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SOIL SCIENCE

Diagnose of soil fertility properties of a
representative agricultural mesoregion in
the Cerrado biome as affected by land use

TATIANE M. DE LIMA, MARCELA V. DA COSTA, REGINA MARIA Q. LANA, ATHOS
GABRIEL G. NASCIMENTO, DIOGO CESAR P. DIAS & BRUNO T. RIBEIRO

Abstract: In Brazil, most of cereal production is concentrated in the Cerrado which is
characterized by poor soils. Thus, the soil fertility management is important for suitable
use of Cerrado’s soils. After 40 years of increasing use of Cerrado for agricultural
purposes, this work aimed to evaluate the soil fertility of a representative area known
as Tridngulo Mineiro and Alto Paranaiba (TMAP) mesoregion. Different land uses from
126 farms were selected for soil sampling and assessed the following properties: pH;
exchangeable Al*, Ca”, Mg”; available P, K, S, B, Fe, Cu, Mn, and Zn; soil organic matter
(SOM); and cation exchange capacity (CEC) effective and potential at pH 7.0. Land uses
improved the soil fertility properties compared to native Cerrado vegetation, except
planted forests. The pH increased and Al was neutralized, however, satisfactory
contents of Ca” and Mg” were not reached. CEC is still considered low to medium, since
SOM was not significantly increased. Available P, S, Fe, Mn, Zn, and Cu contents increased,
being considered satisfactory. In general, our findings suggest that the nutrients can
be considered adequate for crop production and sustainability. However, continuous
monitoring for maintenance of soil fertility and adoption of best management practices

are needed.
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INTRODUCTION

Currently, most of agricultural activities in Brazil
is concentrated in the Cerrado biome (Lopes &
Guilherme 2016). In Minas Gerais State, there is
an important mesoregion known as Tridngulo
Mineiro and Alto Paranaiba (TMAP) covering
approximately 91,000 km” The TMAP region
comprises 27% of the Cerrado area of Minas
Gerais State (IBGE 2018) being considered the
most developed agricultural region of the state,
adopting modern technology, high yields, and
great diversification of agricultural products
(Landau et al. 2018).

TMAP region was pioneer in the agriculture
developed in the Cerrado due to three main

characteristics: edaphoclimatic conditions,
strategic location, and infrastructure for
transport (Chelotti & Rosolen 2014). After 40
years of increase agricultural use, it is estimated
that 75% of the natural vegetation of TMAP was
converted to crop-livestock-forestry systems
(Sano et al. 2010). In general, approximately
22% of native Cerrado vegetation was cleared
in the last three decades (Pompeu et al. 2024).
Currently, TMAP concentrates the agricultural
production of the State of Minas Gerais and it is
responsible for 52% of the exportation values of
agriculture products (IBGE 2018).

The agricultural land use in TMAP was
developed mainly on Latosols (Oxisols per Keys
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to US Soil Taxonomy; Soil Survey Staff 2014),
with flat to gentle undulating relief that favors
agricultural mechanization (Lopes et al. 2012).
These soils are highly weathered and present
low natural fertility besides having high acidity
and aluminum saturation, low organic matter
(SOM) content, low cationic exchange capacity
(CEC), and low nutrient availability (Lopes &
Guilherme 2016). Therefore, the suitable use of
soils for agricultural production in the TMAP
region necessarily depends on the continuous
use of soil amendments and fertilizers (Resende
et al. 2016, Lopes & Guilherme 2016).

Over the last 40 years, substantial research
works were conducted, especially on soil fertility,
aiming to propose strategies and technologies
for the sustainable use of the Cerrado’s soils
(Lopes & Guilherme 2016). It is important to
notice that, currently, modern agriculture no
longer has been focusing only on productivity
and sustainability. Soil and food security are
also premises of modern and sustainable
agriculture (Pozza & Field 2020). Thus, a general
diagnose of the soil fertility status in the main
agricultural regions of the country, such as TMAP,
it is timely important and will contribute to
the advancement of Brazilian agriculture. Such
diagnose will point out, after years of intensive
use, the changes in soil fertility properties,
potentialities, and limitations that may still
exist.

The present work was conducted to obtain
a general survey of soil fertility in TMAP areas
under different uses. The specific objectives were
to: (i) compare the soil fertility conditions with
native Cerrado vegetation having as reference
the historical inventory performed by Lopes
(1975) and Lopes & Cox (1977); and (ii) compare
soil fertility properties of different areas under
different land uses in the TMAP.

SOIL FERTILITY OF CERRADO AGRICULTURAL SOILS

MATERIALS AND METHODS

Description of the study area and soil sam-
pling

The selected area for this study is located in
Minas Gerais State, known as Triangulo Mineiro
and Alto Paranaiba (TMAP) mesoregion (Figure
1). TMAP is totally located in the Cerrado Biome
(Figure 1), and in four important rivers basins:
Araguari River Basin (21,500 km?), Alto Paranaiba
River Basin (22,200 km?), Baixo Paranaiba River
Basin (26,900 km? and Baixo Rio Grande Basin
(18,700 km?).

In the Araguari River Basin, the climate
varies between Cwb and Cwa according to the
Koppen climatic classification. In the other
basins, the climate is predominantly Aw. Based
on the soil map of the Minas Gerais State (FEAM
2010), shape files (IBGE 2024; IDE-SISEMA 2024),
and after field observations, the soils in the
studied areas and sampling sites (Figure 1)
were classified as dystrophic Red Latosols and
dystrophic Red-Yellow Latosols per Brazilian
System of Soil Classification (Santos et al. 2018).
Considering all sampling sites, the mean altitude
was 836 m, varying from 552 to 1,110 m. The mean
slope was 5%, varying from 1to 13%. The altitude
was measured using a handheld GPS Garmin
64SX and the slope using a clinometer.

As shown in Figure 1, different land uses
(cereals, coffee, planted forests, sugarcane,
pasture, horticulture, and native vegetation)
from 126 representative farms were selected.
Cereals (corn, soybean, sorghum and sunflower)
represented 37% of sampling sites; coffee
(8%); planted forests (eucalyptus, pine, and
rubber tree) (8%); sugarcane (8%); pasture
(25%); horticulture (12%); and native Cerrado as
reference (4%). The definition of sampling sites
was also performed considering the proximity
to the soils studied by Lopes (1975) and Lopes &
Cox (1977) still under native Cerrado vegetation.
Soil sampling sites comprise 16 municipalities in
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Minas Gerais Stale Figure 1. Location of

A the study area and
sampling points in the
Triangulo Mineiro and
Alto Paranaiba region
- TMAP.

© (Cities
- Soil Sampling
Cerrado Biome

Minas Gerais State: Uberldandia, Araguari, Araxa,
Ibia, Patrocinio, Irai de Minas, Tupaciguara,
Monte Alegre, Ituiutaba, Prata, Comendador
Gomes, Nova Ponte, Indianopolis, Serra do
Salitre, Patos de Minas, and Perdizes.

In each sampling site (Figure 1), two
composite samples from 0-20 cm layer were
collected, totalizing 252 soil samples. Each
composite sample (approximately 200 m apart)
was formed by mixing 10 single samples. The
sampling procedures followed technical
recommendation for each crop as described in
Cantarutti et al. (2007). After field sampling, the
samples were air-dried, passed through a 2 mm
sieve and stored for further analyses.

Physical and chemical characterization

Thefollowingsoilpropertieswere determined: pH
in water; potential acidity (H + Al); exchangeable
Ca®, Mg”, and Al*; available P, K', $-S0,%, Zn,
Cu, B, Fe and Mn; effective and potential cation

exchange capacity (CECT1 and CEC2, respectively);
sand, silt, and clay contents; organic matter; and
remaining phosphorus (P-rem). In the laboratory,
each composite sample (n = 252) was analyzed
in duplicate, totalizing 504 observations. The
analytical procedures followed the Handbook
for Soil Analysis in Brazil (Teixeira et al. 2017),
described as follow.

The pHinwaterwas determined by preparing
a soil suspension in water (soil:water slurry 1:2.5
v/v), which was shaken (orbital shaker) for 15
minutes and let rest for 1 hour until the pH
measurements. The potential acidity (H+Al) was
determinated by SMP buffer solution method.
For that, 10 cm’ of TFSA were placed in 50 mL
plastic pots containing 25 mL of 0.01 mol L CaCl,
and 5 mL of SMP buffer solution. The suspension
was shaken for 15 minutes (220 rpm) using an
orbital shaker. After stirring, the suspension was
let to rest for one hour and then the equilibrium
pH was taken to estimate H + Al concentration.
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The exchangeable cations (Ca®, Mg”,
and AP") were extracted with 1.0 mol L' KCl
solution (soil:solution ratio 1:10 v/v). Using a
250 mL Erlenmeyer flask, the soil suspension
was shaken for 15 minutes using an orbital
shaker and let to rest overnight (16 h). In
the filtered supernatant, Ca’* and Mg” were
quantified by atomic absorption spectrometry
with a flame atomizer, and Al by titration with
0.025 mol L' NaOH solution. Using the same
extraction procedure, the available K', P, Cu, Zn,
Mn,and Fewere extracted with Mehlich-1solution.
K" was quantified using a flame photometer, and
P by molybdenum blue colorimetric method.
P-resin was determined according to Raij et al.
(1994). Micronutrients (Cu, Zn, Mn, and Fe) were
quantified by atomic absorption spectrometry
with a flame atomizer. B was determined by
the hot water method, using 1.25 g L BacCl,
solution (soil:solution ratio 1:2), with microwave
heating for 4 min at maximum power (Raij et al.
2001). In the obtained extract, B was quantified
by colorimetry in Azomethine-H using a
spectrophotometer at 420 nm (Raij et al. 2001).
The S-SO,” was determined by turbidimetry (Vitti
& Suzuki 1978). Soil organic matter (MOS) was
determined by colorimetry (Nelson & Sommers
1996), after oxidation with 0167 mol L' K.Cr,0))
acid solution. Soil texture was determined by
the hydrometer method (Gee & Bauder 1986).

After chemical characterization, the
following soil fertility indicators were calculated:
CEC1 as a sum of Ca”, Mg”, K, and Al*; CEC2 as
a sum of Ca”, Mg”, K, and H+Al; sum of bases
(SB) as Ca™ + Mg™ + K’; base saturation on CEC1
(BSP) as SB/CECT (%); and Al saturation on CEC1
as Al*"/CEC1.

Remaining phosphorus (P-rem) was
determined as the phosphorus concentration
in the equilibrium solution after shaken with
0.01 mol L' CacCl, solution containing 60 mg L’
of P (ratio 1:10) (Alvarez et al. 2000). The P in

SOIL FERTILITY OF CERRADO AGRICULTURAL SOILS

the equilibrium solution was determined by
the colorimetric method in acid ammonium
molybdate solution. P-rem represents the P
sorption capacity (high P-rem, low P sorption),
and it has been employed in Brazil to assess
the availability of P and S-SO,” in tropical soils
(Alvarez et al. 2000).

Based on exchangeable Ca™, Mg”, Al*, and
CEC2, the following ratios were also assessed:
Ca/Mg, Ca/K, Mg/K, Ca/CEC2 (%), Mg/CEC2 (%),
and K/CEC2(%). As reference, the following
intervals were considered adequate (Bear &
Toth 1948, Adams & Henderson 1962, Liebhardt
1981: Ca/Mg (6:1 to 10:1); Ca/K (511 to 10:1); Mg/K
(11 to 2:1); Ca/CEC2 (65-85%); Mg/CEC2 (4-12%);
and K/CEC2 (2-5%).

Statistical analyses

Descriptive statistics (minimum, maximum,
mean, median, and standard deviation),
normality (Kolmogorov-Smirnov) and asymmetry
(Skewness) tests were performed. Afterward,
frequency distributions were made for each soil
property. Intervals (classes amplitude) for each
soil property were defined as the same classes
commonly used in soil fertility interpretation
for Brazilian agricultural soils (very low, low,
medium, high, and very high). For each soil
property, agricultural land uses were compared
using box-plots including the critical levels as
reference. Statistical analyses and graphics were
made using R software version 4.2.0 (R Core
Team 2022), and Sigma Plot software version 13.2
(Systat Software Inc. 2006).

RESULTS AND DISCUSSION

Soil reaction

The soil pH ranged from 3.8 to 7.6 (Table I).
Markedly, most of samples had pH in water
classified as low (from 4.5 to 5.5) and medium
(5.5 to 6.5) (Figure 2a). Approximately 44% of soil
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samples had pH in water considered adequate
for plant growth (from 5.5 to 6.5). This can be
attributed to suitable and periodical use of
liming in Cerrado agricultural soils (Yamada,
2005). Only 11% had pH values higher than 6.5,
probably due to excessive liming that might
contributes to undesirable unavailability of soil
micronutrients (Vitti & Trevisan 2000, Raij 2001).
In soil samples from native Cerrado sampled by
Lopes (1975) and Lopes & Cox (1977) approximately
40 years ago, most pH values ranged from 4.8 to
5.2, and 48% of samples were acidity (pH < 5.0)
(Lopes & Guilherme 2016). The changes found
herein reflect the gradual adoption of liming
over the time. As a consequence of increasing
pH in water, the exchangeable acidity (A*") were
substantially reduced (Figure 2b). The well-
known consistent relationship between soil pH
and exchangeable Al* was demonstrated by
Sade et al. (2016). AP concentration is relevant
only in soils with pH below 5.0. Compared to
native Cerrado soils (Lopes 1975, Lopes & Cox
1977), which contain predominantly Al*" higher
than 0.25 cmol_dm?® (Lopes & Guilherme 2016),
herein most of samples (almost 60%) had Al**
lower than 0.2 cmol, dm?, being classified as
very low. As mentioned by Lopes & Guilherme
(2016) the absolute concentration of A*" is not a
concern. The most important and undesirable is
its high percentage on cation exchange capacity
in highly-weathered tropical soils.

In native Cerrado condition, most Al*
saturation on CEC1 ranged from 50 to 80% (Lopes
& Cox 1977, Lopes & Guilherme 2016). As can be
seen in Figure 2d, markedly, most of soil samples
(> 80%) from TMAP region had Al** saturation on
CEC1 lower than 15%, being classified as very low.
Summarizingthe importance of limingin Cerrado
tropical soils for agricultural purposes (Lopes
& Guilherme 2016), the pH in water was mainly
correlated with BSP in the TMAP region (Figure
3). It is worth noticing that Cerrado soils, planted
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forest areas and part of pasture and cereal crops
remain in poor soils with the lowest pH values,
highest A" and coarser texture (Figures 3, 5a, 5¢
and 5d).

Native cerrado soils are naturally acidic
due to intense leaching of bases (Lopes &
Cox 1977, Lopes et al. 2012, Lopes & Guilherme
2016). Therefore, pH changes in agricultural
areas primarily occur due to liming practices,
fertilization (especially nitrogen fertilizers),
decomposition of organic matter, and the
consumption and/or leaching of bases in the
soil (Brady & Weil 2013). The reduction of pH
increases exponentially the exchangeable
A" which after its hydrolysis contributes to
soil acidity (Sa et al. 2010, Brady & Weil 2013,
Sade et al. 2016). Thus, the use of limestone is
essential for suitable agricultural use of Cerrado
soils (Lopes & Guilherme 2016). In addition to
Ca and Mg fertilization and pH correction, both
limestone and gypsum practices have been
promoting the Al neutralization. Also, limestone
works as conditioner of many chemical and
physical soil attributes (Fageria & Baligar 2008,
Sade et al. 2016).

Although the liming practice is undoubtedly
beneficial for Cerrado agricultural soils (Lopes
& Guilherme 2016), the movement of CaCo,
through the soil profile is too low. Thus, the
incorporation of corrected lime doses at deeper
depths through plowing and harrowing is always
desirable. Further studies to assess the status
of soil fertility conditions in detail at different
depths are timely relevant. Currently, the
reduction of A" availability and increase of Ca*
content at deeper depths has been reached via
gypsum application as discussed later herein.

As observed for pH in water, most potential
acidity (H+Al) values of samples were classified as
low to medium (Figure 2¢). It was also found that
45% of the areas exhibited low potential acidity
(< 2.5 cmol,_ dm?); 43% ranged from 2.5 to 5.0
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Table I. Descriptive statistics of attributes of soil samples from Triangulo Mineiro and Alto Paranaiba mesoregion,

Cerrado biome, Brazil.

Attribute Min. Max. Mean | Median CL s.d Skewness Koéﬂ?ﬁ‘og‘?v_
pH in water 3.8 7.6 5.6 57 5.5-6.0 0.7 01 0ame
Al*(cmol,dm?) 0.0 1.9 0.1 0.0 1.0 0.3 31 0.3"
H+AL (cmol_dm®) 0.7 11.8 3.0 2.7 5.0 1.6 14 01"
P-M1 (mg dm™) 0.7 299.2 291 12.0 * 418 29 02"
P-rem (mg dm™3) 1.0 13.85 7.8 8.0 - 36 - 0.2 0.0"
S-S0,” (mg dm?) 4.0 243.0 19.3 12.0 * 28.6 51 03"
K' (mg dm™) 8.0 942.5 99.5 69.3 70.0 112.7 4.0 0.2"
Ca* (cmol_dm?) 01 6.8 23 21 24 1.5 0.7 01"
Mg’ (cmol, dm?) 0.0 34 0.7 0.6 0.9 0.5 21 01"
SB (cmol,_dm™3) 01 102 32 29 3.6 2.0 0.8 01"
CEC1 (cmol_dm”) 0.5 10.2 33 3.0 4.6 19 1.0 01"
CEC2 (cmol_dm”?) 1.6 16.5 6.2 6.1 8.6 26 0.7 01"
BSP (%) 1.0 89.8 48.8 51.0 60.0 19.5 -0.4 01"
m (%) 0.0 94.0 9.2 0.0 50.0 19.4 2.7 03"
SOM (g kg™ 7.5 47 21 21 40.0 8 0.5 01"
B (mg dm™3) 01 18 03 0.2 0.6 0.2 3.6 02"
Cu (mg dm3) 04 25.6 36 2.0 12 41 29 0.2"
Fe (mg dm3) 3.0 429.8 50.3 439 30.0 434 5.6 02"
Mn (mg dm™3) 31 2243 326 19.2 8.0 32.8 2.2 02"
Zn (mg dm3) 0.0 25.7 4.6 32 1.5 4.5 18 0.2"
Clay (g kg™ 150 750 411 350 202 017 02"

CL: critical level in the soil (Alvarez et al. 1999); s.d.: standard deviation; * CL interpretation depends on the clay content and/or

P-rem.; ns: non-significant.

cmol, dm?; and only 12% showed high potential
acidity. H+Al reflects the soil buffering capacity
being influenced mainly by the organic
matter content in tropical soils (Brady & Weil
2013, Lopes & Guilherme 2016). A significant
difference among land use was not observed for
H+Al (Figure 5b), except for Cerrado soils which
presented the lowest values.

CEC1ranged from 0.5t010.2 cmol_dm”(Table
). These values are very similar to those found
for Cerrado native soils (0.4 to 8.1 cmol_dm?)
(Lopes & Guilherme 2016). Most of samples had
low CEC1 (0.8 to 2.3 cmol_dm?®) and medium (2.3

An Acad Bras Cienc (2024) 96(4)

to 4.6 cmolc dm?) (Figure 2e). For native Cerrado
soils, most of samples (> 70%) had CEC1 < 1.5
cmol,_ dm”. Most of agricultural soils from TMAP
region (~ 60%) had CEC2 classified as medium,
ranging from 4.3 to 8.6 cmol_dm? (Figure 2f).
Compared to native Cerrado soils (Lopes & Cox
1977), the desirable increase in CEC is reached
through liming and sustainable land use to
gradually increase soil organic matter. Again, the
land use effect did not have a prominent effect
on CEC (Figures 5e and 5f), except for Cerrado
soils which presented the lowest values of
effective cation exchange capacity (Figure 5e).
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Figure 2. Frequency distribution for pH in water (a), exchangeable Al** (b), H+Al (c), Al saturation on CEC1 (d), CEC1
(e), CEC2 (f), sum of bases (g), base saturation percentage (BSP) (2), SOM (i), P Mehlich-1 (j, k, 1), $-S0,* (m, n, 0),
available K’ (p), exchangeable Ca* (q), and exchangeable Mg* (r) of agricultural soils in the Tridngulo Mineiro and
Alto Paranaiba mesoregion. The critical level mentioned in the text corresponds to the upper limit of the medium
class (Alvarez et al. 1999).
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Figure 3. Principal component analysis (PCA) of fertility properties of soils from Triangulo Mineiro and Alto
Paranaiba mesoregion, Cerrado biome, Brazil, influenced by land use.

Summarily, in the TMAP region, most
planted forests had pH values, A** content, and
aluminum saturation similar to native Cerrado
soils (Figure 3). Some cereal crops, citrus, and
pastures areas are still growing in low fertility
conditions. All other land use types, including
some pastures, are associated with the best soil
fertility conditions (Figures 3 and 5).

Soil organic matter

Most samples (98%) had low and medium
contents of organic matter (Figure 2i).
Considering these samples, 51% and 47% had
medium and low contents, respectively. These
results suggest that the land use practices
adopted in the study area have not yet been
able to increase soil organic matter content
to satisfactory contents (Figures 2i and 5i). In
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Cerrado soils under native vegetation (Lopes &
Cox 1977), organic matter content ranged from
7 to 60 g kg, with median of 22 g kg" (Lopes
& Guilherme 2016). Significant increases in soil
organic matter content were not achieved yet
regardless the land use (Figure 5i). Furthermore,
levels above the critical threshold (40 g kg™)
were found in only 2% of the samples. These
few samples came from some horticulture and
pasture areas (Figures 3 and 5). The highest soil
organic matter content is reasonably attributed
to frequent organic fertilization from different
manures (Sato et al. 2012, Souza et al. 2015).
TMAP region is characterized by
edaphoclimatic conditions that favor microbial
activity and organic matter decomposition,
making its accumulation in the soil difficult
(Bustamante et al. 2006, Carvalho et al. 2010,
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1999).

Oliveira et al. 2015, Sa et al. 2010). Hence, the
accumulation of crop residues in no-till system is
hampered (Bustamante et al. 2006, Guareschi et
al. 2012). It is estimated that the decomposition
rate of soil organic matter in tropical soils is 10
times higher than temperate soils (Costa et al.
2014). Thus, increase of soil organic matter in
Cerrado agricultural soils is considered one of
the main challenges (Pacheco et al. 2008).

The improvement of soil fertility of Cerrado
soils requires, undoubtedly, the increase of
organic matter by the adoption of conservation
practices such as minimum and no-tillage
(Resende et al. 2016), forest-crop-livestock
systems (Salton et al. 2011), and crop rotation
(Gmach et al. 2018, Soltangheisi et al. 2018). One
of the most important contribution of organic
matter in tropical soils is related to its effect
on CEC. It is estimated that up to 90% of CEC
is due to soil organic matter (Canellas et al.
1999, Alvarez-Puebla et al. 2005, Bronick & Lal
2005, Bayer & Mielniczuk 2008). In some regions
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and/or experimental conditions, soil organic
matter has been increased as affected by
different management practices, such as: crop
rotation (Silva et al. 2006, Soltangheisi et al.
2018, Zotarelli et al. 2012); crop-livestock system
(Crusciol et al. 2010, Loss et al. 2011); manures
application (Ghosh et al. 2011, Abdala et al. 2012);
and no-tillage (Bezerra et al. 2015, Moraes et al.
2016, Loss et al. 2011, Sa et al. 2010). The adoption
of no-tillage system in the Cerrado biome has
been considered the most important strategy
to increase soil organic matter content and,
consequently, conditioning many other physical,
chemical and biological attributes (Lopes &
Guilherme 2016).

Macronutrients
Available phosphorus

Figures 2j to 2l show the available P extracted
with Mehlich-1 (P-M1) solution interpreted
based on soil texture (sandy-clayey, clayey, and
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very clayey soils). Considering the full dataset,
the median value for available P-M1 was 12.0 mg
dm?, ranging from 0.7 to 299 mg dm? (Table 1).
This result shows that phosphate fertilization
management in long term increased the P
content and availability in agricultural soils of
TMAP, since native areas before agricultural used
presented available P varying from 0.1 to 16.5
mg dm” (Lopes & Cox 1977, Lopes & Guilherme
2016). However, compared to native Cerrado soils
studied herein a significant increase in the P
availability (P-M1 and P-resin) (Figures 5j and 5k,
respectively) was observed only for coffee areas
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(mainly) followed by horticulture and cereal
crop systems (Figures 5j and 5k). Continuous
application of P fertilizers in quantities higher
than the annual removal by crops contributes
to build-up a P reservoir through the years,
increasing available P content even in soils with
high P fixation capacities (Ghosh et al. 2011,
Abdala et al. 2012, Barrow & Debnath 2014, Roy
et al. 2017). In addition, P adsorption in Cerrado
soils decreases with the saturation of adsorption
sites (Roy et al. 2017). As presented in Figure 3,
available P was associated to the highest pH
in water, BSP and CEC. Despite the increase of
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available P compared to native Cerrado (Lopes
& Cox 1977), in sandy-clayey soils, only 32 % of
samples showed available P superior to the
critical level (Figure 2j). In clayey and very clayey
soils (Figures 2k and 21), 67 and 59 % of samples
presented available P superior to the critical
level, respectively. Some management practices
has been contributing to reduce P adsorption
in tropical soils increasing its availability such
as: pH correction through liming application
(Souza et al. 2006), no-tillage, crop rotation and
manure application (Ghosh et al. 2011, Abdala et
al. 2012, Groppo et al. 2015, Rodrigues et al. 2016,
Soltangheisi et al. 2018).

Available K' and exchangeable Ca** and Mg*

The contents of exchangeable Ca* and Mg” have
not yet been elevated to satisfactory levels in
most areas of TMAP (Table I). Fifty-seven percent
of the areas showed exchangeable Ca contents
below the critical level (Figure 2q), and 79% had
unsatisfactory contents of Mg (Figure 2r). Most
of samples had sum of bases and BSP (%) below
the critical limits (Figure 2g and 2h). For Mg, all
land uses presented values below the critical
limit (Figure 50). Also, sum of bases and BSP (%)
varied significantly among land uses (Figures
5g, 5h and 5n, respectively). Ca and Mg may
be limiting the development of plants grown
in the TMAP region, suggesting that the liming
practice is still insufficient and/or inadequate.
Build-up the soil fertility to obtain high yields in
the Cerrado region depends on the continuous
application of liming and fertilizers (Benites et
al. 2010). Cerrado soils, before the agricultural
use (Lopes & Cox 1977), presented Ca™ contents
ranging from 0.04 to 6.8 cmol_dm~ (median =
0.25 cmol_dm?). Mg”" contents ranged from 0 to
2.2 cmol,_ dm? (median = 0.25 cmol_dm?) (Lopes
& Guilherme 2016). Comparing the results of
exchangeable Ca” and Mg contents obtained
herein, the median for Ca* was elevated to 21

SOIL FERTILITY OF CERRADO AGRICULTURAL SOILS

cmol,_dm?, and the median for Mg* increased
from 0.25 to 0.6 cmol_dm? (Table 1), indicating
an increase of these nutrients in Cerrado soils
through the years.

Regarding available K" content, 24% of
samples presented very low and low levels (<
40 mg dm?); 28 % medium contents; and 48 %
contents above the critical level (Figure 2p). The
available K" contents in Cerrado agricultural
soils from TMAP region were relatively high
compared to native Cerrado soils (Lopes & Cox
1977). Available K" contents ranged from 8 to 942
mg kg” (mean = 99 mg dm™ and median = 69
mg kg”) (Table 1), while in native Cerrado soils
available K" content ranging from 8 to 283 mg
kg™ (median = 31 mg kg") (Lopes & Guilherme
2016). Adequate available K contents are very
important to obtain high yields and quality of
products, however, excessive K in the soil can
compromise the equilibrium and, consequently,
the availability of Ca” and Mg” for crops (Oliveira
et al. 2001, Barros et al. 2010). Availability of
K" in tropical soils is strongly dependent on
the continuous fertilization through mineral
fertilizers, adequate splitting, mainly in coarser
texture soils and with low organic matter content,
and continuous increasing of soil organic matter
favoring K retention (Lana et al. 2004, Benites et
al. 2010, Rosolem et al. 2012). Only coffee areas
presented available K" contents higher than the
critical limit (Figure 5m).

Most of samples (92%) had Ca/Mg ratio
below than 6:1, ranging from 1.00 to 5.92 (Table
1). Only 27% of samples had adequate Ca/K ratio
(between 5:1 to 10:1), and 38% adequate Mg/K
ratio (between 1:1 to 2:1). Most of samples (55%)
had Mg” content on CEC considered adequate
(between 4-12%). However, all samples did not
reach satisfactory Ca’ concentration on CEC2 (at
least 65%). Regarding K', 56% of samples have
adequate saturation on CEC2, ranging from to
2.00t0 4.98%. The monitoring of the relationships
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among these cationic macronutrients is crucial
due to antagonistic interaction during uptake
process. For example, the needed increasing in
the Ca™ concentration must be accomplished
by liming and/or gypsum application, and an
adequate Mg and K fertilization. The land use
also impacted Ca, Mg, and K ratios, mainly Ca
saturation on CEC2 (Figures 6a, b, ¢, d, eand f). In
addition to absolute concentration of Ca”, Mg”,
and K’, adequate ratios among these nutrients
also influence plant growth and productivity
(Oliveira et al. 2001).

Sulfur

Sulfur interpretation was performed based on
P-rem (Figures 2m, 2n and 20). Samples that
presented P-rem from 0 to 4 mg L' (more reactive
and very clayey soils), the S availability was very
good (100% of samples), with values superior to
54 mg dm” in all samples (Figure 2m). For
samples with higher P-rem values, the S
availability decreased. For P-rem class from 4
to 10 mg L, 83 % of samples presented very
good contents; 10 % good; and only 2% medium
contents (Figure 2n). For P-rem class from 10
to 19 mg L, the percentage of samples with
very good content decreased to 39%; 30% of
samples presented good contents; 21% medium
contents; and 10 % had low contents (Figure
20). Sulfur in agricultural systems is related to
the application of gypsum (Lopes & Guilherme
2016) and to other fertilizers that contain sulfur
in their formulation such as ammonium sulfate
(24 % of S), simple superphosphate (12 % of S),
and magnesium sulfate (13 % of S) (Broch et al.
2011) that are applied to supply other nutrients.
Gypsum (CaSO0,) application in agricultural soils,
mainly in tropical conditions, is an efficient way
to reduce Al availability in deeper layers. This
is possible due to elevated mobility of SO,*
down soil profile and by formation of AlSO,’
precipitated (Fageria & Baligar 2008). Also, the

SOIL FERTILITY OF CERRADO AGRICULTURAL SOILS

movement of Sof’ through the soil profile can
transport cations like Ca, Mg, and K (Crusciol et
al. 2014, Pauletti et al. 2014). This process can
enrich subsurface layers (Caires et al. 2004, Neis
et al. 2010) favoring the development of roots
(Caires et al. 2001, Crusciol et al. 2014, Pauletti
et al. 2014). However, an excessive leaching can
cause a depletion of Ca”, Mg”, and K" in the upper
soil layers. The suitable gypsum application has
increased yields of different crops growing in
the Cerrado region (Caires et al. 2001, Crusciol et
al. 2014, Pauletti et al. 2014). Herein, satisfactory
contents of S were observed only in coffee areas
(Figure 5l).

Micronutrients

The concentrations of Fe, Mn, Zn, and Cu (Figures
4a, 4b, 4c and 4d, respectively) were higher than
the critical contents in 80%, 82%, 70%, and 72% of
the samples, respectively. Most samples showed
very high concentrations, especially Mn and Zn
(Figures 4b and 4c). This diagnostic is especially
important for Zn, since it has been increasing
considered in biofortification strategies of
crops (Cakmak 2008, Cakmak et al. 2010, Oliveira
et al. 2018). This current condition differs
significantly from native Cerrado soils which are
characterized by a generalized micronutrients
deficiency (Marques et al. 2004, Pegoraro et al.
2006, Lopes & Guilherme 2016). The effects of
micronutrient deficiency on reduction of crops
yield are well known (Carmo et al. 2012, Kurtz &
Ernani 2010).

An unsatisfactory result was observed
only for B. Almost all samples (97%) showed
concentrations lower than the critical level
(<0.6 mg dm?) (Figure 4e). B is an important
plant micronutrient participating in many
physiological processes. Due to its low mobility
in plants, B fertilization should be preferentially
performed via soil (Bologna & Vitti 2006, Furtini
Neto et al. 2001, Mattiello et al. 2009). Also, even
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Table II. Ca, Mg, and K ratios in soil samples from Triangulo Mineiro and Alto Paranaiba region, Cerrado biome,

Brazil.

Ratio Min. = Max. Mean | Median | s.d
Ca/K 07 | 700 134 99 15
Ca/Mg 05 | 143 39 37 2.0
Mg/K 03 | 207 39 26 34
Ca/CEC2 06 | 730 @ 348 364 15.5
Mg/CEC2 12 301 10.2 9.2 5.3
K/CEC2 04 | 233 39 37 37

Al % of Al | Skewness Koé':]?ﬁ:::‘?v'
5:1to 1021 27.0 2.3 014 ns
6:1 to 10:1 8.0 1.7 0.08 n.s
11 to 21 38.0 19 016 n.s
65 to 85% 0.0 -0.2 0.06 n.s
410 12% 55.0 0.9 0.08 n.s
2 to 5% 56.0 27 017 ns

Al: best adequate interval for plant growth per Bear & Toth (1948), Adams & Henderson (1962), and Liebhardt (1981); % of Al
means the percentage of samples with adequate ratio; s.d.: standard deviation; n.s: non-significant.

with frequent and adequate applications as
H,BO, its residual effect in soils is low (Resende
et al. 2016). H,BO, is the predominant form of B
in soils and it can be easily leached, mainly in
sandy soils and low soil organic matter content
(Gondim 2009, Bologna 2003). For some crops
(e.g., coffee), emergency applications of B via
foliar fertilization may be needed. Coffee plants
are one of the most sensitive and responsive
species to B. Its deficiency causes reduction in
the rootand shoot development, flowerabortion,
fruit malformation, deformities in vascular
elements, and, consequently, yield reduction
(Rosolem & Leite 2007, Gontijo et al. 2008).
Adequate B concentrations were observed only
in coffee areas in the TMAP mesoregion (Figure
5t) reinforcing the importance given by farmers
to this micronutrient (Poltronieri et al. 2016).
The available Fe contents were lower in all
TMAP land uses compared to native Cerrado
vegetation (Figure 5s). This may be attributed
to the increase in soil pH due to liming (Raij
2011) favoring its precipitation and reducing
the availability. For Cu, coffee and horticulture
areas showed the highest values (Figure 5q).
In horticultural areas, there was also a greater
variation in soil Cu content, which can be
attributed to the use of fungicides for preventive
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disease control, which contain Cu and Zn in their
composition (Mackie et al. 2012). It is known
that frequent applications may increase the
concentrations of Cu and Zn in soils (Nagajyoti
et al. 2010). The same result was observed
for Zn (Figure 5p), with higher levels found in
coffee and horticultural areas. No significant
differences between land uses were observed
for Mn (Figure 5r).

Comparing the results found herein with
those reported by Lopes & Guilherme (2016) for
native Cerrado soils, a significant increase in
the concentration of micronutrients occurred.
As reported by Lopes & Guilherme (2016), native
Cerrado soils had Fe contents ranging from
3.7 to 74 mg dm” (median = 32 mg dm?~). Cu
and Zn contents ranged from 0 to 9.7 mg dm”
(median = 0.6 mg dm”); Mn from 0.6 to 92 mg
dm? (median =7.6 mg dm?) (Lopes & Guilherme
2016). All natural concentrations for Cu, Zn,
and Mn are below the critical levels for crop
growing (Lopes & Guilherme 2016). Currently,
these micronutrients are not limiting factors
for agricultural production in the studied area
(Figures 4 and 5). Most concentrations of Cu, Zn,
and Mn are higher than the critical values (Figure
4). Considering the adequate concentrations of
micronutrients (Fe, Cu, Mn, and Zn) in the TMAP
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mesoregion biofortification strategies of crops
(e.g., with Zn) can be facilitated (Cakmak 2008,
Cakmak et al. 2010, Oliveira et al. 2018).

In this work an important agricultural
mesoregion in the Cerrado biome was studied
to report a diagnose of soil fertility conditions.
Compared to native Cerrado soils, the soil
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pH and CEC increased being attributed to
continuous adoption of liming. Consequently,
exchangeable A and its saturation on CEC were
drastically reduced. However, mainly planted
forests and some cereal crops are still growing
in poor conditions. The increasing in the soil
organic matter content is still a challenge. All
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studied land uses in the TMAP mesoregion did
not significantly differ the SOM from native
Cerrado areas. Thus, continuous adoption of
best management practices (e.g., no-tillage)
and supplementary organic fertilization must
be encouraged. As result of continuous mineral
fertilization through the years, available K’,
exchangeable Ca” and Mg”, and S significantly
increased compared to native condition.
However, satisfactory contents (above the
critical content) have not been yet achieved,
especially for Mg. This result suggests more
attention on the use of Mg-enriched limestones
instead the continuous application of calcitic
limestones. The micronutrients (Fe, Cu, Mn,
and Zn) in the TMAP region were considered
satisfactory. This finding is special important for
successful implementation of biofortification
strategies in the TMAP region (e.g., with Zn).
Only B was considered complete unsatisfactory.
Except for coffee areas, all land uses in the
TMAP mesoregion presented B concentration
significantly below the critical content.
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