 cm soil
layers, corroborating Bayer et al. (2006) in two experiments with 15 and 20 years under notillage and Siqueira Neto et al. (2009) in an area with 12 years of NT, both working in the
cerrado region. But these results disagree with those found by Marchão et al. (2009), that
found no significant differences between no-tillage and conventional tillage, except for the
20–30 cm depth.
The accumulation of SOC in the no-tillage occur slowly (BAYER; MIELNICZUK,
1999) and with accumulation greater in the surface layers (SISTI et al., 2004), this explains
the higher SOC values for NT, BR, MCr and MBi treatments in the 0-5 cm soil layer and the
loss of ability to add soil C with increasing of soil depth. Probably over the years the C
content in the soil may increase, since the accumulation is slow, mainly, due to high-intensity
decomposition process at high temperatures (FREITAS et al., 2000).
The cover crops (CC and BR) had lower SOC values than those showed by Mutuo et
al. (2005) with 22.1 g kg-1 of SOC after 2 years of C. cajan in the 0-5 cm depth and Marchão
et al. (2009) with 21 g kg-1 of SOC after 13 years of continuous pastures of B. decumbens in
the 2-5 cm depth. This is due to the high dependence of the soil levels to baseline presented
by Matuo et al. (2005) and Marchão et al. (2009).
The maize plus cover crops in the row or interrow intercropping shows great
differences. The highest SOC contents in the MBi treatment than MBr (Table 4) could be
explained by competition between the maize and B. ruziziensis when seeding in row, both by
light as for nutrients (LUDLOW et al., 1974), but when it is verified the sum of dry matter
production of maize and B. ruziziensis, it appears that it is approximately 1.3 times larger in
the MBr treatment (maize dry matter in the 5 years – 17,178 kg ha-1; B. ruziziensis dry matter
in the 5 years – 19,807 kg ha-1) than MBi treatment (maize dry matter in the 5 years – 20,177
kg ha-1; B. ruziziensis dry matter in the 5 years – 6,729 kg ha-1).
Moreover, in the case of maize plus C. cajan intercropping, as C. Cajan is more
adapted to shading, when planted with corn in the row (MCr) of SOC content is greater than
when seeding in the interrow (MCi) (LUDLOW et al., 1974). Although, adapted to low
fertility soils (AE et al., 1990) and capable of nitrogen fixation (PEOPLES et al., 1995) the
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MCr treatment showed highest maize and C. Cajan dry matter in the 5 years – 18,525 and
23,145 kg ha-1, respectively than the MCi with maize and C. Cajan dry matter in the 5 years –
20,384 and 6,267 kg ha-1, respectively. The increase in corn dry matter yields of corn and
plant cover reflects in SOC contents.
In C stocks whether in the different layers as up to 40 cm depth was observed the
same behavior as in SOC content with NT and MCr treatments being superior to the others.
These results indicate that not only the management system and intercropping alter C stock in
the soil, but also the arrangement (position or location) of the intercropping between main
crops and cover crops. The highlight of MCr treatment shows the important role of legumes in
carbon sequestering, mainly as a source of N that increases the production of plants biomass
and consequently the potential of carbon sequestration (SISTI et al., 2004; CARVALHO et
al., 2011).
Total phosphorus contents range between 0,12 and 0,38 g kg-1 (Table 5), similar to
values reported by Lilienfein et al. (2000) in the 0 – 15 cm layers of native and pasture
Ferralsols and Chapuis-Lardy et al. (2002) in the A horizons (ranging from 0-10 to 0-20 cm)
of native and pasture Ferralsols, both in the Cerrado region.
The P stocks were not significantly different among the treatments. Lilienfein and
Wilcke (2003) also do not found significant differences among the six studied ecosystems
(native Cerrado, Pinus caribaea plantations, productive and degraded B. decumbens Stapf.
pastures, and conventional and no-tillage soybean cultivation) in the 0 – 30 cm depth.
The P stock in the 0 – 20 cm depth (0.37 – 0.56 t ha-1) at our study are similar to the
range of P stock in the 0 – 20 cm of pastures soils of 0.34 – 0.64 t ha-1 showed by Chapuis
Lardy et al. (2002) and in the 0 – 30 cm depth (0.50 – 0.75 t ha-1) similar to the range of P
stock in the 0 – 30 cm in the six studied ecosystems (aforementioned) of 0.49 – 0.80 t ha-1
showed by Lilienfein and Wilcke (2003), both on the Cerrado region. This P stock values
corroborating with Lilienfein and Wilcke (2003) which suggested that the P stocks in our
study soils are typical of the Brazilian savanna Oxisols.
The differences in just a few layers both in total P as the P stock showed a tendency
to homogeneity P between treatments. Since the P has low mobility in the soil profile in
Oxisols (NOVAIS; SMYTH, 1999) uptake of phosphorus by the roots into the deeper layers
and subsequent deposition on the surface of the biomass enriched surface layers
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(SHARPLEY; SMITH, 1989) (Table 5). Due to this relationship of P cycling with plants, we
expected a correlation between the total P contents and biomass production (maize and cover
crops), which was not found, different from that presented by Chapuis-Lardy et al. (2002).
Probably this relationship should pronounce in areas with more time of deployment of
cropping systems because the P contents cycling by plants (available P) is small compared
with the total P of soil (TURNER; FROSSARD; OBERSON, 2006; SHARPLEY;
HALVORSON, 1994).
No differences were found between treatments in the ratio C/P (59 – 85), probably
this is due to the layer depth sample in our work because Lilienfein and Wilcke (2003) shows
similarity (no differences) of the data in the Cerrado and the cropping systems. However, the
layer 0 – 2 m depth they found differences between the forested systems (66 – 68), cropping
systems (81 – 102) and pastures (109 – 113).
The rates of accumulation or loss of soil C were higher than those determined by
Corazza et al. (1999), in an Oxisol in Planaltina, with accumulation rate between 0.75 and 0.22 t C ha-1 yr-1 for the 0 – 40 cm layer under no-tillage and conventional tillage systems,
respectively. Bayer et al. (2006) found that in the tropical region of Brazil, the average rate of
C accumulation of the 0.35 t C ha-1 yr-1 for the 0 – 20 cm layer under no-tillage system. High
C accumulation rates in MCr and NT treatments may be due to age 5 years of the experiment,
since the C accumulation decreases exponentially as C stocks tend to reach a new steady state
(BAYER et al., 2000). The variations in values can also be influenced by long duration of the
experiment, sampling type and layers depth (SIQUEIRA NETO et al., 2009).
Bradford, Fierer and Reynolds (2008) and Cleveland and Townsend (2006) suggest
that P availability may play a critical role in determining SOC accumulation affecting the
decomposition of the SOC (i.e. it decreased the mineral-associated SOC fraction). The low
availability of P in soil, due to the low P input via fertilization, may have favored the increase
in C stocks (NT and MCr treatments).
Post and Kwon (2000) cite that the main factors that determine the C accumulation
rate or loss is the amount, quality and positioning of the input of organic matter in the soil,
and climatic conditions, soil type (BAYER; MIELNICZUK, 1999), management applied and
mainly due to the deployment time of the cropping system (CARVALHO et al., 2009).
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The intercropping system can be an alternative to solve the problem of low C input in
tropical croplands (BAYER et al., 2006), mainly in late autumn, when the last tropical rains
occur because after maize harvest the cover crops are already established and can take
advantage of these rains.

3.5 Conclusion

Treatments NT and MCr showed an increase in carbon stock in the 0-40 cm soil
layer when compared with the initial C stock of the area.
The P stocks are too variable to detect systematic differences among the studied
treatments.
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4 SOIL ORGANIC PHOSPHORUS IN A BRAZILIAN CLAYEY OXISOL: EFFECTS
OF TILLAGE AND COVER CROPS IN SMALL-SCALE FARMING SYSTEMS

Abstract
Phosphorus (P) is frequently a major or even the prime limiting factor for plant
growth in the subtropical and tropical regions (highly weathered soils). Phosphate use
efficiency and crop yields could be largely increased in tropical low input agro-ecosystems
through adequate management of the cropping systems. The special significance of soil
organic matter for soil chemical fertility has largely been reported. Cropping systems
favouring organic matter accumulation or regular additions of composts and manure resulted
in an increased microbial P content and in increased organic P mineralization rate, easily
available for crops. Our aim was to determine how the amounts and forms of organic
phosphorus vary according to the tillage systems and cover crops used. The study was carried
out in the Brazilian neotropical savannas (Cerrado biome) in a clayey Oxisol classified as
Haplic Ferralsol. These treatments are characterized by different agricultural practices
(conventional tillage – CT; and no-tillage – NT), and the presence or not of cover crops
(Brachiaria ruziziensis – a grass specie and Cajanus cajan – a leguminous specie) with maize
(Zea mays). Undisturbed samples were collected in March 2010, five years after the
establishment of the experiment at 0-5 and 5-10 cm depth, with 6.05 cm inner diameter
cylinders. In each of eight treatments, the soil samples were collected in the crop row, in the
treatment where the cover crop was grown in interrow (MBi and MCi), the samples were
collected only in the row of maize. Soil P pools were determined using the three following
methods: anion exchange resin (Presin); Olsen (POlsen); and NaOH + EDTA (PNaOH). Total soil
P (Ptotal) was determined after triple acid digestion. Inorganic P (Pi) in extracts was
determined spectrophotometrically. Subsamples of 0-5 cm soil layer extracted by NaOH +
EDTA and P species were determined by 31P-NMR spectroscopy. The concentrations of
available Presin in soil varied from 6.63 to 65.25 mg kg-1, the PiOlsen varied from 4.99 to 60.49
mg kg-1 and PiNaOH varied from 28.41 to 163 mg kg-1. In the P extracted by Olsen, the PoOlsen
represents 65 and 71 % in the 0-5 and 5-10 cm depth, respectively, of available P. The PPyro
content ranged from 4.55 to 8.73 mg kg-1 and POrtho from 33.86 to 165.25 mg kg-1. The
PMonoester content ranged from 15.81 to 29.43 mg kg-1 and PDiester, 2.33 to 4.53 mg kg-1. The Po
(PMonoester and PDiester) values determined by NMR were not different among the treatments.
The levels of Po were higher than 59% of the total content of POlsen and the main changes in
relation to P occurred in the topsoil. The correlation between PPyro, Po NMR and PDiester may
indicate hydrolyze of organic esters to pyrophosphate during extraction with NaOH-EDTA.
Phosphomonoester are the predominant form. The values show that Po does not change
(PMonoester and PDiester) among the treatments. The maintenance of the Po levels, no
accumulation and loss, suggests that the availability of P is not necessarily linked to
accumulation, but to the increase of fluxes between active pools.
Keywords: 31P-NMR; Cover crops; Family farmers
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4.1 Introduction
Phosphorus (P) is frequently a major or even the prime limiting factor for plant growth
(HINSINGER, 2001). This is of particular concern for subtropical and tropical regions of the
world that comprehend highly weathered soils that limit P availability. This is largely due to
the peculiar mineralogy of the soils that favour a strong retention of P onto their solid
constituents (FONTES; WEED, 1996) and maintain low levels of P ions in their soil solution.
Much of the total phosphorus occurs in sparingly-soluble crystalline or occluded forms
associated with secondary minerals (CROSS; SCHLESINGER, 1995). However, organic
phosphorus also occurs in soils and its mineralization offers another important potential
source of phosphorus for plants (TURNER, 2006).
Phosphate use efficiency and crop yields could be largely increased in tropical low
input agro-ecosystems through adequate management of the cropping systems (FRIESEN et
al., 1997). The special significance of soil organic matter (SOM) for soil chemical fertility has
largely been reported (HAYNES; MOKOLOBATE, 2001). Cropping systems favouring
organic matter accumulation or regular additions of composts and manure resulted in an
increased microbial P content and in increased organic P mineralisation rate, easily available
for crops (OBERSON; FROSSARD, 2005; OBERSON et al., 2006; TURNER; NEWMAN;
REDDY, 2006). The turnover of organic phosphorus compounds and the rapid recycling of
phosphorus from litter through microbial biomass may keep P in a potentially plant-available
form (OBERSON et al., 2001). Recent studies have shown that the adsorption of extracellular
microbial phosphatases on soil surfaces of Brazilian Oxisols and Acrisols protected these
enzymes from the loss of activity they naturally experienced in solution (KEDI et al., 2013a,
2013b; PASCUAL et al., 2002). This stabilization process makes these soils potentially prone
to the mineralization of organic phosphorus (Po) for plant nutrition. It is well known that
under no-tillage, organic C content is higher in the topsoil layer than in ploughed soils
(CORBEELS et al., 2006). As the distribution of total and organic phosphorus contents in
these soils show a similar pattern to the SOC (CHAPUIS LARDY et al., 2002). Consequently,
it is expected that no-tillage promote slow P fixation reactions and enhance P acquisition by
plant when associated with crop residue management (mulches) and crop rotation.
Despite the fact that Cerrado soils were considered as infertile for a long time, due to
their high acidity and the lack of nutrients to the growing of plants (GOEDERT, 1983), the
region has been the focus of intense agricultural expansion since the 1970s (WANIEZ, 1992).
Intensive agriculture production systems associated with conventional tillage developed
traditionally in the Cerrado region are rather unsustainable (BROSSARD; LÓPEZ-
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HERNÁNDEZ, 2005), mainly due to SOM losses through mineralization and soil erosion
(LAL, 1997). Various no-tillage soil management systems have been adopted by the farmers
for a long time (GOEDERT, 1983). Positive impacts of eliminating tillage on increasing the
SOM pool were observed in Brazilian Cerrado (CORBEELS et al., 2006; MACHADO et al.,
2006). No-tillage changes P availability in soil, mainly because of residue-P accumulation in
the near-surface soil zone, and as crop residues decompose, they release contained P
(PAVINATO et al., 2010). The introduction of new plant species or increases in biomass
yield and fertilization, which results in increased microorganism activity and mineralization
rate, can also induce an increase of P availability in the upper soil horizons (PAVINATO et
al., 2009).
Small-scale farming systems are fairly representative in Brazil, accounting for
approximately 84.4% of Brazilian agriculture establishments and 24.3% (or 80.25 million
hectares) of the area of the Brazilian agricultural establishments. They also represent for 87%
of national production of cassava, 70% of beans, 46% of corn, 38% of coffee, 34% of rice and
21% of wheat (IBGE, 2006). But few studies are directed toward this farming system with
poor financial condition. Conventional tillage is a common practice in small-scale farming
systems. Tillage decreases soil Po inside aggregates due to exposure and mineralization of
organic phosphorus that was previously inaccessible to microbial attack (NZIGUHEBA;
BÜNEMANN, 2005).
Despite the importance of Po in maintaining P availability in poorly fertilized tropical
soils, studies on its forms and dynamics remain scarce. Therefore, the characterization of the
Po pool is essential for understanding the P cycle in tropical agroecosystems. To address this,
we used the resin to extract inorganic P (Pi) available for plants (SILVA; RAIJ, 1999),
NaHCO3 (OLSEN et al., 1954) to extract Pi weakly adsorbed by crystalline compounds
(TIESSEN et al., 1984) and organic P (Po) that integrates easily hydrolysable compounds
(BOWMAN; COLE, 1978), and alkaline extraction with NaOH + EDTA, to extracts labile
and little-labile pools of P, interesting to study the cycling and availability to plants
(CHAPUIS-LARDY et al., 2001), and has been proposed by several authors (DOOLETE;
SMERNIK, 2011; CADE-MENUN; PRESTON, 1996; TURNER, 2008; CADE-MENUN et
al., 2002) to be used for
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P-NMR investigations spectroscopy. We used these techniques to

determine the amounts and chemical nature of organic phosphorus in different soil
management systems and cover crops, in a field experiment established on a representative
clayey Oxisol located under Brazilian Cerrados. Our aim was to determine how the amounts
and forms of organic phosphorus vary according to the tillage systems and cover crops used.
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4.2 Material and Methods
Study sites
The study was carried out in the Cerrado biome (Brazilian neotropical savannas), as
part of research on conservation agriculture systems. The area of study is located at Unaí,
northwest of Minas Gerais State, Brazil (Figure 1). The field experiment was located at the
Juvêncio Martins Ferreira Agricultural College of Unaí (16°32’26” S, 46°50’44” W and
altitude of 600 m). The climate of region is characterized as the typical subhumid tropical
climate of the Brazilian Cerrado. According to Köppen classification, the climate is Tropical
wet and dry “Aw” (or savanna climate). The average annual rainfall varies between 1200 mm
and 1400 mm, with rain occurring between October to April, and the dry season, with
duration of 5 to 6 months, coincides with the coolest months. The average annual temperature
is 24.4° C.
The soil, a clayey Oxisol, is classified as Typic Acrustox (USDA, 2010) or
“Latossolo vermelho” according to the Brazilian classification (EMBRAPA, 2006), or Haplic
Ferralsol (FAO, 2006). Some physicochemical characteristics of the soil, before installation of
experiment, are presented in Table 1. The amorphous oxides of Fe and Al (Feo and Alo) were
extracted with oxalate acid of ammonia (Tamm), have a concentration of 4.01 and 7.26 g kg-1,
respectively. The free or crystalline oxides of Fe and Al (Fed e Ald), extracted with citratedithionite-bicarbonate (CBD), have a concentration of 190.41 and 32.37 g kg-1, respectively.
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Figure 1 - The Cerrado region in Central Brazil (in gray) and a detailed map showing the
study area in Unaí, near Brasília (adapted from SANO et al., 2008)
The mineral composition of the clay and silt fraction is kaolinite 41%, goethite 22%,
hematite 16%, gibbsite 11%, quartz and others 10%. The P adsorption was determined by
remaining P method (Prem) (ALVAREZ et al., 2001) and was considered high with 86 % of P
adsorbed (Prem = 8.0 mg L-1).

Table 1 - Some chemical and physical characteristics of the Oxisol in upper 0-20 cm depth
pH
CaCl2

P total
(mg kg-1)

4.5

119.60

SOC
N
-1
----(g kg )---15.2

1.2

Ca2+ Mg2+ Al3+ H++Al3+
K
-1
-----------(mmolc kg )-----------13

13

0.55

54

5.6

Clay Silt Sand
---------(g kg-1)--------726

162

112

Basic soil characterization was performed on the air-dried < 2 mm material according to the Brazilian standard procedures
(Embrapa, 1997). The particle size distribution was determined using the pipette method after dispersing with 1.0 N NaOH;
pH was measured in 0.01 N CaCl2 using 1:2.5 mass soil to solution ratio; the exchangeable Ca, Mg, and Al were extracted
with 1.0 N KCl; H+ + Al3+ were extracted with an solution of calcium acetate 0.5 N buffer at pH 7.0. The total organic carbon
(SOC) and total nitrogen (N) contents were determined by the dry combustion method (ISO10694, 1995).

The experiment was set in 2006, on a low-productive pasture of Brachiaria. There
has been no liming for pH correction. It contained eight treatments arranged in three
completely randomized blocks. These treatments are characterized by different agricultural
practices (conventional or no-tillage), and the presence or not of cover crops (Brachiaria

62

ruziziensis – a grass specie and Cajanus cajan – a leguminous specie) with maize (Zea mays)
(Table 2). The seeding of the maize and cover crops was done by animal traction and the
cover crops were allocated in the row or interrow crop. Individual plots measured 75 m2 (15m
by 5m), with exception of the plots with only cover crops (treatment CC and BR) which were
half the size (37.5 m2).
Table 2 - Experimental treatments used in the field
Treatments

Soil tillage

Cropping system

CT
NT
CC
BR
MBi
MCi
MBr
MCr

Conventional till
No-till
No-till
No-till
No-till
No-till
No-till
No-till

Sole cropping
Sole cropping
Sole cropping
Sole cropping
Intercropping
Intercropping
Intercropping
Intercropping

Sowing
Crop + Cover crop
cover crop
Maize
Maize
Cajanus Cajan
Brachiaria ruziziensis
Interrow Maize + Brachiaria ruziziensis
Interrow
Maize + Cajanus Cajan
Row
Maize + Brachiaria ruziziensis
Row
Maize + Cajanus Cajan

During four years, the experiment received a total 65, 118 and 104 kg ha-1 of N, P
and K at sowing, respectively and 165 kg ha-1 of N topdressing. In 2009-10, each plot with
maize crops was divided into 2 subplots, with one subplot receiving P fertilization and the
other not. In 2009-10, each plot received 12, 39 and 40 kg ha-1 of N, P and K, as well as 1.5
kg ha-1 of Zn as micronutrient, at sowing, respectively and 165 kg ha-1 of N as topdressing.

Sampling
Undisturbed samples were collected in March 2010, with maize plants in vegetative
stage from VT to R1, tasseling and silking, respectively (RITCHIE et al., 1993) at 0-5 and 510 cm depth, with 6.05 cm inner diameter cylinders, corresponding to 99.22 cm3. The first (05 cm) and the second (5-10 cm) layers were collected in triplicate and duplicate, respectively,
and joined to create a composite sample. In each treatment, the soil samples were collected in
the crop row, in the treatment where the cover crop was grown in interrow (MBi and MCi),
the samples were collected only in the row of maize.

Soil phosphorus chemical analysis
Soil P pools were determined using the three following methods: anion exchange
resin (Presin); Olsen (POlsen); and NaOH + EDTA (PNaOH). Prior to analysis, samples were
ground to pass through a 200 µm sieve. For Presin extraction, a strip (1×6 cm) of anion
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exchange membrane (AEM) (BDH, 551642S) was placed into centrifuge tube containing 2 g
of soil and 30 ml of ultrapure H2O, and shaken for 16 h to desorbs Pi from the soil. Then, the
AEM strips were removed from the soil, rinsed with deionized water, and P was desorbed
with 0.1 M NaCl/HCl by shaking for 2h. According to Raij (1998), this methodology is the
most accurate alternative to evaluate bioavalilabity of P in soils. The Olsen extractant
(OLSEN et al., 1954) consists of an extraction by shaking 1 g of soil with 0.5 M NaHCO3 at
pH 8.5 for 30 min at a 1:20 soil:solution ratio. It is a standard extraction, and probably the
most used method, for assessing plant P availability in agricultural soils (RAIJ, 1998). The
extractable fraction consists of both labile Pi and Po forms of phosphorus, i.e. Pi chemisorbed
on iron and aluminum compounds, as well as Po bound to humic and fulvic acids
(TCHIENKOUA; ZECH, 2003). The POlsen also represents a minimum index of the portion of
Po that may be easily mineralized through biological processes (CROSS; SCHLESINGER,
1995). PNaOH was extracted by shaking 5-g of soil with 100 mL of a solution containing 0.25
M NaOH and 0.05 M EDTA (ethylenediaminetetraacetate) for 16 h at 22 °C (CADEMENUN; PRESTON, 1996; TURNER, 2006). It is assumed that NaOH–EDTA quantitatively
recovers organic phosphorus from soil, although there is no direct method with which to
confirm this (BOWMAN; MOIR, 1993; TURNER, 2006). Total P in the NaHCO3 and NaOH
was measured after digestion at 105°C during 2h with 400 µL conc. perchloric acid (HClO4).
Organic P (Po) was calculated as the differences between total P and Pi in the NaHCO3 and
NaOH extracts, respectively. Total soil P (Ptotal) was determined after digestion of 0.1 g of soil
with 2 mL HClO4 at 205°C during 2 h. Inorganic P (Pi) in extracts was determined
spectrophotometrically by the blue molybdate-ascorbic acid method of (MURPHY; RILEY,
1962) for total soil P and PNaOH, was used the malachite green method (IRVING;
MCLAUGHLIN, 1990; SUBBA et al., 1997) for POlsen and Presin, respectively.
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P-NMR Spectroscopy

Subsamples of 0-5 cm soil layer of 12.5 g (air-dried, < 2 mm) were shaken in
centrifuge tubes with 50 mL 0.5 M NaOH and 0.1 M EDTA for 17 h, centrifuged (5000 rpm,
40 min), and the supernatant filtered (slow filtration). The 30 mL of NaOH–EDTA extracts
were subsequently lyophilized and re-dissolved in 3 mL of deionised water.
The extracts (2.5mL) and D2O (0.250mL), added to provide a lock signal to adjust
field homogeneity, were transferred into 10mm NMR tubes.

64

Solution 31P NMR spectra were obtained at 25°C on a Varian® UNITY INOVA 500
MHz spectrometer equipped with a 10mm broadband probe (Varian NMR Instruments, Palo
Alto, CA, USA) operating at 202 MHz for 31P.
Relaxation times (T1) of the P species presents in soils extracts were determined in
preliminary inversion-recovery experiments. A maximum T1 value was found to be around 4s
for Pi. The inter-scan delay was thus set to 30s (>5*T1), time sufficient for complete
relaxation of all P species in solution. This condition is necessary to get accurate relative
concentrations measured from the
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P NMR signal areas (CADE-MENUM et al., 2002;

DOOLETTE et al., 2009).
The other acquisition conditions used were: pulse angle, 90°; spectral width, 20kHz;
acquisition time, 0.8s; and scans, 1024. A reference capillary containing methylene
diphosphonate (MDP) (pH 8.9), inserted inside the NMR tube, was used as chemical shift
reference (16.38 ppm) (RASMUSSEN et al., 2000; DANOVA-ALT et al., 2008).
NMR

spectra

were

processed

and

analyzed

using

ACDlabs

software

(ACD/ChemSketch Freeware, version 12.00, Advanced Chemistry Development, Inc.,
Toronto, ON, Canada, www.acdlabs.com, 2012).
Peak assignments were made according to Doolette and Smernik (2011). The four
classes of P compounds were: orthophosphate (6.5 to 4.70 ppm), monoester orthophosphate
(4.70 to 2.60 ppm), diester orthophosphate (-0.80 to -1.9 ppm) and pyrophosphate (-4.5 to -5.5
ppm).
The relative concentrations of the different species in solution were determined from
peak surface areas. Due to partial overlap between signals arising from both orthophosphate
(Pi) and orthophosphate monoester (Po), a peak deconvolution was performed prior to surface
signal integration.
The absolute concentration of pyrophosphate (PPyro), orthophosphate (POrtho),
monoester orthophosphate (PMonoester) and diester orthophosphate (PDiester) in the samples was
calculated by their relative concentrations expressed in % to the total concentration of NaOHEDTA extractable P determined by colorimetry.
The forms were also transformed to absolute concentration (mg kg-1). For this, the
absolute concentration of each P species was calculated by multiplying its relative
contribution (%) to total NMR signal by the total NaOH-EDTA extractable P concentration
determined by colorimetry (DOOLETTE et al., 2011).
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Statistical analysis
Analysis of variance was performed using SISVAR to determine the effects of land
management practices and cover crop on phosphorus pools of soil, at each respective depth.
Effects were considered statistically significant at p < 0.05. The standard function of
maximum-likelihood proposed by Cox Box, was used to estimate the best transformation for
the normal range of scores (AYRES et al., 2005). The Tukey test was used to compare
treatments means. Correlations Spearman was also calculated in order to relate phosphorus
pools of soil for 0-5 cm depth.

4.3 Results

4.3.1 Phosphorus pools determined by chemical analysis
Total soil P concentrations, before installation of experiment, was 119.6 mg kg-1, low
values as expected since a clayey Oxisol. Later the Ptotal change between 482 to 902 g kg-1,
showing that the Ptotal contents are higher after the experiment than the initial content. The
treatment MBr and MCr presented higher levels of Ptotal and being significantly different for
treatment MCr (Table 1 and 3).
The concentration of Pi extracted by resin, Olsen and NaOH + EDTA showed the
same trend for all treatments, with treatments MBr and MCr showing higher levels than the
others (Table 3). The concentrations of available Presin in soil varied from 6.63 to 65.25 mg kg1

, the PiOlsen varied from 4.99 to 60.49 mg kg-1 and PiNaOH varied from 28.41 to 163 mg kg-1

(Table 3).
In the P extracted by Olsen, the Po Olsen represents 65 and 71 % in the 0-5 and 5-10
cm depth, respectively, of available P (Table 3). The PoNaOH represent 44 and 46 % of P
extracted by NaOH+EDTA in the 0-5 and 5-10 cm depth showing the importance of Po in the
availability of P taken up by plant (Table 3). A difference between PoOlsen and PoNaOH is the
inverse relationship of Po NaOH with the other extractions of P (Piresin, PiOlsen, PiNaOH and Ptotal),
due apparently to PoNaOH form which is less available than Po Olsen forms.
In 5-10 cm depth, the results of P pools determined by chemical analysis have the
same tendency to 0-5 cm depth, but no significant difference between treatments.
Comparing the mean results in the 0-5 and 5-10 cm depth there was no difference
between the forms of P, with the exception of PoNaOH which had higher values in the upper
layer (average 33.75 mg kg-1 to 0-5 cm depth and 24.62 mg kg-1 to 5-10 cm depth).
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Table 3 - Effects of treatments on the inorganic and organic P determined by colorimetry and
the ratios PoOlsen/POlsen and PoNaOH/PNaOH
Treatments*

Variables†
Presin

PiOlsen

PoOlsen

PiNaOH

PoNaOH

Ptotal

-1

------------------------------------------------ mg P kg -----------------------------------------------------

------------------------------------------------------------------------------- 0-5 cm ------------------------------------------CT
NT

6.63 b ± 3.81
7.34 b ± 1.59

4.99 b ± 1.91
4.96 b ± 0.80

10.94 b ± 2.04
11.34 b ± 0.68

28.65 b ± 12.46
33.73 b ± 5.45

27.91 ab ± 1.89
29.69 ab ± 3.51

515.08 b ± 44.98
508.91 b ± 38.76

CC

11.01 b ± 6.60

8.80 b ± 7.20

15.00 b ± 2.42

36.61 b ± 23.80

33.38 ab ± 4.36 547.22 ab ± 82.14 6

BR
MBi
MCi

8.46 b ± 1.95
11.11 b ± 5.50
9.86 b ± 6.45

5.40 b ± 1.95
8.85 b ± 3.81
8.44 b ± 5.78

12.91 b ± 2.03
15.25 b ± 4.62
16.70 b ± 7.87

28.41 b ± 8.48
36.27 b ± 9.08
40.66 b ± 19.27

41.64 a ± 6.86 481.77 b ± 27.02
34.67 ab ± 5.41 566.80 ab ± 86.39
38.62 ab ± 5.59 543.35 ab ± 103.37

MBr

24.55 ba ± 5.00 30.48 ba ± 13.30 45.47 ba ± 18.31 94.49 ba ± 29.10 22.49 b ± 12.03 728.29 ab ± 97.94

MCr

65.25 a ± 45.48 60.49 a ± 46.13 77.09 a ± 54.97 163.03 a ± 106.40 41.60 a ± 5.59 902.13 a ± 323.22
----------------------------------------------------------------------------- 5-10 cm ------------------------------------------

CT

4.27 ± 0.49

3.96 ± 0.88

9.24 ± 2.30

24.77 ± 2.16

26.93 ± 2.80

471.98 ± 10.25

NT

3.02 ± 0.41

2.39 ± 1.06

6.90 ± 1.34

16.10 ± 0.86

23.25 ± 2.28

427.34 ± 5.25

CC
BR
MBi
MCi

6.81 ± 0.70
33.76 ± 6.12
3.40 ± 0,71
7.62 ± 1.02

5.71 ± 0.71
38.20 ± 1.00
3.65 ± 0.85
6.10 ± 0.26

12.38 ± 5.95
58.24 ± 52.64
10.76 ± 1.01
14.69 ± 5.43

29.92 ± 5.93
113.10 ± 62.09
23.77 ± 3.56
29.99 ± 5.22

23.71 ± 6.30
26.30 ± 83.72
23.60 ± 5.56
23.61 ± 6.44

482.70 ± 23.23
696.92 ± 166.12
465.23 ± 10.24
514.97 ± 13.15

MBr

11.27 ± 0.57

11.77 ± 0.87

19.04 ± 3.65

41.82 ± 3.01

23.80 ± 3.13

535.34 ± 10.79

MCr

27.21 ± 7.47

25.85 ± 1.1

52.78 ± 35.20

65.85 ± 33.92

25.75 ± 69.89

621.77 ± 60.63

Means in the same column for each comparison followed by the same letter (a or b) are not significantly different at P < 0.05
(Tukey test).
* CT – maize under conventional tillage; NT – maize under no-tillage; CC – Cajanus Cajan under no-tillage; BR –
Brachiaria ruziziensis under no-tillage; MBi – maize + Brachiaria ruziziensis intercropping interrow under no-tillage; MCi –
maize + Cajanus Cajan intercropping interrow under no-tillage; MBr – maize + Brachiaria ruziziensis intercropping row
under no-tillage; MCr – maize + Cajanus Cajan intercropping row under no-tillage.
†Presin – P extracted by resin; PiOlsen – Inorganic P extracted by Olsen; PoOlsen - Organic P extracted by Olsen; PiNaOH Inorganic P extracted by NaOH+EDTA; PoNaOH - Organic P extracted by NaOH+EDTA; Ptotal – Total P; PoOlsen/POlsen – Ratio
between organic P extracted by Olsen and P extracted by Olsen; PoNaOH/PNaOH - Ratio between organic P extracted by
NaOH+EDTA and P extracted by NaOH+EDTA.
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4.3.2 31P NMR determination
In the preliminary inversion-recovery experiments it was observed that all forms of P
determined by NMR (Figure 2) had their proportions altered by increasing the time inter-scan
delay. To get accurate relative concentrations measured from the 31P NMR signal areas it was
utilized 30s inter-scan delay, sufficient time for complete relaxation of all P species in
solution (Table 4).
Table 4 - Comparison of the NMR surface signals of the main phosphate compounds on the
inter-scans delay
Range of ppm
Compounds*
Time interscan (s)
5
20
30

Relative intensities as a percentage
[-5.60 .. -4.70]
[-1.90 .. -0.87] [2.38 .. 4.71]
PPyro
PDiester
PMonoester
7.28
6.59
5.92

5.56
4.09
3.31

[4.71 .. 7.06]
POrtho

27.82
24.47
23.27

59.35
64.86
67.44

Sol4.esp
0.95

5.93

Sol4.esp

5.93

* PPyro – Pyrophosphate; PDiester –Phosphate diester; PMonoester – Phosphomonoester; POrtho - Orthophosphate. Attribution CadeMenun et al., 2005.

0.15

7

6

5

4

-0.53

5.40

0.05

4.57
4.33
4.16
3.84

-4.33

0.10

4.91

Normalized Intensity

0.20

3

2
1
0
Chemical Shift (ppm)

-1

-2

-3

-4

-5

Figure 2 - Spectrum of RMN soil 0-5 depth from treatment NT (Maize under no-tillage)
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Already the forms of Pi determined by NMR, the PPyro content ranged from 4.29 to
9.02 % and POrtho from 58.77 to 79.89 % (Table 5). When transformed into absolute data, PPyro
content ranged from 4.55 to 8.73 mg kg-1 and POrtho from 33.86 to 165.25 mg kg-1 (Table 6).
Concentrations of P Ortho were significantly higher in the treatment MCr with consequent
reduction of the relative levels of PPyro.

Table 5 - Effects of treatments on the P species determined by NMR spectroscopy in relative
values (%) and the ratio Di/Mono
Treatments*

PPyro

POrtho

Variables†
PMonoester

PDiester

Di/Mono

CT
NT

------------------------------------------- % --------------------------------------------8.18 ± 0.98
59.32 b ± 4.52
28.27 a ± 2.87
4.23 a ± 0.84
14.9 ± 2.20
7.90 ± 1.99
60.42 b ± 2.46
27.59 a ± 0.95
4.09 a ± 0.66
14.87 ± 2.63

CC
BR
MBi
MCi

8.19 ± 2.30
9.02 ± 1.40
8.31 ± 2.97
7.40 ± 2.91

59.32 b ± 9.34
58.77 b ± 5.90
63.62 ab ± 6.60
61.13 b ± 6.82

27.92 a ± 6.48
27.13 a ± 4.51
23.75 ab ± 3.38
26.41 a ± 2.82

4.57 a ± 0.92
5.08 a ± 0.46
4.32 a ± 0.37
5.05 a ± 1.18

16.55 ± 2.52
18.88 ± 1.52
18.33 ± 1.84
18.99 ± 2.48

MBr
MCr

7.40 ± 3.02
4.29 ± 1.28

63.71 ab ± 7.58
79.89 a ± 3.69

25.05 a ± 3.68
13.94 b ± 2.22

3.83 ab ± 0.90
1.89 b ± 0.33

15.17 ± 1.48
13.49 ± 0.69

Means in the same column for each comparison followed by the same letter (a or b) are not significantly different at P < 0.05
(Tukey test).
* CT – maize under conventional tillage; NT – maize under no-tillage; CC – Cajanus Cajan under no-tillage; BR –
Brachiaria ruziziensis under no-tillage; MBi – maize + Brachiaria ruziziensis intercropping interrow under no-tillage; MCi –
maize + Cajanus Cajan intercropping interrow under no-tillage; MBr – maize + Brachiaria ruziziensis intercropping row
under no-tillage; MCr – maize + Cajanus Cajan intercropping row under no-tillage.
† PPyro – Pyrophosphate; PDiester – Phosphate diester; PMonoester – Phosphomonoester; POrtho – Orthophosphate; Di/Mono – Ratio
between Phosphate diester and Phosphomonoester.
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Table 6 - Effects of treatments on the P species determined by NMR spectroscopy in absolute
values (mg kg-1) and the ratios for Po/Pi and Po/Pi + Po
Treatments*

CT
NT
CC
BR
MBi
MCi
MBr
MCr

PPyro

POrtho

Variables†
PMonoester
PDiester

Po/Pi

Po/Pi+Po

---------------------------------------- mg P kg-1 ---------------------------------------4.55 ± 0.32 33.86 b ± 0.14 15.81 ± 1.73 2.33 ± 9.03 48.42 a ± 7.87 32.50 ± 3.54
4.99 ± 1.13 38.34 b ± 0.35 17.51 ± 1.03 2.59 ± 2.61 46.39 a ± 1.85 31.68 ± 0.87
5.42 ± 0.21 42.69 b ± 0.23 18.8 ± 2.17 3.08 ± 18.99 49.25 a ± 16.01 32.49 ± 7.17
6.26 ± 1.23 41.72 b ± 0.41 18.56 ± 0.87 3.51 ± 13.21 48.02 a ± 10.58 32.21 ± 4.97
5.78 ± 1.65 45.32 b ± 0.34 16.8 ± 3.25 3.04 ± 10.20 39.28 ab ± 7.20 28.08 ± 3.67
5.62 ± 1.40 48.97 b ± 0.84 20.74 ± 3.06 3.95 ± 14.24 46.26 a ± 8.78 31.47 ± 3.97
8.73 ± 3.77 74.29 ab ± 1.39 29.43 ± 6.66 4.53 ± 12.69 41.02 ab ± 9.23 28.89 ± 4.58
8.46 ± 5.29 165.25 a ± 1.90 27.21 ± 13.05 3.7 ± 89.60 18.87 b ± 3.61 15.82 ± 2.55

Means in the same column for each comparison followed by the same letter (a or b) are not significantly different at P < 0.05
(Tukey test).
* CT – maize under conventional tillage; NT – maize under no-tillage; CC – Cajanus Cajan under no-tillage; BR –
Brachiaria ruziziensis under no-tillage; MBi – maize + Brachiaria ruziziensis intercropping interrow under no-tillage; MCi –
maize + Cajanus Cajan intercropping interrow under no-tillage; MBr – maize + Brachiaria ruziziensis intercropping row
under no-tillage; MCr – maize + Cajanus Cajan intercropping row under no-tillage.
† PPyro – Pyrophosphate; POrtho – Orthophosphate; PMonoester – Phosphomonoester; PDiester – Phosphate diester; Po/Pi – Ratio
between organic P (phosphate diester + phosphomonoester) and inorganic P (pyrophosphate + orthophosphate); Po/Pi+Po –
Ratio between organic P (phosphate diester + phosphomonoester) and the sum of inorganic and organic P (pyrophosphate +
orthophosphate + phosphate diester + phosphomonoester).

The forms of Po determined by NMR, the PMonoester content, ranged from 13.94 to
28.27 % and PDiester, 1.89 to 5.08 %. In the transformed data, PMonoester content ranged from
15.81 to 29.43 mg kg-1 and PDiester, 2.33 to 4.53 mg kg-1. The treatment MCr had significantly
lower concentrations of the relative data, but the absolute data of Po (PMonoester and PDiester)
remained constant, with a tendency to increased levels of monoester for treatments MBr and
MCr (Table 5 and 6). In the ratio Di/Mono there was no difference between treatments while
maintaining the same ratio after four years, just having a trend to be higher in treatments with
of cover crops in interrow (MBi and MCi) and BR, but no significant difference.
Phosphorus determined by NMR in the extract NaOH + EDTA, Po represents 29 %
in the 0-5 cm of depth (PoNMR/PNMR), a percentage lower than 44 % determined in Po NaOH
(Po NaOH/PNaOH) (Table 3 and 5).
4.4 Discussion
Higher availability of P (Presin) at a 0-5 cm depth for treatments MCr and MBr are
due to the higher concentrations of Ptotal in these treatments. These higher concentrations of
Ptotal also reflected in the contents of PiOlsen, PoOlsen and PiNaOH (Table 3). The same situation
was found in the 5-10 cm depth with BR and MCr treatments. This is probably due to the
fertilization done in the row where soil samples were collected. However this occurred only in
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few treatments probably due to the planting done by animal traction hindering the
maintenance of the rows in the same place over the years, a few inches can vary from year to
year. The standard deviation confirm the problem with the soil sampling (or maintenance of
the rows), because there is a big difference between repetitions (Table 3).
Vasconcellos et al. (1982); Silveira et al. (2000) and Guarconi et al. (2006) also
found a range of variation too large for available P determined by Mehlich-1, suggesting that
these high variations showed have derived from a high residual effect of fertilizer applied to
crops earlier in the rows, which was very common in the soil sampling under no-tillage. It
was found higher variability in the 0-5 cm than 5-10 cm depth, different from that of Silveira
et al. (2000), was they had only great variability in the 0-5 cm soil layer, probably due to
different sampling done in the second soil layer (5-20 cm depth).
Comparing the mean results in the 0-5 and 5-10 cm depth, only the Po NaOH showed
differences, which had higher values in the upper layer. This occurred probably due to cycling
of P by the plant, by biomass accumulation in the soil surface and high adsorption capacity of
the soil inhibiting P movement in soil profile.
There were differences on Po determined by both chemical analysis (colorimetry)
and NMR espectroscopy in relative value (%) (PMonoester and PDiester) among the treatments, but
they are controversial. Moreover, the Po (PMonoester and PDiester) values determined by NMR
transformed to absolute values (mg kg-1) as proposed by Doolette et al. (2011), were not
different among the treatments. Only POrtho had a difference, which followed the same trend of
some other forms of P (Presin, PiOlsen, Po Olsen and Ptotal ). According to Buehler (2002), the
quantities of P recovered were strongly dependent on the total P content of the soil, which was
affected by the amount of P added as fertilizer and removed by plant P uptake.
This is because, in the case of Po determined in NaOH+EDTA extract, the acid
digestion of the extract aiming at transforming Po in Pi also transform PPyro in P Ortho and PPyro
does not react with molybdate, including erroneously in the Po fraction when samples are
analyzed by colorimetry (TURNER et al., 2006b). This is confirmed in our analysis, once the
sum of PPyro+PMonoester+PDiester (%) is 7.6 % more closely to the contents of PoNaOH (%) than
the sum of PMonoester+PDiester (%). In the case of Po determined by NMR relative value, it is the
variation of amount of PNaOH (total P in the NaOH extract), making it necessary to transform
the data to an absolute value, to obtain reliable values.
Table 4 shows that the levels of PMonoester and PDiester (Po) was similar among
treatments, but the POrtho was higher in treatments MBr and MCr, which is probably due to
fertilization, since they are the two treatments with higher concentrations of Presin and Ptotal, as
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mentioned above. Fertilizing P in highly weathered tropical soils difficult to increase the Po
available fraction, determined by Hedley fractionation, in short-term filed studies (TIESSEN
et al., 1984; FRIESEN et al., 1997; OBERSON et al., 2001; ABEKOE; SAHRAWAT, 2003).
This is due, probably, to Po mineralization be greater than replacement (deposition) by the
crop biomass and the competition between soil (high adsorption) and plant (absorption) for P,
especially in low fertilizer application system.
It has been expected a close relationship between the Po and SOC (AGBENIN;
GOLADI, 1998; REDDY et al., 1999; SOLOMON et al., 2002), but there was no change in
the levels of Po after four years and, on the other hand, there were changes in the C stock with
the treatments NT and MCr with higher C stock (data not shown). In literature there is
decrease on Po and C is reported by Tiessen et al. (1992); while increase of Po and decrease
of C were observed by Lilienfein et al. (2000) and Neufeldt et al. (2000) and increase of Po
and C by Neufeldt et al. (2000) and Oberson et al. (2001).
However, the short time since establishment of the experiment (5 years) may have
prevented the development of significant differences. According to Nziguheba and Bünemann
(2005) in fertilized systems, Po dynamics are less linked to carbon dynamics than in natural or
unfertilized systems, due to several of the studies in fertilized systems report an increase in
organic phosphorus together with a decrease in soil carbon, but the exact processes are poorly
understood. One hypothesis is that the Po NaOH, considered labile and moderately labile
(OLSEN et al., 1954; CROSS; SCHLESINGER, 1995), is probably rapidly mineralized by
plants and microorganisms adapted to these highly weathered soils with low P availability and
high adsorption (HARRISON, 1987; OEHL et al., 2001; YADAV; TARAFDAR, 2001;
TARAFDAR et al., 2001; KITAYAMA; AIBA, 2002; GEORGE et al., 2006).
The Ptotal contents in the 0-5 cm soil layer have great variability due to fertilizer-line
(discussed above), which did not occur in the layer 5-10 cm depth. Notably this is due to low
mobility in highly weathered tropical soils that have high P adsorption (MESQUITA FILHO;
TORRENT, 1993). Treatments MCr and MBr showed concentrations similar with high
fertilization areas (RHEINHEIMER et al., 2002), while the others had lower values than those
presented in pastures and savannas (CHAPUIS-LARDY et al., 2001).
Sodium bicarbonate, also known as Olsen extractant, is utilized to estimate plantavailable P (OLSEN et al., 1954) and Po potentially available to plants (BOWMAN; COLE,
1978). In our soil, levels of Po were higher than 59% of the total content of POlsen, similar
value observed by Chapuis-Lardy et al. (2001) in savannas and pastures. But probably the
determination by colorimetry presented the same problem with the NaOH + EDTA extractant,
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overestimating the Po. Chapuis-Lardy et al. (2001) found significant differences between
natural vegetation and pastures in whole soil total and organic contents only in the topsoil.
The same result was observed in the present work evidencing that the main changes in
relation to P occur in the topsoil. The treatments MBr and MCr showed high contents of
PiOlsen and Po Olsen.
Concentrations of PiNaOH and PoNaOH were lower than the results showed by Cardoso
et al. (2003) in coffee agroforestry systems at 2-3 cm and 10-15 cm soil layer and
Rheinheimer et al. (2002) in tree soils differing under tillage or no-tillage system. On the
other hand, they were higher than those presented by Chapuis-Lardy et al. (2001) in natural
area and pastures at 0-10 cm deep. But Po has a greater importance in the work of ChapuisLardy et al. (2001) due to its higher ratio to the total P extract NaOH + EDTA (PoNaOH/PNaOH
total). But due to the problems presented above these findings may lead to erroneous
interpretations, as we have observed the absence of correlation of PoNaOH with the other
variables (Table 7). Therefore, for the interpretation of the data of Pi and Po extracted by
NaOH + EDTA should be used NMR data transformed to absolute values.
Various extractants have been suggested for P speciation by 31P NMR spectroscopy.
It was adopted the extractant suggested by Cade-Menun et al. (2002); Turner et al. (2005);
Doolette and Smernik (2011) by increased soil P extraction efficiency, the diversity of P
compounds extracted and maintains paramagnetic ions in solution by EDTA, minimizing
pulse delay times in solution of 31P NMR spectroscopy. This is confirmed by the time of 30s
inter-scan delay to complete relaxation of all P species in solution (Table 4).
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Table 7 - Spearman correlation coefficients between P extracted by resin, Olsen and
NaOH+EDTA (colorimetric determination), inorganic P, organic P and P species
determined by NMR spectroscopy (correlations are significant at P < 0.05; n =
24)
Variables† PiOlsen PoOlsen PiNaOH PoNaOH
Presin
0.97* 0.94* 0.92* 0.04
PiOlsen
0.95* 0.92* -0.03
PoOlsen
0.86* 0.06
PiNaOH
-0.08
PoNaOH
PiNMR
PoNMR
Ptotal
PPyro
PDiester
PMonoester

PiNMR
0.90*
0.91*
0.85*
0.94*
0.10

PoNMR
0.62*
0.59*
0.63*
0.59*
0.22
0.67*

Ptotal PPyro
0.90* 0.25
0.90* 0.19
0.87* 0.25
0.89* 0.24
-0.10 0.24
0.83* 0.31
0.56* 0.67*
0.15

PDiester PMonoester
0.56* 0.71*
0.51* 0.63*
0.56* 0.65*
0.47* 0.69*
0.49
0.33
0.63* 0.78*
0.60* 0.75*
0.36
0.62*
0.53*
0.38
0.78*

POrtho
0.92*
0.93*
0.88*
0.94*
0.12
0.98*
0.64*
0.83*
0.23
0.61*
0.75*

†Presin – P extracted by resin; PiOlsen – Inorganic P extracted by Olsen; PoOlsen - Organic P extracted by Olsen; PiNaOH Inorganic P extracted by NaOH+EDTA; PoNaOH - Organic P extracted by NaOH+EDTA; PiNMR - Inorganic P extracted by
NaOH+EDTA and determined by NMR; PoNMR - Organic P extracted by NaOH+EDTA and determined by NMR; Ptotal –
Total P; PPyro - Pyrophosphate; PDiester - Phosphate diester; PMonoester - Phosphomonoester ; POrtho - Orthophosphate.

Among all forms of P determined by NMR, there is predominance of POrtho (up to
59% of total NaOH-EDTA extractale P) in all treatments, corroborating with Chapuis-Lardy
et al. (2001); Canellas et al. (2004) and Rheinheimer et al. (2002). Again, MCr and MBr
treatments had higher levels of POrtho (74.29 and 165.25 mg kg-1) than the others due to
fertilization in row. The high proportion of POrtho in all treatments is probably due to
fertilization throughout the year.
Pyrophosphate is present in all treatments up to 7%, except for the treatment MCr
with approximately 4%. But, observing the absolute values, there are no differences between
treatments. Pyrophosphate concentrations are similar with Chapuis-Lardy et al. (2001);
Cardoso et al. (2003) which ranged from 5 -12%, but larger than those presented by Doolette
et al. (2011); Turner, Cade-Menun and Westermanm (2003); Turner, Mahieu and Condron
(2003a, 2003b) in cropping soils. According to Doolette et al. (2011) PPyro are believed to
accumulate in microbial biomass, but the role of PPyro and the reasons controlling their
abundance remain unclear (BLANCHAR; HOSSNER, 1969; TURNER et al., 2003b). The
correlation between PPyro, Po NMR and PDiester (Table 7) may indicate hydrolyze of organic
esters to pyrophosphate during extraction with NaOH-EDTA as suggested by Leinweber et al.
(1997).
Phosphomonoester are the predominant organic form, according to several NMR
studies on Po forms in Oxisols (CHAPUIS-LARDY et al., 2001; CANELLAS et al., 2004;
RHEINHEIMER et al., 2002). In present study, as in the others, the predominance of
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phosphomonoester can be explained by high adsorption capacity of Oxisol (Prem = 8 mg L-1),
which rapidly adsorbs phosphomonoesters and protect them from degradation (TATE, 1984;
CONDRON et al., 1990; TURRIÓN et al., 2001).
Phosphate diester concentrations ranged from 2.33 to 4.53 mg kg-1 or 1.89 – 5.08%
of total 31P NMR signal, similar to the data of Doolette et al. (2009) and Cardoso et al. (2003),
but different to observed by Chapuis-Lardy et al. (2001). Phosphate diesters is composed
mainly of DNA and the low concentrations have been attributed to the preferential
mineralisation compared with other more stable Po forms (HAWKES et al., 1984;
CONDRON et al., 1985, 1990a; DOOLETTE et al., 2011). A problem in determining diester
P is the degradation in alkaline solution during extraction, mainly RNA highly unstable in
NaOH-EDTA (TURNER et al., 2003a; MAKAROV et al., 2002).
It was expected differences among the treatments after 4 years, especially with
regard to the forms of Po (PMonoester and P Diester), as noted by Canellas et al. (2004) that the
quality of the organic residues has an influence on Po distribution and emphasize the
importance of leguminous plants with respect to labile Po species in tropical soils. Agbenin
and Anumonye (2006) also observed high lability of Pi and Po in Brachiaria decumbens than
the others pastures studies (Andropogon gayanus, Chloris gayana and Digitaria smutsii).
They explained the difference by capacity to solubilize P by the plant roots of B. decumbens
from nonlabile pool especially under P deficiency condition.
However, although the data of Po determined chemically (PoNaOH) and NMR show
differences among treatments, when they are transformed to absolute values show that Po
does not change (PMonoester and PDiester) but the Pi (POrtho) increases. This is confirmed with the
correlation data (Table 7), showing an unexpected result, where in the PoNaOH (chemical)
showed no correlation with any other variable, because when the absolute values observed
shows that Po does not decrease (PMonoester and PDiester), but the Pi (POrtho) increases. This is due
to fertilization performed in row during the four years. This data is confirmed with the
correlation data (Table 7), showing an unexpected result, where in the Po NaOH (chemical)
showed no correlation with any other variable.
Moreover the maintenance of the Po (PMonoester and PDiester) levels, no accumulation
and loss, suggests that the availability of P is not necessarily linked to accumulation, but to
the increase of fluxes between active pools (NZIGUHEBA; BÜNEMANN, 2005). This
corroborates with Turner et al. (2003c), where low concentration are considered to be linked
to P turnover, with diester P representing a labile pool of soil organic P (TURNER et al.,
2003c).
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The low correlation between P Diester and Ptotal indicates that the PDiester is not directly
linked to the content of Ptotal and possible fertilization, i.e. it does not accumulate with
increasing soil P. According to Vincent et al. (2012) the abundance of Po forms (species) in
soils (higher amount of phosphate diesters) with low Al and Fe sites (sesquioxides) are more
dependent on the input of P (fertilizers) than soils with high Al and Fe sites (sesquioxides),
where the composition of Po (higher amount of phosphate monoesters) possibly being more
governed by sorption affinity.
Another evidence that the treatments in these five years were not decisive to change
the relationship between forms of Po is the maintenance unchanged the relationship
diester/monoester between treatments (Table 5), although the ratio be greater than those found
by Cardoso et al. (2003), 1 – 12%, and Chapuis-Lardy et al. (2001), 3 – 5%.
Thus, management (soil tillage) in this clayey Oxisol could scarcely enrich Po in the
short term, but low P input by fertilization was sufficient to maintain Po level according to
Negassa and Leinweber (2009).

4.5 Conclusion
The Po is overestimated when determined by the colorimetric method because the
conversion of pyrophosphate to orthophosphate during digestion extract, making essential the
use of 31P NMR to determine Po.
The Po Olsen had higher concentrations in the treatments in the row of intercropping.
Phosphomonoester and diester phosphate forms of Po were found in all treatments
with predominance of phosphomonoester.
The different tillage systems and cover crops (family farming) does not seem to have
strong effect on the amounts and forms of Po, at least for a period of 4 years.
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5 FINAL CONSIDERATIONS

Attention should be given in the installation of experiments and in the study areas in
the Cerrado region due to the form of deforestation of natural vegetation in the wood
windrows burning, for conversion into productive agricultural areas, because it turns out even
after ~ 20 years the spatial distribution pH (H2O), pH (CaCl2), Ca, Mg and K. This spatial
dependence may influence the interpretation of results.
In family farming systems inputs and the application of fertilizers are low and
consequently the biomass and grain yield are also low. Consequently, the immobilization of
Pi by the plant is small or at least lower than in intensive system, hampering the accumulation
of P in organic form and resulting need for more time and crops to increase levels of Po.
Probably, in conservation agriculture systems (NT) with high application of fertilizer
and greater biomass production, and, consequently, greater immobilization of P in organic
form, the Po content tends to increase more rapidly following the SOM. This is also due to
lower rate of mineralization of SOM in relation to its deposition, increasing content of Pi
which decreases P adsorption sites and the production of acid phosphatase which degrades the
Po.
Future studies should directly quantify organic phosphorus in Oxisols soils by
alkaline extraction and solution 31P NMR spectroscopy.
The C stocks detect differences between treatments. On the other hand, the P stocks
are too variable to detect systematic differences among the studied treatments. As the
relationship between C and P forms were not observed, it is suggested that more labile forms
of C should be considered in future works (may be C fractionation).
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ANNEX A

Figure 1 - Photo of the experimental area at the beginning of 2010
ANNEX B

Figure 2 - Photo of the experimental area at the time of sampling in 2010
ANNEX C
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Figure 3 - Photo soil sampling

