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ABSTRACT: The substitution of native vegetation by agricultural ecosystems can change
the quantity and quality of soil organic matter (SOM), and the intensity of these changes
depends on the soil type, climate, and land use. The objective of this study was to evaluate
the quality of organic matter in chronosequences of Jatropha cultivation in contrasting
soil and climatic conditions. Soil samples were evaluated at depths of 0.00-0.10,
0.20-0.30, and 0.80-1.00 m in chronosequences located in Planaltina, Distrito Federal
(Cerrado-Pasture-Jatropha), Dourados, Mato Grosso do Sul (Atlantic Forest-Corn-Jatropha),
and Araripina, Pernambuco (Caatinga-Jatropha). To assess SOM quality, we determined
C contents in the SOM fractions, C stocks, the carbon management index (CMI), the
SOM humification index (H,), and the C and N concentrations in the microbial biomass.
The conversion of native vegetation to agropastoral systems changed the composition
of SOM in the biomes evaluated, especially in the surface layers. The CMI and the C and
N contents in the microbial biomass were the most responsive to land use changes in all
the biomes studied. The pasture improved SOM quality by increasing the CMI (116) and
the C content by 8, 21, and 6 % in the organic, mineral, and organomineral fractions,
respectively, while maintaining the SOM humification index and the C and N contents in
the microbial biomass in the 0-0.10 m layer. The lowest values of C in the SOM fractions,
the CMI (52), and C microbial biomass (136 mg kg™) were observed for annual crops.
Jatropha cultivation increased C contents in the SOM fractions, C stocks, the CMI, and C
and N in the microbial biomass with an increase in cultivation time, which demonstrates
the potential of this long-term system for improving SOM quality.

Keywords: land use change, soil carbon fractionation, carbon management index,
laser-induced fluorescence spectroscopy, microbial biomass.
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INTRODUCTION

The most recent report prepared by the Intergovernmental Panel on Climate Change
(IPCC) emphasizes that the greenhouse gas (GHG) emissions from anthropic actions,
including farming, are now the main causes of climate changes (Stavi and Lal, 2013;
IPCC, 2014). Among the mitigation measures, the report indicates better treatment of
emissions and increased participation of biofuels in the energy mix, while not impairing
food safety or reduction of poverty.

Among the oilseed plants available for biodiesel production, various species of the
Jatropha genus are promising due to their high oil production per unit of growing area
and adaptability to marginal and degraded areas that are unsuitable for food, thus not
competing with food crops (Wani et al., 2012). On the other hand, most of these species
are considered exotic and are not yet completely domesticated (Pandey et al., 2012).

The use of biodiesel produced from oilseed plants such as Jatropha spp. can bring
important benefits by substituting fossil fuels, which attenuates the exacerbated
accumulation of greenhouse gases in the atmosphere. It is estimated that reduction
in GHG emissions by replacing fossil fuels with biodiesel (i.e., offsetting) ranges from
30 to 60 % (Souza et al., 2015).

Additionally, because they are perennial plants, Jatropha spp. can be used to preserve
soil as well as accumulate C in the soil (Srivastava et al., 2014). In this latter respect,
several studies have shown that growing crops for production of renewable energy also
has potential for accumulating C in the soil by incorporation of substantial amounts of
plant residues (La Scala Junior et al., 2012; Srivastava et al., 2014; Souza et al., 2015).

Alterations in soil organic matter (SOM) content can be measured by changes in the
concentration of total C in the soil and its chemical and physical fractions. However,
the use of total C content is of limited value since small changes are hard to detect
(Blair et al., 1995). This makes it important to evaluate the C concentrations in the
soil compartments to verify the ability of Jatropha spp. cultivation in improving the
quality of SOM.

Various methods can be used to assess the quality of SOM. The C associated with
microbial biomass accounts for 2 to 4 % of the total organic C in the soil, but because
it is an active fraction of SOM, it is more sensitive than the levels of total organic C for
ascertaining changes caused by soil use or management practices (Gama-Rodrigues
and Gama-Rodrigues, 2008).

Techniques involving physical fractionation of soil samples can be useful to evaluate
alterations in the SOM compartments, especially in short time frames (Rossi et al., 2012).
These techniques are also considered to be less destructive, and the results obtained are
directly related to the structure and function of the organic matter in situ (Ladd et al.,
1993). Additionally, by measurement of the light SOM fraction (labile C), obtained in
physical fractionation, it is possible to calculate the carbon management index (CMI),
which is a measure of the relative sustainability of different systems and can be used to
compare the changes that occur in the concentrations of labile and total C as a result
of farming practices (Vieira et al., 2007).

Another method that can be used to evaluate the quality of SOM is laser-induced fluorescence
spectroscopy (Milori et al., 2006), which allows determination of the humification of
the soil in samples without pretreatment. According to these authors, light in the blue
wavelength region (465 nm) mainly excites structures whose concentration increases
during the humification process, such as functional groups with unsaturated bonds in
rigid conjugated systems (conjugated and/or substituted aromatic rings, quinones, etc.)
(Favoretto et al., 2008). Therefore, the fluorescence signal emitted is proportional to the
degree of humification of the SOM.
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The hypothesis of this study was that the cultivation of Jatropha spp. improves the quality
of the SOM in relation to previous soil uses and that this improvement increases with time.
Therefore, we evaluated alterations in the quality of soil organic matter by quantifying the
concentrations of C in the physical SOM fractions, the C stocks, the C management index,
the degree of humification of C and the concentrations of C and N in the microbial biomass
in chronosequences of Jatropha spp. cultivation under different edaphoclimatic conditions.

MATERIALS AND METHODS

Characterization of the studied areas

The study was carried out in three chronosequences in locations with different soil uses
and contrasting edaphoclimatic conditions: Planaltina (Distrito Federal), Dourados (Mato
Grosso do Sul), and Araripina (Pernambuco). These locations were chosen as representative
of the conditions under which Jatropha spp. is typically cultivated in Brazil.

In Planaltina, the study was carried out in the experimental field of Embrapa Cerrados,
at 15° 35" S and 47° 42’ W and average altitude of 1,200 m above sea level. The rainy
season lasts from October through April, with annual rainfall of 1,400 to 1,600 mm, 80 % of
which falls between November and April. The average temperature is 21 °C, and remains
relatively stable for most of the year. The soil is classified as a typical Latossolo Vermelho
Distrdfico tipico according to the Brazilian Soil Classification System (Santos et al., 2013),
and as a Rhodic Hapludox by the Soil Taxonomy system (Soil Survey Staff, 2014), with
a predominantly clayey texture.

The soil samples in Planaltina came from a chronosequence composed of four areas
cultivated with Jatropha spp., first planted 1 (J1), 2 (J2), 3 (J3), and 4 years (J4) beforehand
in areas formerly occupied by pastures. Additionally, two adjacent areas were evaluated,
with soils having the same textural class, one cultivated with forage grasses for about
30 years and the other with native vegetation (Cerrado, Brazilian tropical savanna, used
as reference), for a total of six areas.

The second study location was situated in the experimental field of Embrapa Agropecudria
Oeste, with geographic coordinates of 22° 14’ S and 54° 49" W and average altitude of
452 m, in the municipality of Dourados. The climate in the region is classified as humid
mesothermal (Cwa according to the Képpen scale), with hot and wet summers and dry
winters. The average annual rainfall is 1,500 mm and average annual temperature is
22 °C. The soil is also classified as a Latossolo Vermelho Distroférrico tipico according to
the Brazilian Soil Classification System (Santos et al., 2013), and as a Rhodic Hapludox by
the Soil Taxonomy system (Soil Survey Staff, 2014), with a predominantly clayey texture.

In Dourados, samples were obtained from a chronosequence composed of three areas
cultivated with Jatropha spp., that were initially planted 3 (J3), 5 (J5), and 7 years (J7)
before, as well as in an area formerly occupied by annual cropping (corn) with conventional
preparation for over 30 years and an area with native vegetation (Atlantic Forest, used
as a reference), for a total of five areas.

The final location studied was in Araripina, in the experimental field of the Pernambuco
Agronomic Institute, located at 07° 27’ Sand 40° 24’ W at an altitude of 831 m. The climate
is tropical semiarid, with the rainy season lasting from November to April, average annual
precipitation of 750 mm, and average temperature of 24 °C. The soil is classified as a
Latossolo Amarelo Distréfico tipico according to the Brazilian Soil Classification System
(Santos et al., 2013), and as Xanthic Hapludox by the Soil Taxonomy system (Soil Survey
Staff, 2014), with sandy-clay-loam texture. The chronosequence sampled was composed
of two areas cultivated with Jatropha spp., first planted 4 (J4) and 6 years (J6) beforehand,
and one with native vegetation (Caatinga, xeric shrubland, used a as reference), for a
total of three areas.
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In each of the areas, soil samples were collected in five trenches at depths of 0.00-0.10,
0.10-0.20, 0.20-0.30, 0.30-0.40, 0.40-0.60, 0.60-0.80 and 0.80-1.00 m. However, only
the samples taken from the depths of 0.00-0.10 (surface layer), 0.20-0.30 (intermediate
layer), and 0.80-1.00 m (deep layer) were used to evaluate the alterations in the quality
of organic matter. The choice of those layers was based on the differences in the C stocks
among them, as well as the different responses to changes in soil use.

After collection, the soil samples were air dried, homogenized, sifted through a 2 mm sieve
and subjected to the sequence of analyses. The chemical and physical properties of the
areas evaluated in Planaltina-DF, Dourados-MS, and Araripina-PE are shown in table 1.

Fractionation of soil organic matter

Soil samples from depths of 0.00-0.10, 0.20-0.30, and 0.80-1.00 m were used for physical
fractionation of the soil organic matter (SOM), with five replications. The fractions were
separated by the particle size method described by Cambardella and Elliott (1992).
This involved mixing 20 g samples in 70 mL of distilled water in 100 mL glass flasks.
Then the suspensions were subjected to dispersion by ultrasound for 15 min at the
70 % power setting, supplying energy of 130 ) mL™.

After sonication, the samples were passed through a set of two sieves, one with openings
of 75 um (200 mesh) and the other with 53 um (270 mesh). The fractions that remained
in the 200 mesh sieve were separated into an organic fraction (OF 75-2,000 um) and
a mineral fraction 1 (MF1 75-2,000 um) by flotation in water. In turn, the fractions that
passed through the 200 mesh sieve were separated in the 270 mesh sieve into a mineral
fraction 2 (MF2 53-75 um), which was retained in the sieve, and an organomineral fraction
(OMF <53 um), which passed through the sieve. The MF1 and MF2 fractions together
composed the mineral fraction (MF 53-2,000 pm).

At the end of physical fractionation, the following fractions were obtained: OF 75-2,000 um;
MF 53-2,000 um; and OMF <53 um. The recovery of initial mass after fractionation was higher
than 95 %, indicating there were no significant losses in mass of the samples from the process.

The fractions were identified and placed in an oven at 45 °C for complete drying.
Then the samples were weighed and ground. The concentrations of C in the fractions
were determined by the dry combustion method (Nelson and Sommers, 1982) in an
elemental analyzer. Based on the masses of each fraction (g of fraction kg™ of soil) and
C concentration (g of C kg™ of fraction), the quantities of C of the fractions were calculated,
expressed as g kg™ of soil. Additionally, the total levels of organic C were determined for
all the soil samples used in the physical fractionation of the SOM.

Carbon Management Index (CMI)

The CMI was calculated from the values of labile carbon (LC) and total organic carbon (TOC),
expressed as stock (Mg ha™). The LC refers to the light fraction of the SOM, with particle size
between 75 and 2,000 um, obtained in the physical fractionation (Vieira et al., 2007), whereas
the non-labile carbon (NLC) was determined by the difference (NLC = TOC - LC). The stocks of
total carbon (CS), labile C (LCS), and non-labile C (NLCS) were calculated by multiplying the
concentration obtained in percent by the soil density (Mg dm?) and thickness of the layer (m).

The lability (L) of the C, both in the reference and cultivated areas, was obtained by
dividing LCS by NLCS. Based on these changes in the proportion of LCS (L = LCS/NLCS)
in the soil, the lability index (LI) was determined as: LI = L yvated/Lreterence: AlSO, based on
the changes in the CS values between a reference system and corresponding cultivated
system, the carbon pool index (CPI) was obtained, calculated as: CPl = CS_yivated/ CSreterence-

Finally, these two indices were used to calculate the CMI, according to the following
expression: CMI = CPI x LI x 100, as proposed by Blair et al. (1995).
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Table 1. Chemical and physical properties in soils with different uses in Planaltina-DF, Dourados-MS, and Araripina-PE, Brazil

Area"” pH(CacCl,) CECe? CECt"? v® p® s'® BD" Clay®
mmol, dm? % mg dm™ Mg m? g kg
0.00-0.10 m
Planaltina
Cerrado 4.0 17.7 96.3 3.3 3.9 1.5 1.09 515
Pasture 4.8 22.4 67.6 31.8 3.8 2.3 1.18 568
J1 5.4 50.1 76.9 64.8 4.5 5.9 1.10 575
J2 5.3 49.7 75.8 65.2 4.5 4.5 1.09 588
J3 5.3 63.1 89.7 69.0 7.5 2.6 1.10 567
J4 5.2 43.8 78.9 53.9 6.6 4.4 1.19 598
Dourados
Atlantic Forest 53 112.1 157.0 70.7 16.2 8.5 0.89 699
Annual crops 4.6 46.0 108.7 39.3 48.4 17.0 1.22 623
3 4.4 43.9 132.5 28.7 28.0 22.9 1.15 654
J5 4.5 53.1 130.9 38.8 42.8 15.8 1.06 650
J7 5.0 65.6 111.3 58.1 39.7 8.6 1.21 606
Araripina
Caatinga 3.9 11.9 39.1 19.2 2.0 10.2 1.33 202
J4 4.8 22.9 37.1 51.4 10.4 18.0 1.28 204
]6 4.2 13.6 38.3 27.3 8.0 22.5 1.33 236
0.20-0.30 m
Planaltina
Cerrado 4.1 10.8 70.8 2.4 2.8 0.5 1.10 556
Pasture 4.5 11.3 62.7 14.4 2.9 12.0 1.14 602
J1 4.7 15.4 57.9 25.1 2.9 16.5 1.13 604
]2 4.7 19.5 58.0 32.0 2.9 17.7 1.13 598
3 4.6 215 63.6 32.1 3.7 8.4 1.17 589
J4 4.5 11.7 57.3 18.0 4.2 13.9 1.14 607
Dourados
Atlantic Forest 4.9 49.3 98.7 48.5 9.2 7.9 1.07 718
Annual crops 4.5 26.7 78.7 27.7 10.4 84.0 1.09 652
J3 4.5 31.2 100.2 25.5 4.5 59.5 1.10 691
]5 4.5 37.2 98.6 32.8 6.3 70.5 1.19 684
J7 4.8 39.2 85.9 42.9 7.3 30.6 1.23 625
Araripina
Caatinga 3.8 8.0 26.8 10.5 1.0 4.8 1.43 206
J4 4.1 9.5 27.5 21.6 2.3 8.9 1.38 209
6 3.7 7.1 32.2 9.6 2.8 16.8 1.43 208
0.80-1.00 m
Planaltina
Cerrado 4.2 4.0 47.3 3.1 2.2 1.3 0.94 570
Pasture 4.4 4.1 41.1 7.3 2.2 11.0 0.92 612
J1 4.7 3.8 33.9 8.2 2.1 4.0 0.88 635
J2 4.7 4.0 34.6 8.8 1.7 3.4 0.87 614
J3 4.4 3.1 37.9 5.5 2.2 4.4 0.98 609
14 4.4 5.8 38.6 12.2 2.9 7.4 0.88 633
Dourados
Atlantic Forest 4.8 21.7 61.5 33.8 6.6 4.4 1.04 771
Annual crops 4.2 14.3 68.7 6.7 6.6 2.9 1.12 652
J3 4.2 23.0 94.0 7.8 1.8 2. 0.94 727
J5 4.1 30.7 106.7 7.5 2.3 4.5 0.86 740
J7 4.5 9.4 52.3 15.2 3.2 5.2 1.07 654
Araripina
Caatinga 4.0 11.0 32.0 12.3 1.0 35.8 1.37 388
J4 4.0 11.0 30.6 13.3 15 68.0 1.23 430
6 3.9 8.3 32.8 9.0 1.7 37.5 1.37 381

™ The areas evaluated refer to cultivation with Jatropha spp. over 1 (J1), 2 (J2), 3 (J3), 4 (J4), 5 (J5), 6 ()6), and 7 (J7) years, pasture, annual crops, and native
vegetation (Cerrado, Atlantic Forest, and Caatinga). © Effective cation exchange capacity (CECe = BS+Al). ® Total cation exchange capacity at pH 7.0
[CECt = BS + (H+Al)]. ” Base saturation [V = (BS x 100)/T]. ® Phosphorus was extracted by the resin ion exchange method and quantified by calorimetry
(Raij et al., 2001). © Sulfur was extracted with 0.01 mol L* monocalcium phosphate and quantified by turbidimetry (Raij et al., 2001). ™ Soil bulk density was
determined by the volumetric ring method (Claessen, 1997). ® Clay content was determined by the Bouyoucos densimetry method (Grossman and Reinsch, 2002).
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Laser-Induced Fluorescence spectroscopy (LIF)

Laser-Induced Fluorescence spectroscopy (LIF) is a soil analysis technique that has proven
to be efficient in analyzing SOM in whole soil samples, providing fast and clear results under
conditions near to natural ones (Milori et al., 2006). The technique consists of exciting
functional groups of SOM with a laser with emission in the ultraviolet-blue region, resulting
in fluorescence of functional groups of organic matter related to the humification process.
This fluorescence occurs in the visible region, with a peak at approximately 510 nm.

Measurements were performed in soil samples from three layers (0.00-0.10, 0.20-0.30,
and 0.80-1.00 m) in the different study areas. The humification index by the LIF method
(Hyf) was obtained by the ratio between the area under the fluorescence emission
spectrum and the total carbon content (g kg™) present in the sample (Milori et al., 2006).

Microbial biomass

The levels of C and N in the microbial biomass were determined in the soil samples
collected in the surface layer (0.00-0.10 m) by the extraction-fumigation method described
by Vance et al. (1987), which consists of comparing samples fumigated with chloroform
and control samples (not fumigated). Chloroform kills and ruptures the microbial cells,
but does not affect the non-living organic matter.

For extraction, the fumigated and non-fumigated samples were placed in 250 mL Erlenmeyer
flasks, into which 100 mL of a 0.5 mol L™ solution of potassium sulfate was added. Then
each flask was stirred for 30 min and the extracts were centrifuged at 1,200 rpm. The
extracts were then removed from the centrifuge tubes with a 50 mL syringe and passed
through a 120 mesh (0.125 mm) polyester filter. In this step, an aliquot of extract was
separated for determination of C and another for determination of N.

The organic C content was measured by the wet oxidation-redox titration method
(Walkley and Black, 1934). Microbial C was obtained by the difference between the levels
of organic C in the fumigated and non-fumigated samples, multiplied by the correction
factor related to extraction efficiency of 0.38 (Vance et al., 1987).

The N content of the microbial biomass was quantified by the N-ninhydrin method (Joergensen
and Brookes, 1990). Ninhydrin is a compound that, when decarboxylated, reacts with substances
of the a-amino group, produced by microbial cells, forming a violet-colored complex whose
shade of coloration is proportional to the concentration of N present in the extract. Microbial
N was obtained by the difference between the organic N contents of the fumigated and
non-fumigated samples, multiplied by the correction factor related to extraction efficiency of 3.1.

Statistical analysis

The results of the contents of total C and OF 75-2,000 um, MF 53-2,000 ym, and OMF
<53 um fractions obtained in fractionation of the soil organic matter, the humification
index (H,), the levels of C and N, and the C/N ratio of the microbial biomass underwent
comparative analysis in accordance with the different soil uses in Planaltina, Dourados, and
Araripina. For that purpose, the results were subjected to analysis of variance, considering
a completely randomized experimental design, with five replications, and the difference in
means was evaluated by the Tukey test (a=0.05), applying the SAS 9.3 statistical program.

RESULTS AND DISCUSSION

Carbon in the granulometric fractions of soil organic matter

The organomineral fraction (OMF), with particle size smaller than 53 um, contained
higher concentrations of C than the other fractions evaluated, irrespective of the area
and depth analyzed (Figure 1). This fraction contained an average of 79, 92, and 85 %
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C (g kg™

total C content in the areas of Planaltina, Dourados, and Araripina, respectively, for the
surface layer (0.00-0.10 m).

As depth increased, so did the relative contribution of OMF to the TOC. In the deepest
layer (0.80-1.00 m), these contributions were 83, 95, and 92 % in Planaltina, Dourados,
and Araripina, respectively. In general, the clay fraction contained most of the total C,
with a high degree of decomposition and longer residence time (von Lutzow et al., 2008).

m Cerrado
m Pasture
m)l
m)2
m)3
mJ4

m Atlantic Forest
m Annual crops
m)3

m)5

=7

o Caatinga
m 4
mJ6
1 1
OF MF OMF  TOC OF MF OMF  TOC OF MF OMF  TOC
0-0.10 0.20-0.30 0.80-1.00

Soil depth (m)

Figure 1. Concentrations of total organic carbon (TOC) and the organic fraction (OF), mineral fraction (MF), and organomineral fraction
(OMF) of soil organic matter under different uses at depths of 0.00-0.10, 0.20-0.30, and 0.80-1.00 m in Planaltina-DF (a), Dourados-MS
(b), and Araripina-PE (c), Brazil. The areas evaluated correspond to cultivation with Jatropha spp. over 1 (J1), 2 (J2), 3 (J3), 4 (J4), 5 (J5),
6 (J6), and 7 (J7) years, pasture, annual crops, and areas with native vegetation (Cerrado, Atlantic Forest, and Caatinga). Vertical lines
represent a significant minimum difference by the Tukey test (a<0.05) between soil uses at the same depth and the same fraction or soil.
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The mineral fraction (MF), with particle size between 53 and 2,000 um, basically composed
of sand (coarse, medium, and fine), represented approximately 15.5 and 8 % of the TOC
in Planaltina, Dourados, and Araripina, respectively, in the surface layer. Bayer et al.
(2006), investigating an Acrisol with sandy-loamy texture, observed that the total C
reservoirs in this fraction were lower than 10 %.

The higher levels of the MF observed in the samples from Planaltina were probably
due to the method of separating the organic and mineral fractions in this study, which
consisted of separation by flotation in water, unlike the traditional densimetric method of
physical fractionation of SOM, in which liquids with higher density than water are used,
permitting better separation of these fractions (Deon, 2013). Therefore, a portion of the
organic fraction was left behind in the mineral fraction, enriching it with C and causing
overestimation of the contents of the MF in the areas evaluated in Planaltina.

The organic fraction (OF), with particle size between 75 and 2,000 um, corresponds to the
micro-organic, particulate, or free light fraction of material. It is basically composed of
plant residues in the initial decomposition stages, roots, and fungal hyphae (Cambardella
and Elliot, 1992). In the three areas studied, this fraction accounted for approximately
6, 3, and 7 % of the TOC in Planaltina, Dourados, and Araripina, respectively, in the
surface layer, with reduction in its quantity as depth increased. These variations in the
quantity of the organic fraction in the soil profile are expected since this fraction is highly
dependent on the input of C by plant residues and variation in the quantity of these
residues in accordance with different cultivation systems.

In Planaltina, the labile fractions of the SOM (OF and MF) were more responsive to the
change in soil use, with the highest values of C associated with these fractions occurring
in the pasture areas, especially in the surface layer. In the soil under pasture for more
than 30 years, increases of 8, 21, and 6 % were observed in the levels of C in the OF,
MF, and OMF, respectively, in the surface layer. In comparison with the values obtained
in the Cerrado areas, the same tendency regarding TOC was observed.

Comparing areas in pasture for more than 17 years with native vegetation (Amazon Forest),
Lisboa et al. (2009) observed increases in C levels in all fractions, as well as alterations in
C distribution among the fractions. In turn, Heid et al. (2009) reported reductions of 30.6
and 15.7 % of the C in the OF and OMF, respectively, in a pasture area in relation to the
values observed in native forest in the 0.00-0.20 m layer of a Latossolo Vermelho Distréfico.

At the beginning of cultivation of Jatropha spp. in Planaltina, the concentration of Cin the OF
decreased by 45 % in the surface layer (0.00-0.10 m) in relation to the area with annual crops,
but four years of this cultivation led to recovery of 26 % of the C in the OF. Ogunwole et al.
(2008), studying the impact of growing Jatropha curcas on the quality of a degraded Entisol
in India, found alterations in the levels of C and N and also in the soil structure. The authors
attributed the improvement in soil quality to the fact that Jatropha curcas is a perennial and
deciduous plant, which assures larger input of plant matter in the soil.

In Dourados, unlike in Planaltina, all the fractions were affected by the soil use, with the
lowest values being observed in the area under annual cropping (corn) in all the fractions
and depths. The shift from Atlantic Forest to annual cropping reduced the C by averages
of 80, 34, and 25 % in the OF, MF, and OMF, respectively. In turn, the change from
annual cultivation to Jatropha spp. maintained the levels of C of the OMF and increased
the C associated with the other fractions, especially in the surface layer (0.00-0.10 m).
However, the cultivation of Jatropha spp. for seven years was not sufficient to bring the
levels of C up to those observed in the area with native vegetation.

The lower values measured in the area with annual cropping indicate that the conventional
management used in the area reduces the input of plant residues and increases the
exposure of the SOM to decomposition by microorganisms. Hartman et al. (2014),
investigating the quantity of C in the soil in two long-term experiments involving two
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farming practices (no-till and conventional) and crop rotation, observed a reduction of
45.7 g kg™ in the content of TOC in a Latossolo Vermelho Distréfico in Ponta Grossa,
Parand, and 37 % of this decrease was C in the particulate fraction, indicating a clear
reduction of C associated with minerals.

In Araripina, there was no statistical difference (p<0.05) among the concentrations of
C in accordance with the different soil uses for the three SOM fractions and the depths
analyzed, although the OF showed the greatest variations as a result of soil use. It can
thus be inferred that although the time intervals and uses of the areas were different, the
input of plant matter in the soil was similar. On average, the C values associated with the
SOM fractions ranged from 0.61 to 0.05 g kg™ in the OF, from 0.82 to 0.23 g kg™ in the
MF, and from 8.01 to 3.13 g kg™ in the OMF among the depths. The average contributions
to the TOC of the OF, MF, and OMF were 6, 9, and 85 %, respectively, in the surface layer.

Soil carbon stock and carbon management index (CMI)

In Planaltina, in the surface layer (0.00-0.10 m), the C stock in the pasture was 17 %
higher than in the area with native vegetation (Table 2). Several researchers have reported
that the conversion of Cerrado (savanna) to pasture increases the quantity of C in the
soil (Corazza et al., 1999; Lardy et al., 2002; Carvalho et al., 2010).

Among the areas cultivated with Jatropha spp. in Planaltina, the highest C stocks were
observed in the area under this cultivation for 4 years (J4), reaching 23.49 Mg ha™ in the
surface layer (Table 2), greater than the C stocks in the pasture and Cerrado areas.
In the intermediate layer (0.20-0.30 m), as of two years of Jatropha spp. cultivation, the
C stocks already surpassed those in the pasture and Cerrado areas.

In Dourados, the conversion from native vegetation to annual cropping (corn) with
conventional soil preparation for 30 years reduced the C stocks by 11.2 and 24.3 % in
the surface (0.00-0.10 m) and intermediate (0.20-0.30 m) layers, respectively (Table 2).
Annual cropping, with intense soil turnover, causes a reduction in the C stock accumulated
in the soil profile, as observed by Corazza et al. (1999) and La Scala Junior et al. (2012).

In the areas cultivated with Jatropha spp. in Dourados, there was a tendency for the C stocks
to increase in accordance with cultivation time. The area with the longest Jatropha spp.
cultivation ()7) reached C stocks of 16.13 and 11.13 Mg ha™ in the surface and intermediate
layers, respectively, exceeding the C stock in the annually cropped area (Table 2).

The different soil uses (Caatinga, Jatropha for 4 and 6 years) in Araripina rendered similar
C stocks for the two depths evaluated (Table 2). The average C stock values in these
areas were 12.4 and 6.6 Mg ha for the surface and intermediate layers, respectively.

There is little information in the literature on the influence of cultivating Jatropha spp. on
soil quality, especially the accumulation of C. Changes in C stocks in areas cultivated with
Jatropha spp. range from losses of 34 to 50 Mg ha™ of C when shifting from Caatinga and
Cerrado native vegetation to Jatropha spp., respectively, to gains of 10 to 15 Mg ha™ of C
when changing to Jatropha spp. from agropastoral systems (Bailis and Baka, 2010;
Bailis and McCarthy, 2011).

Evaluating the impact of converting from native vegetation to cultivation of Jatropha
curcas in semiarid regions of Brazil and India, Bailis and McCarthy (2011) found losses
of up to 54 % in C stocks in the cultivated areas analyzed in Brazil in the 0.00-0.30 m
layer. However, the authors stressed that despite being adjacent to the cultivated area,
the area with native vegetation (Caatinga) used as reference for the study in Brazil had
different soil texture values than the area planted to J. curcas, making validation of the
chronosequence difficult. In contrast, Wani et al. (2012) found increases of up to 19 % in
the C stocks in seven degraded areas in India in the 0.00-0.15 m layer, with maximum
annual rainfall of 800 mm.
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In general, the results of this study show that the cultivation of Jatropha spp. maintained
the C stocks in the soil, irrespective of the previous soil use (pasture, annual cropping,
or native vegetation), with a tendency to increase the C stocks in accordance with the
time of Jatropha spp. cultivation.

Table 2. Stocks of soil carbon (CS), labile carbon (LCS), and non-labile carbon (NLCS), carbon pool index (CPI), lability (L), lability
index (LI), and carbon management index (CMI) at depths of 0.00-0.10 and 0.20-0.30 m in soils with different uses in Planaltina-DF,
Dourados-MS, and Araripina-PE, Brazil

Area™ cs LCS NLCS cPI® L“ LI® cMmI®
Mg ha™
0.00-0.10 m
Planaltina
Cerrado® 19.73 1.43 18.30 1.00 0.08 1.00 100
Pasture 23.09 1.66 21.43 1.17 0.08 0.99 116
J1 20.98 0.85 20.13 1.06 0.04 0.54 57
2 21.04 0.83 20.21 1.07 0.04 0.53 56
13 21.19 1.00 20.19 1.17 0.05 0.64 68
4 23.49 1.35 22.14 1.19 0.06 0.78 93
Dourados
Atlantic Forest? 17.40 0.49 16.91 1.00 0.03 1.00 100
Annual crops 15.45 0.25 15.20 0.89 0.02 0.58 52
13 14.19 0.52 13.67 0.82 0.04 1.31 107
J5 13.42 0.55 12.87 0.77 0.04 1.49 115
)7 16.13 0.60 15.53 0.93 0.04 1.34 124
Araripina
Caatinga® 12.87 1.24 11.63 1.00 0.11 1.00 100
J4 11.83 0.49 11.34 0.92 0.04 0.40 37
16 12.53 0.70 11.83 0.97 0.06 0.55 54
0.20-0.30 m
Planaltina
Cerrado® 15.20 0.50 14.70 1.00 0.03 1.00 100
Pasture 14.23 0.18 14.05 0.94 0.01 0.38 35
J1 14.59 0.23 14.36 0.96 0.02 0.48 46
2 15.26 0.18 15.06 1.00 0.01 0.36 36
;3 16.12 0.27 15.85 1.06 0.02 0.49 52
4 15.74 0.25 15.49 1.04 0.02 0.47 48
Dourados
Atlantic forest® 12.19 0.20 11.99 1.00 0.02 1.00 100
Annual crops 9.23 0.02 9.21 0.76 0.00 0.11 8
;3 9.54 0.06 9.48 0.78 0.01 0.38 29
J5 10.56 0.15 10.41 0.87 0.01 0.88 76
)7 11.13 0.15 10.96 0.91 0.02 0.93 85
Araripina
Caatinga® 6.38 0.11 6.27 1.00 0.02 1.00 100
J4 6.46 0.08 6.38 1.01 0.01 0.71 72
16 7.11 0.09 7.02 1.11 0.01 0.74 82

™ The areas evaluated refer to cultivation with Jatropha spp. over 1 (J1), 2 ()2), 3 (J3), 4 (J4), 5 (J5), 6 (J6), and 7 (J7) years, pasture, annual crops, and
native vegetation (Cerrado, Atlantic Forest, and Caatinga). ® The area with native vegetation was taken as a reference at each depth to calculate
CPI, LI, and CMI. ® CPI: C stock in the cultivated area/C stock in the reference area. “ Lability (L): stock of labile C in the cultivated area/stock of
non-labile C in the cultivated area. ® LI: lability in the cultivated area/lability in the reference area. ® CMI = CPI x LI x 100.
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The carbon management index (CMI) is an integrated measure of the quantitative and
qualitative characteristics of the SOM to help evaluate the performance of a determined
soil use or management system regarding loss or gain in quality of the SOM in comparison
to a reference area (Vieira et al., 2007).

The areas in pasture and Jatropha spp. for longer periods exhibited CPI values near to
or greater than those of native vegetation (Table 2). According to Vieira et al. (2007),
the CPI is strongly correlated with the yearly addition of C to the soil. Therefore, the
results reflect the potential of well-managed pastures and cultivation of Jatropha spp.
for accumulating C in a larger amount than in the areas with native vegetation.

By contributing different quantities of C to the soil, the land uses also altered the L and
LI of the SOM, that is, the proportion of labile in relation to non-labile organic matter. In
general, the values of L and LI were higher in the native vegetation areas than in the other
areas, and in the areas planted to Jatropha spp., these values increased progressively
with longer cultivation times. In Dourados, the L and LI values in the Jatropha spp. areas
were greater than in the area still used for annual cropping. This result can be explained
by the larger input of plant residues in the soil surface in the areas with Jatropha spp.
plants in relation to the area used to grow corn.

With the exception of the soil samples from the surface layer of the pasture area in
Planaltina and Jatropha spp. area in Dourados, the other soil uses had lower CMI values
than those of the reference area in the surface and intermediate layers. Additionally,
in the Jatropha spp. areas, the CMI increased in accordance with cultivation time, with
the highest value being observed for )7 (124) in the surface layer in Dourados (Table 2).
The system with the greatest soil turnover and lowest maintenance of plant residues
on the surface (annual cropping) had the lowest CMI values, at 52 and 8 for the depths
of 0.00-0.10 and 0.20-0.30 m, respectively.

The existence of soil management or use systems with CMI values greater than or equal
to that of native vegetation (100), used as a reference, demonstrates the ability of these
systems to improve the soil quality and promote the sustainability of agroecosystems.
In turn, CMI values lower than 100 indicate a negative impact of soil management or
use practices on carbon contained in the SOM (Blair et al., 1995).

Therefore, the higher CMI (116) found in the pasture in the surface layer reflects the potential
of well-managed pastures to accumulate C in the soil in quantities greater than or equal
to those observed in areas with native vegetation. Schiavo et al. (2011), comparing areas
with annual cropping and pasture against areas with native vegetation, observed that the
pasture areas had CMI values near to or higher than in the native vegetation area. However,
Assmann et al. (2014) stated that high grazing intensity in pastures results in losses of C
in the soil and lower CMI in comparison with areas with native vegetation.

In the areas planted to Jatropha spp. for longer periods in Planaltina and Dourados, the
CMI values were close to or greater than those in the reference areas in the surface layer
(Table 2), due to the higher LI values in these areas. Management systems with CMI
values greater than or equal to those of the reference area (better preserved areas) help
promote the sustainability of agroecosystems in tropical regions due to the maintenance
of C in the soil (Silva et al., 2011).

Therefore, the fact that cultivating Jatropha spp. increases the CMI with longer cultivation
times demonstrates the capacity of these plants to improve the SOM by maintaining the
lability of the SOM at a level similar to or greater than in the reference areas.

Soil organic matter humification index (H,;)

The values of the SOM humification index (H,) were lowest in the surface layer (0.00-0.10 m)
for all the soil uses and locations evaluated (Figure 2). This is a result of deposition of
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labile C from plant residues on the soil surface, causing dilution of the more humified
organic matter, resulting in high C concentrations and a low degree of humification of
organic matter on the surface (Favoretto et al., 2008; Segnini et al., 2013).

The H,¢ values increased with greater depth. The values in the deepest layer (0.80-1.00 m)
were three times those observed in the surface layer, indicating that the deeper the soil is,
the more recalcitrant SOM is.

The H, values observed in the areas studied in Araripina were approximately four and
five times those of the different soil uses in Dourados and Planaltina, respectively, in all
the layers sampled, indicating that preservation of the more aromatic components of
the SOM is a predominant mechanism in this environment.

The difference in the H, between contrasting locations, such as the regions analyzed
in this study, is related to the C content, composition of the SOM, characteristics of
the mineral fraction, and/or soil structure (Baldock and Skjemstad, 2000; Tivet et al.,
2013). Therefore, in the Caatinga biome, the higher H ¢ values in the soil samples can
be attributed to the characteristics of the plant matter contributed to the soil, with high
concentrations of lignin, a precursor of humic substances (Santos et al., 2008).

In Planaltina, the H,; value was statistically greater in the Cerrado soil at all depths
evaluated (Figure 2). Among the other soil uses, there were no statistical differences in
the degree of humification, with the highest values being observed in the pasture soil.

These results indicate that increases in the levels of C after conversion of native vegetation
to pasture and Jatropha spp. are associated with increases in the less stable organic
matter. Xavier (2014), comparing degraded and rehabilitated pasture areas and a
reference area with native vegetation (Atlantic Forest), observed higher levels of C and
lower H, values in the soils from the recovered pasture.

In Dourados, the highest H,; values (p<0.05) were observed in the soil under annual
cultivation at the depths of 0.00-0.10 and 0.20-0.30 m. This finding can be attributed
to the lower contribution of labile organic matter on the surface from conventional
annual cropping, causing a relative increase in the more humified organic matter, thus
resulting in lower levels of C and a higher degree of humification of the organic matter
(Favoretto et al., 2008).

Furthermore, the use of conventional tillage, with intense soil turnover, increases the
preferential oxidation of the more labile fractions of the SOM and reduces the preservation
of these structures by physical protection through aggregation (Favoretto et al., 2008;
Segnini et al., 2013; Tivet et al., 2013). The lower H,; values in the soil in the Atlantic
forest and Jatropha spp. areas, for their part, suggest greater physical protection of the
more labile portion of the SOM in these systems.

In Araripina, the H,; values were similar for all the soil uses (Caatinga, )4, and J6), at all the
depths analyzed. The conversion of Caatinga to cultivation of Jatropha spp. did not alter
the levels of C and the degree of humification of the SOM, probably because the residues
of Jatropha spp. plants have high levels of lignin, which is resistant to decomposition.
Therefore, the system remained in equilibrium over the years of cultivating these plants.

Carbon and nitrogen in the soil microbial biomass

The concentrations of C and N in the microbial biomass (C-MB and N-MB) varied significantly
(p<0.05) among the types of soil use (Table 3). In Planaltina and Dourados, the soils
under native vegetation (Cerrado and Atlantic Forest) had the highest values of C and
N in the microbial biomass. The high values of C-MB in areas with native vegetation can
be attributed to the higher input and greater diversity of the organic substrate produced
in these systems (Pulrolnik et al., 2009).
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In the Caatinga biome in Araripina, reduction in the levels of C-MB was smaller than in
the other biomes evaluated. This can be attributed to the natural selection of microbial
communities adapted to stressful conditions (high temperatures and intermittent
droughts), such that the disturbances connected with agriculture were not sufficient
to reduce the microbial biomass.

(a) Clg Kgrl) Hye (a.u.)
0 3 6 9 12 15 18 21 24 1.000 2.000 3.000 4.000 5.000 6.000
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---0@--- Pasture
+J1
-3 )2
0.80-1.00 —— 3 *
---A---J4

0 3 6 9 12 15 18 21 24 1.000 2.000 3.000 4.000 5.000 6.000
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£ 020-030}

e

°

()
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(c)
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-4
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Figure 2. Carbon content and soil organic matter humification index (Hy¢) in soil samples from depths of 0.00-0.10, 0.20-0.30, and
0.80-1.00 min areas under different uses in Planaltina-DF (a), Dourados-MS (b), and Araripina-PE (c), Brazil. The areas evaluated refer to
cultivation with Jatropha spp. over 1 (J1), 2 (J2), 3 (J3), 4 (J4), 5 (J5), 6 ()6), and 7 (J7) years, pasture, annual crops, and areas with native
vegetation (Cerrado, Atlantic Forest, and Caatinga). * and ns: significant and not significant, respectively, by the Tukey test (a<0.05).
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Table 3. Concentrations of carbon and nitrogen and C/N ratio of the microbial biomass of soils with
different uses, at a depth of 0.00-0.10 m in Planaltina-DF, Dourados-MS, and Araripina-PE, Brazil

Area” C N C/N
mg kg™
Planaltina
Cerrado 467.3 a 50.4 a 9a
Pasture 415.7 ab 47.1a 9a
J1 277.2 ab 195 b 14 a
J2 258.5 ab 219b 12 a
13 2242 b 20.3b 1l1la
J4 308.4 ab 28.7 ab 1lla
Dourados
Atlantic Forest 645.4 a 111.0a 6b
Annual crops 1359 ¢ 20.2b 7b
3 242.2 bc 29.3b 8 ab
J5 297.9b 27.3b 1la
J7 281.4 b 33.8b 8 ab
Araripina
Caatinga 287.9 ab 194 a 15a
J4 248.4 b 19.8 a 13 a
6 337.7 a 199 a 16 a

' The areas evaluated refer to cultivation with Jatropha spp. over 1 (J1), 2 (J2), 3 (J3), 4 (J4), 5 (J5), 6 (J6),
and 7 (J7) years, pasture, annual crops, and native vegetation (Cerrado, Atlantic Forest, and Caatinga). Means
followed by the same lowercase letter in the same column do not differ by the Tukey test («<0.05).

The change from native vegetation to pasture, annual cropping, and cultivation of
Jatropha spp. reduced the levels of C-MB by 11, 79, and 14 % in Planaltina, Dourados,
and Araripina, respectively. According to Kaschuk et al. (2011), the conversion from
native vegetation to agropastoral systems tends to alter the microbial biomass in the soil,
reducing the levels of C. The meta-analysis carried out by those authors regarding the
effects of introducing farming in areas previously under natural vegetation in the Amazon,
Caatinga, Cerrado, Atlantic Forest, and Pantanal biomes indicated an average reduction
of 33 % in the levels of C-MB.

Furthermore, according to those authors, the greatest reductions occur when native
vegetation is cleared to plant annual crops (53 %), followed by pasture (27 %), and perennial
crops (21 %). The results of this study also corroborate the observations of Silva et al.
(2012), since the conversion of native vegetation to farming or grazing also reduced the
quantity of C immobilized by microorganisms in the soil.

Among the areas cultivated with Jatropha spp., the C-MB values ranged from
224 to 338 mg kg™ (Table 3). The areas with shorter cultivation times obtained
lower C-MB values in all three locations studied. In Planaltina and Dourados, the
C-MB values increased in accordance with longer Jatropha spp. cultivation time, but
these values were lower than those observed for the soils under native vegetation
(Cerrado and Atlantic Forest). In Araripina, the area cultivated with Jatropha spp.
plants for six years had a C-MB value 17 % higher than that measured for the native
vegetation area (Caatinga).

In the Caatinga biome, where the prevailing conditions are stressful to the microbial
community (high temperatures and extended droughts), the ability of C use
by microorganisms is low. Therefore, microorganisms may have been stimulated by
the improved soil fertility from the input of N and P from fertilizers applied to the
Jatropha spp. plants.
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In the soils studied, the C-MB values ranged from 1.1 to 3.6 % of the total organic C, and
the lowest values were associated with the cultivated soils. Therefore, in the locations
analyzed, microbial biomass was an indicator sensitive to changes in soil quality in
accordance with different uses, as also observed by Fabrizzi et al. (2009), Kaschuk et al.
(2011), and Pessoa et al. (2012).

In the areas under cultivation, besides the lower C-MB levels, the contents of N-MB in the
soil in Planaltina and Dourados also declined (Table 3). In Planaltina, the reductions in N-MB
were 7,61, 57, 60, and 43 % for the pasture, |1, J2, J3, and )4 areas, respectively. The same
pattern was observed when comparing the areas under annual cropping and Jatropha spp.
in Dourados, with reductions of approximately 75 % caused by agricultural activities.

Evaluating the biomass and microbial activity of soil under native vegetation and different
soil uses, Silva et al. (2012) observed that farming practices (annual and perennial cropping),
compared to native vegetation, can cause disturbances in the microbial community, which.
in turn, can reduce the quantity of N immobilized as microbial biomass in the soil.

CONCLUSIONS

Among the instruments used to assess the quality of SOM, the CMI and the C and N
levels in the microbial biomass were the most responsive to the changes in soil use for
all the biomes studied.

The cultivation of Jatropha spp. increased the C stocks, the concentrations of C in the
SOM fractions, the CMI, and the C and N levels in the microbial biomass in accordance
with time of cultivation. These results demonstrate that this cultivation system has the
ability to improve the quality of organic matter in the soil. Additionally, the lower values
of Hyr in the soils cultivated with Jatropha spp. suggest greater physical protection of
the more labile portion of the SOM in this system.
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