Role of soil carbon in the landscape functioning of the Alto
Sao Bartolomeu watershed in the Cerrado region, Brazil
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Abstract — The objective of this work was to evaluate the effect of soil carbon on landscape functioning of
the Oxisols covering the plateaus of the Alto Sdo Bartolomeu watershed, in the Cerrado (Brazilian savanna)
region of Central Brazil. Soil organic carbon (SOC) concentration, carbon stocks, and some soil physical and
chemical characteristics were determined at the 0—0.20-m depth on native and anthropogenic areas. Soils from
cerrado stricto sensu patches were similar both physically and chemically, being affected by exchangeable AI**
and by SOC concentrations, while anthropogenic matrices were affected by soil bulk density, pH, extractable
P, and exchangeable Ca* and Mg*". The estimate of spatial distribution of soil carbon better fitted had an
adjusted R? of 64.49% using soil C stock and 66.50% using SOC concentration from native and anthropic areas.
Estimating SOC concentration from soil and landscape types, using geotechnologies to analyze vegetation
indices, is a potential tool to evaluate the productivity of different agroecosystems, besides contributing to
make management strategies more suitable on large scales.

Index terms: Brazilian savanna, no-tillage, Oxisol, pasture, pedotransfer function, vegetation indices.

Papel do carbono no solo no funcionamento da paisagem
na bacia do Alto Sao Bartolomeu, na regidao do Cerrado

Resumo — O objetivo deste trabalho foi avaliar o efeito do carbono no solo no funcionamento da paisagem
em Latossolos sobre chapadas da bacia hidrografica do Alto Sdo Bartolomeu, na regido do Cerrado do Brasil
Central. A concentragdo de carbono organico no solo (COS), os estoques de carbono no solo, e algumas
caracteristicas fisicas e quimicas do solo foram determinadas a 0—0,20 m de profundidade, em areas nativas
e antropicas. Os solos de fragmentos de cerrado sentido restrito foram semelhantes fisica e quimicamente,
tendo sido influenciados por AI** trocavel e concentragdes de COS, enquanto as matrizes antropicas foram
influenciadas por densidade do solo, pH, P disponivel, e Ca*" e Mg?" trocaveis. A estimativa da distribui¢ao
espacial do COS para areas nativas e antropicas apresentou R? ajustado de 64,49%, com uso de estoques de
carbono, e de 66,50%, com as concentra¢des de COS das areas nativas e antropicas. Estimar a concentragao
de COS a partir do solo e de feigoes da paisagem, por meio do uso de geotecnologias aplicadas aos indices de
vegetacdo, ¢ uma ferramenta potencial para avaliar a produtividade dos agroecossistemas, além de contribuir
para estratégias de gestao mais adequadas em grandes escalas.

Termos para indexagdo: Cerrado brasileiro, plantio direto, Latossolo, pastagem, fun¢do de pedotransferéncia,
indices de vegetacao.

Introduction

Agricultural expansion has been converting natural
ecosystems into anthropogenic ones in most parts of the
world (Foley et al., 2011). These changes in land use and
cover type are modifying the structure, composition,
and functioning of the ecosystems, besides favoring the
formation of mosaics of native vegetation (Southworth
et al., 2004). These mosaics are becoming increasingly

common across the landscape of the Cerrado (Brazilian
savanna) in Central Brazil, where the native plant cover
is being converted, mainly in the south and central
portion of the Cerrado region (Sano et al., 2010).

The area of the Cerrado covers 24% of the Brazilian
territory, distributed in approximately 2,000,000 km?,
reaching 11 of the country’s states, but with only 8%
of its area under legal protection (Beuchle et al., 2015).
The predominant land uses are managed pastures with
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African grasses, basically for cattle breeding, reaching
approximately 50x10° ha, and croplands, reaching
about 20x10° ha. In recent decades, abandoned
pastures have been gradually replaced by large-scale
soybean [Glycine max (L.) Merr.], corn (Zea mays L.),
and sugarcane (Saccharum officinarum L.) plantations
(Sano et al., 2010).

Changes in soil use and management are probably
also modifying carbon and nitrogen dynamics in these
areas, leading to changes in soil carbon and nitrogen
stocks (Bustamante et al., 2012). Differences in land use
and soil type can affect the structural integrity of soil
aggregates and soil organic matter (SOM) oxidation,
which ultimately leads to different soil organic carbon
(SOC) concentrations (Marchdo et al., 2009). However,
topographic aspects, such as surface types and position
within the landscape, may also affect soil characteristics
and, consequently, the spatial distribution of SOC (Epron
et al., 2006). Therefore, quantifying and estimating
changes in carbon stocks can be quite challenging,
considering the efforts to reduce deforestation and
forest degradation (Bustamante et al., 2016), as well as
to optimize the soil ecosystem services provided by the
agroecosystems (Smith et al., 2016).

Landscape analysis can provide a good
understanding of a landscape’s relationship with the
structure and functioning of an ecosystem, integrating
its elements on different scales (Martins et al., 2004a).
One of the major tools for analyzing a landscape is
remote sensing, which stands out in applications for
soil monitoring, planning, use, and conservation.
Target vegetation is used in studies to detect changes
on earth’s surface, mainly through spectral vegetation
indices, which integrate photosynthetic activity to the
biophysical parameters of the targets (Huete, 1988).

Vegetation indices are equations that highlight the
spectral contrast of the vegetation through the division
of spectral bands. Some of these vegetation indices are
considerably good indicators of biomass and, when
combined, they can be correlated with the carbon in
the vegetation (Aragdo & Shimabukuro, 2004). Some
studies have correlated these indices with SOC and can
be used to estimate functioning patterns of ecosystems
and also to inform soil-vegetation management
strategies (Asner et al., 2004). Experiments have
shown high correlations between vegetation indices
and carbon from plant biomass, as observed by
Watzlawick et al. (2009) in an Araucaria forest in the
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state of Rio Grande do Sul and by Bolfe et al. (2012)
in agroforestry systems in the Amazon, both in Brazil.
These studies indicate the potential of vegetation
indices as tools to develop pedotransfer functions
(PTFs) for carbon estimates. In a recent study, also in
the same country, Santos et al. (2014) pointed out a
significant relationship between SOC and biophysical
aspects for different natural Cerrado vegetation covers
and managed pastures in an experimental watershed
in the central region of the Cerrado, generating PTFs
capable of estimating the distribution of soil carbon
concentrations for the first soil meter depth interval.

The objective of this work was to determine the effect
of soil carbon on the landscape functioning in Oxisols
covering the plateaus of the Alto Sdo Bartolomeu
watershed, in the Cerrado (Brazilian savanna) region
of Central Brazil.

Materials and Methods

The study area is located in the northeastern
region of Distrito Federal, Brazil’s federal district
(15°27'10.61"S-15°41'32.90"S and 47°47'22.88"W—
47°27'51.65"W, WGS 84, Zone 23S), and comprises the
upper course of the Sdo Bartolomeu river. The region
is formed by metasedimentary rocks in tectonic contact
of the Paranoa and Canastra geological groups (Martins
et al., 2004b). The climate is a tropical humid savanna
with a well-established dry season, Aw, according to
Koppen, with an annual average precipitation of 1,500
mm, of which over 80% was concentrated between
October and April. The maximum and the minimum
temperatures vary between 27 and 28°C and between 16
and 17°C, respectively. The interaction between parent
material and climate has generated: uplands (such as
plateaus and residuals) and lowlands (depressions),
which are the older and younger features, respectively
(Sena-Souza et al., 2013); as well as land cover. Both
surfaces, i.e., uplands and lowlands, have been subjected
to agriculture and livestock activities, which have
fragmented the natural cover.

The following sampling units were selected for
the experiment: cerrado stricto sensu patches and
surrounding anthropogenic matrices, considering
parent material, geomorphological compartments,
and land cover. The selected sampling units are from
the Paranod geological group, on upland covered by
cerrado stricto sensu physiognomy and on Oxisols.
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These sampling units were selected using the software
Quantum GIS, version 2.6.1 (Open Source Geospatial
Foundation, Beaverton, OR, USA).

The sampling design was the same for every sampling
unit selected. One transect from each patch centroid
(cerrado stricto sensu) surrounded by the anthropogenic
matrix (pasture or no-tillage system) was considered.
The centroid was defined as half of the buffer area from
the core and half of the area between cerrado stricto sensu
patches and the anthropogenic matrix interface. Soil
sampling was done in three soil profiles, at the 0-0.20-
m depth, in three different portions of the sampling unit:
patch core area, interface patch-anthropogenic matrix,
and anthropogenic matrix. Four anthropogenic matrices
were no-tillage systems, whereas four were managed
pastures with African grasses (Figure 1).

Soil was sampled using a Dutch auger. Every soil
sample was air-dried, dismantled, and passed through a
2-mm sieve. Roots and the rest of the plant material were
removed before the analysis. The following physical and
chemical characteristics, were analyzed at the laboratory
for soil, plant tissue, and fertilizer analyses of the
Department of Soil Science of Universidade Federal de
Vigosa: pH in H,O (active acidity), in the proportion 1:2,5;
P (extraction by Mehlich-1); and K, Ca?*, Mg*, and AP**
(extraction by 1 mol L' KCI) (Donagema et al., 2011).
Organic matter was determined by the Walkley-Black
method: FeSO, titration, without external warming, with
efficiency of 77%, later corrected by the van Bemmelen
factor (0.58) to obtain the organic carbon content.

The soil texture analysis was determined at the
laboratory of soil sciences of the Department of
Ecology of Universidade de Brasilia, using the
hydrometer method.

Soil bulk density was sampled with a undeformed
sample auger with volumetric rings of 100 cm?, following
the same sampling design used for the deformed soil
samples. Soil water gravimetric contents were calculated
by the difference between wet and dry soil weights after
the sample was placed in a drying oven at 105°C for
72 hours. Soil carbon stock was then corrected for soil
thickness according to Veldkamp (1994).

Principal component analysis (PCA), used to
organize factors by their variance, was performed
with every soil physical and chemical characteristic
analyzed from the sampled soils.

The relationship between soil carbon and vegetation
indices was evaluated by PTFs using the orbital data
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from the Operational Land Imager (OLI) on Landsat
8 (221/071 from July 16, 2014). Before performing
the atmospheric correction, the image was converted
in radiance values from the digital numbers. For the
process of atmospheric correction, the fast line-of-sight
atmospheric analysis of spectral hypercubes (Flaash)
was used, taking into account the radioactive transfer
code Modtran (Berk et al., 2002). The average height
of 950 m, the tropical atmospheric model, and the rural
aerosol model, without retrieval by water and with 40
km of visibility, were considered as input values to the
algorithm. The Kaufmann-Tanré aerosol model was
also used, with an inferior duct of 660 nm and a higher
one 0of 2,100 nm. The image conversion was performed
in the Envi software, version 5.0 (Harris Geospatial
Solutions, Boulder, CO, USA), and was used to
generate the vegetation indices described below.

The normalized difference vegetation index (NDVI)
allows understanding the qualitative behavior of the
biomass (Huete et al., 1997), through the equation:
NDVI = (pIVP - pV)/ (pIVP + pV), in which pIVP
is the reflectance in near-infrared and pV is the
reflectance around the red region. A soil adjusted
vegetation index (Savi) was developed to improve the
near-infrared radiance, transferred from incomplete
canopies by removing the background noises (Huete,
1988), using the equation: Savi = (1 + L)(pIVP - pV)/
(pIVP + pV + L), in which L is the adjusting factor,
with a value of 0.5. The enhanced vegetation index
(EVI) was designed to highlight regions with high
biomass and lower soil and atmospheric interference,
according to the expression (Huete et al., 1997):
EVI = G[(pIVP - pV)/ pIVP + ClpV - C2pA + L)],
in which G is the gain factor; pA corresponds to the
reflectance around the blue region; C1 and C2 are
atmospheric resistance coefficients; and L is the factor
of correction of canopy brightness, with the following
values being accepted: G =2.5, C1 =6, C2="17.5, and
L =1 (Huete et al., 1997). The normalized difference
water index (NDWI) indicates the water content on
the leaf structure, through the equation (Gao, 1996):
NDWI = (pIVP - pIVC)/(pIVP + pIVC).

In the PTF, biomass production (NDVI, EVI,
and Savi), together with water content in leaves
(NDWI), were the independent variables, whereas
SOC concentration and soil carbon stocks, at the
0-0.20-m depth, were the dependent variables in the
multiple linear regressions. Two sets of multiple linear
regressions were performed, withoutand with a stepwise
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Figure 1. Location of sampling units (1 to 8) and sampling points of a Latossolo Vermelho (Rhodic Hapludox) at the Alto
Séo Bartolomeu plateau, Brazil. Every patch is cerrado sensu stricto physiognomy of the Cerrado (Brazilian savanna) biome.
Matrices of sampling units 1 to 4 are no-tillage systems, and 5 to 8 are managed pastures with African grasses.
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method. The latter allows adjustments in line equations
(0=0.15), i.e., an optimization of the selection process
of the vegetation indices, proposing an adjustment of
the independent variables (vegetation indices) that
have better explained the dependent variables, in
this case SOC concentration and soil carbon stocks.
To select the best equation, the following were used:
determination coefficient (R?), adjusted determination
coefficient (adjusted R?), predicted determination
coefficient (R? pred), standard regression error (S), and
regression significance (p<0.10).

The Quantum GIS software, version 2.6.1. (Open
Source Geospatial Foundation, Beaverton, OR, USA),
was also used to extract the values from NDVI, EVI,
Savi, and NDWI of the raster images from the geographic
coordinate referent to the soil sample points in every
sample unit. The line equations obtained by the multiple
regressions were used to obtain specialized estimations
of SOC concentration (g kg') and soil carbon stock (Mg
ha') from the soil classes using map algebra. In order
to improve the estimates, carbon values from two forest
formations of the Cerrado (Cerradio and gallery forests)
were used, as in Santos et al. (2014).

Since soil pH, extractable P, exchangeable K, Ca?’,
Mg?*, and AI** were in the same range for the core areas
and interface, hereafter the comparison between cerrado
stricto sensu patches and anthropogenic matrices was
considered. When some soil characteristics were
in a different range between pasture and no-tillage
matrices, they were considered separately.

Results and Discussion

Clay content mean values in the studied soils were
between 144 and 438 g kg in the core areas, 164 and
515 g kg! in the interface; 171 and 498 g kg in no-
tillage; and 164 and 343 g kg'! in the pastures. Averages
are shown in Table 1.

Soil bulk density mean values from the studied soils
varied from 0.80 to 1.16 g cm™ in the core areas and
interface, but from 0.85 to 1.18 g cm™ in the matrix
areas with no-tillage systems and from 0.88 to 1.08 g
cm? in the pasture areas. The similarities between the
cerrado stricto sensu patches and the no-tillage areas
can be explained by the low mechanical intervention
in the soils subjected to these systems, which showed
similar values to those found in other studies (Bayer
et al., 2006; Marchao et al., 2009) and in grasslands
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with over 30 years of establishment in the Cerrado
region (Silva et al., 2004; Marchao et al., 2009).

Soil pH in water was between 4.72 and 5.37 in
the cerrado stricto sensu patches; however, in the
anthropogenic matrices, it varied between 5.38 and
6.09 in no-tillage and between 5.57 and 6.07 in the
pasture matrices. Higher pH values in the cultivated
systems than in the natural ones have been found in
the Cerrado and may be a consequence of the effect of
fertilization and soil correction, which provide higher
concentrations of exchangeable bases in the surface
depth intervals (Leite et al., 2010).

AD** varied from 0.29 to 0.84 cmol, dm™ in the
cerrado stricto sensu patches, whereas, in the matrices,
AI** values were close to zero. The mean values of
A" of the patches were similar to those obtained by
Silva et al. (2004) in an Oxisol in the Cerrado region;
however, the values for no-tillage were lower than those
observed by Bayer et al. (2006). The same occurred in
pasture areas, with values below 1.00 cmol, dm?.

Soil extractable P varied between 0.5 and 1.3 mg
dm? in the cerrado stricto sensu patches, and, in the
anthropogenic matrices, between 2.8 and 11.4 mg dm’
in no-tillage and between 0.7 and 11.6 mg dm in the
pastures. The calculated remnant P was within the same
range in the patches and in the anthropogenic matrices,
which was from 9 to 31 mg L. These values indicate
that most of the evaluated soils have high levels of
phosphate adsorption (Mesquita Filho & Torrent, 1993).

Soil exchangeable K* varied between 16 and 70
mg dm? in the cerrado stricto sensu patches, whereas,

Table 1. Meantstandard deviation of clay contents (g kg')
in the studied soils of the: cerrado stricto sensu patches;
interface areas; no-tillage, and pastures, at the 0.0-0.2-m
depth.

Sample unit® Core area Interface No-tillage Pasture
No-tillage
SU 1 662+51 692+20 554+45 -
SuU 2 701£35 645£19 595+35 -
SU 3 529+32 679+17 621+19 -
SU 4 650+42 358+59 227425 -
Pasture
SUS 424+106 366+47 - 662+10
SU 6 782+0 744438 - 268+58
SU 7 640+17 729+£25 - 740+£17
SU 8 486+118 205+18 - 377+10

(WThe sample units (SU) were sorted by size in descending order, grouped
according to soil type and use.
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in the anthropogenic matrices, it was between 33
and 159 mg dm™ in no-tillage and between 32.3 and
70.7 mg dm? in the pastures. Soil exchangeable Ca*
varied from 0.13 to 0.50 cmol. dm? in the patches,
but from 1.94 to 4.35 cmol. dm™ in the anthropogenic
matrices, which did not differ between each other.
Soil exchangeable Mg** values varied between 0.09
and 0.27 cmol. dm? in the patches and between 0.31
and 1.31 cmol, dm? in the anthropogenic matrices.
The occurrence of higher values of pH in surface
intervals provided by liming, as seen in the matrices,
can favor the migration of Ca(HCO;), and Mg(HCO;),
for deeper intervals to react with acidity, decreasing
it in the other depth intervals under no-tillage (Caires
et al., 2000) and possibly in perennial crops, such as
pastures. In addition to raising the pH, lime increases
cation exchange capacity (CEC), allowing greater
retention of Ca?', Mg*', and K", especially in surface
depth intervals where the greatest levels of SOC are
found (Mielniczuk et al., 2003). The increase in CEC
can be a result of management systems to support the
increase in carbon soil, as occurs under no-tillage.
SOC concentration of the eight sample units ranged
from 14.67 to 43.62 g kg! in the patches, from 11.62 to
36.62 g kg! in the no-tillage systems, and from 20.03
to 31.67 g kg in the pastures. Soil carbon stock varied
between 32.87 and 69.76 Mg ha'! in the cerrado stricto
sensu patches, between 27.44 and 61.88 Mg ha'! in
no-tillage, and between 43.17 and 55.66 Mg ha' in the
pastures. The average of SOC concentrations found for
the patches were similar to those reported in other studies

(Table 2) on vegetation formations on an Oxisol in the
Cerrado region (Corazza et al., 1999; Marchao et al.,
2009; Santos et al., 2014), as well as on Oxisols under
no-tillage systems (Corazza et al., 1999; Bayer et al.,
2006; Marchao et al., 2009) and on pastures with more
than 30 years of establishment (Santos et al., 2014). The
same pattern has been observed for total soil carbon
stocks in different types of agroecosystem managements.
The removal of the aboveground biomass of woody
vegetation components in Cerrado formations seems to
reduce soil carbon concentration and can explain how the
response time to disturbances in the ecosystem’s structure
and functioning can change the more recalcitrant portions
of SOC (Scurlock & Hall, 1998). In this context, the
evaluation of organic matter fractions in soils under
different agroecosystems can improve the understanding
of the dynamics of organic matter in managing the natural
resources present in the soil (Figueiredo et al., 2010).
PCA analysis (Figure 2) indicated that the cerrado
stricto sensu patches (core and interface) were
similarly arranged because of SOC concentration
and exchangeable AI**, whereas anthropogenic
matrices were affected by soil bulk density, pH in
water, extractable P, and exchangeable Ca’" and
Mg?** (Table 3). The effect of SOC and AI** over the
patches, as well as the effect of the variables pH, P,
Ca*, Mg?* over the anthropogenic matrices, indicated
two groups with distinct chemical characteristics.
Even though the matrices were more similar compared
with pH, Ca?, Mg*, they presented a more dispersed
ordering, probably because of the specific management

Table 2. Soil organic carbon stocks of a Latossolo Vermelho (Rhodic Hapludox) under different soil uses in the Cerrado

region, at the 0.0-0.2-m soil depth®.

Site Soil Clay C stock native vegetation C stock current use Years References
(gkg") Type Mg ha’! Use Mg ha'!

Planaltina, DF LV 670-700 CSS 46.0 Pasture 41.10 - Chapuis Lardy et al. (2002)

Planaltina, DF LV 610-630 CSS 39.5 Pasture 45.0 13 Marchéo et al. (2009)
No-tillage 37.80 13

Planaltina, DF LV 410 CSS 39.8 Pasture 422 18 Corazza et al. (1999)
No-tillage 47.4 15

Luziania, GO LV 350 CND No-tillage 41.0 6 Bayer et al. (2006)

Senador Canedo, GO LV 500 CC 51.2 Pasture 45.5 +15 Freitas et al. (2000)
No-tillage 49.6 5

Morrinhos, GO LV 340-410 CSS 37.9 Pasture 40.7 +15 d’Andréa et al. (2004)
No-tillage 40.4 5

Campo Grande, MT LV 360 CSS 54.0 Pasture 50.5 11 Salton et al. (2008)
No-tillage 47.9

LV, Latossolo Vermelho (Rhodic Hapludox); CSS, cerrado stricto sensu; CND, undescribed cerrado; and CC, campo sujo cerrado vegetation type.
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characteristics of every sampling unit. The similarity
of the soils in cerrado stricto sensu patches can be
explained by the similarity in the chosen elements
of the landscape (Martins et al., 2004a), conceived
during sampling planning and reflecting in the good
performances of the PTFs, as indicated by Dashtaki
et al. (2010), keeping in mind the relatively high
regression coefficients.

Regarding the vegetation indices, NDVI varied from
0.38 to 0.84, EVI from 0.24 to 0.40, Savi from 0.26
to 0.48, and NDWI from 0.08 to 0.47. The performed
analysis revealed that although every vegetation index
has specific features, they were complementary and
essential to be included in multiple linear regressions
(Table 4). Through the application of multiple linear
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regression, it was possible to generate, as results, the
regression following equations: Eq. (5) SOC 0-20 =
9.031 + 46.202NDVI - 191.302EVI - 19.186NDWI
+ 174.629Savi and Eq. (7) CS 020 = 3522 +
86.70NDVT - 261.84EVI + 16.68NDWI + 162.44Savi
through multiple regression without adjustments, while
the equations Eq. (6) SOC 0-20 =16.74 + 44.32NDVI
- 147.80EVI + 109.72Savi and Eq. (8) CS 0-20 =
28.52 + 88.34NDVI - 299.64EVI + 218.86Savi were
generated through multiple regression with stepwise
method (Table 5).

These four linear PTF equations were used to
estimate the carbon values of the evaluated Latossolo
Vermelho (Rhodic Hapludox) shown in the maps
(Figure 3), which was subjected to different uses in

COS

Axis 2 23.71%)

Bd

Axis 1 53.59%)

| O Variable

@ Corcarea

Interface

0 Matrix |

Figure 2. Sorting of the variables and sampled points in the first two axes, or main components, obtained by principal
components analysis (PCA), at the 0.0-0.2-m soil depth. pH, pH in water; Ca®', exchangeable calcium; Mg?*, exchangeable
magnesium; P, extractable phosphorus; K, exchangeable potassium; Ds, soil bulk density; AI**, exchangeable aluminum; and
SOC, soil organic carbon concentration. The numbers 1 to 8 refer to the sample units.
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the Sdo Bartolomeu plateau, indicating that SOC
concentration, carbon stock, and vegetation indices
had quite a strong relationship with a relatively high

Table 3. Averages, minimum, maximum, standard deviation,
and coefficients of variation of the variables soil physical
and chemical characteristics, as well as respective loadings
of the two axes obtained in principal component analysis, at
the 0.0-0.2-m soil depth.

Variable”  Average Minimum Maximum  SD CV  Axisl Axis2
Bd 0.92 0.73 1.20 0.13  0.14 038  -0.88
pH 5.27 4.07 6.66 045 0.09 0.80 0.31
AP* 0.41 0.00 1.25 033 081 -084 -0.29
P 2.51 0.30 17.10 362 1.44 0.82  -0.18
K 49.61 11.00 210.00 32,11 0.65 0.64 -0.22
Ca?> 1.00 0.08 4.92 124 1.24 0.89 0.27
Mg 0.37 0.05 1.48 039  1.05 0.90 0.22
Nee 29.16 7.42 46.40 9.68 033 -035 0.86

(MBd, soil bulk density (g cm™); pH, pH in water; Al**, exchangeable alu-
minum (cmol, dm); P, extractable phosphorus (mg dm™); K, exchangeable
potassium (mg dm?); Ca*', exchangeable calcium (cmol. dm); Mg, ex-
changeable magnesium (cmol. dm?); and SOC, soil organic carbon concen-
tration (g kg™!).

Table 4. Mean soil organic carbon concentration and carbon
stock at the 0.0-0.20-m depth, as well as vegetation index
randomized areas of the cerrado stricto sensu patch and an-
thropogenic matrix(V.

Area SOC CS NDVI EVI NDWI SAVI

CstLVA  31.15 5875 0.31125 0.07645 0.07645 0.32291
CsrLVA 2894 4799 0.29191 0.05500 0.0550 0.30632
CsrLVA 2894 5646  0.27948 0.03611  0.03611 0.29621
CsrLVe  34.86  59.11  0.58599  0.28255  0.00891 0.29841
CsrLVe 37.82  64.89 051111  0.23694 -0.08593  0.25691
CsrLVe  33.41 60.00 0.48146 0.23699 -0.03364 0.26108
NTLVc 31.90 56.00 0.58609 0.38966  0.08005 0.39519
NTLVe 3190 57.06 0.57669 0.37958  0.07024 0.38706
NTLVc 3045 5250 0.57644 037639  0.08096 0.38551
PstLVe  24.48 4552  0.40757 0.24942  0.05036 0.27724
PstLVe  28.19 53.21 039711 0.24614  0.01900 0.27274
PstLtVe  28.19 49.00 0.47688 0.29504 0.10945 0.31889
MG® 6493 12225 0.8129  0.44545 0.33857 0.43991
MG® 61.60 121.04 0.79719 0.40470  0.28607 0.40534
CRD?  41.74 80.12 0.83875 0.48479 0.39773 0.47317
CRD® 4487 7740 0.81873 0.46832 0.32604 0.46063

MSOC, soil organic carbon concentration (g kg'); CS, carbon stock
(Mg ha'); NDVI, normalized difference vegetation index; EVI, enhanced
vegetation index; NDWI, normalized difference water index; SAVI, soil
adjusted vegetation index; CsrLVA, cerrado stricto sensu on a Latossolo
Vermelho-Amarelo (Typic Hapludox); CsrLVe, cerrado stricto sensu on a
Latossolo Vermelho (Rhodic Hapludox); NTLVc, no-tillage on a Latossolo
Vermelho (Rhodic Hapludox); PstLVc, pasture on a Latossolo Vermelho
(Rhodic Hapludox); gallery forest on a Gleissolo (Gleysol) (MG); and
CRD, cerraddo on a Latossolo Vermelho (Rhodic Hapludox). ®Values ob-
tained from Santos et al. (2014).
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adjusted R? (Table 5). Even though the determination
coefficients for soil carbon stock were lower than for
SOC concentration, the analysis showed that such
relationships with vegetation indices were statistically
significant (p<0.10). Among the generated PTF
equations, those obtained through multiple regression
showed better performance, due to their standard
minor error (S) and higher levels for R?, adjusted R?,
and predictive R2.

The spatial distribution of the estimates of soil
carbon concentration and carbon stock was done
according to the vegetation indices and field samples
for the Alto Sao Bartolomeu watershed (Figure 3 A and
B) and indicated the existence of a direct relationship
between SOC and the vegetation indices, presenting a
new approach to estimate SOC from standardized PTFs
for plateau regions. The dark-green-toned areas in the
maps show prevalence of forest size vegetation with a
denser canopy, while red-toned areas designate open
physiognomies or exposed soil. Different potentials to
accumulate carbon were observed, with higher SOC
levels estimated for dark-green-toned areas and lower
ones for red-toned areas. Despite this, the distinct
colors in the maps present a transformation in the
Alto S2o Bartolomeu watershed (Figure 3). Similar

Table 5. Coefficients from two sets of multiple linear
regressions, without (equations 5 and 7) and with the
stepwise (equations 6 and 8) method, at the 0—0.20 m soil
depth®.

Equations® S Multiple  Adjusted Predictive p-value
R(6)  R(%)  RI(%)

Equation 5 SOC ~ 7.02 73.59 63.98 60.81 0.003

Equation 6 SOC  6.77 73.20 66.50 67.22 0.0009

Equation 7 CS 14.63 71.66 61.36 54.49 0.004

Equation 8 CS 14.02 71.59 64.49 59.55 0.001

(MSOC, soil organic carbon concentration (g kg'); CS, carbon stock
(Mg ha'); S, standard minor error, measured in the units of the response
variable, characterizing the standard distance that values from the data fall
from the regression line; Multiple R?, describes the percentage of variation
in the observed responses explained by the model; Adjusted R?, compa-
res the explanatory power of the regression models that contain different
numbers of predictors; and Predictive R?, reflects how well the model
will predict future data. ®Equation 5 SOC 0-20 = 9.031 + 46.202NDVI -
191.302EVI - 19.186NDWI + 174.629Savi; equation 6, SOC 0-20 = 16.74
+ 44.32NDVI - 147.80EVI + 109.72Savi; equation 7, CS 0-20 = 35.22 +
86.70NDVI - 261.84EVI + 16.68NDWI + 162.44Savi; equation 8, CS 0-20
= 28.52 + 88.34NDVI - 299.64EVI + 218.86Savi,, in which NDVI is the
normalized difference vegetation index, EVI is the enhanced vegetation in-
dex, NDWI is the normalized difference water index, and Savi is the soil
adjusted vegetation index.
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associations were also made by Santos et al. (2014),
who, while evaluating a small agricultural watershed,
located nearby, found direct relationships between
SOC and biophysical aspects of Cerrado plant cover.
Although high regression coefficients were
obtained using one image of a year-period, the used
method presents limitations to assess the dynamics
of the soil carbon-vegetation system. Multispectral
sensors with higher temporal resolution, such as
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Figure 3. Spatial distribution of soil carbon concentration,
at the 0.0-0.20-m depth, according to the vegetation
indices from the randomized studied areas for the Alto
Sao Bartolomeu watershed, using the stepwise method: A,
estimated soil carbon concentration using the equation SOC
0-20 = 16.74 + 44.32NDVI - 147.80EVI + 109.72Savi; and
B, estimated soil carbon stock using the equation CS 0-20
= 28.52 + 88.34NDVI - 299.64EVI + 218.86Savi, in which
NDVI is the normalized difference vegetation index, Savi is
the soil adjusted vegetation index, and EVI is the enhanced
vegetation index.

the moderate resolution imaging spectroradiometer
(Modis), could improve the estimates through PTFs
(Couto Junior et al., 2013), contributing to a better
understanding of the dynamics of soil carbon with
changes in soil use throughout the years. However,
the establishment of patterned routines of carbon data
with the usage of geographic information systems
(GIS) depends on data availability (images and field
data) and scale. To integrate the data, it is necessary
to use geofields and mathematical models. In this
context, the PTFs generated through the integration
of carbon levels and vegetation indices become a tool
that can better support the understanding of carbon
stock and dynamics, intermediated by more accessible
techniques (Aragdo & Shimabukuro,2004), improving
the collection of field logistic data and contributing
with a spatial distribution of the results. Therefore,
estimating organic carbon in soil of the Cerrado areas
facing environmental pressures, such as the process
of fragmentation, using geotechnologies to analyze
vegetation cover, is a potential tool to contribute
with the ecosystem management and to evaluate the
productivity of agroecosystems through patterns of
carbon dynamics in the soil-vegetation system.

Conclusions

1. The estimation of soil organic carbon (SOC)
from previous known soil and landscape types, using
geotechnologies to analyze vegetation indices, is a
potential tool to evaluate the productivity of different
agroecosystems and also to make management
strategies more suitable on large scales.

2. A high correlation is observed between SOC and
carbon stocks and vegetation indices — mainly the
normalized difference vegetation index (NDVI) and
the enhanced vegetation index (EVI) —, suggesting the
effect of plant biomass on soil.
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