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ABSTRACT 

BACKGROUND: Conservation agricultural practices increase total organic 

carbon storage in soil (TOCS), a factor that is correlated with the physical and 

chemical qualities of highly weathered soils. In this study, we investigated the 

effects of TOCS on the physicochemical attributes of a Latosol after 10 years of 

no-till management in Mato Grosso State, Brazil. 

RESULTS: TCOS was highly correlated (r = 0.92) with cation exchange capacity 

(CEC, pH = 7) and soil density. In the top 0.2 m soil layer, CEC increased by 

25% with every 1.8 kg m-2 of stored organic carbon. Eliminating soil organic 

matter reduced CEC from an already low value of 8.40 cmolc kg-1 to 4.82 cmolc 
                                                           
1Excerpt from the first author's doctoral thesis, funded by CAPES - Brazilian Federal Agency for 
Support and Evaluation of Graduate Education.  
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kg-1. Therefore, humus is clearly important for the formation of a negative liquid 

charge in a predominantly electropositive but clayey soil. 

CONCLUSION: We confirmed that TOCS is an indicator related to the 

physiochemical characteristics of weathered soils. Furthermore, our results 

demonstrate that the increased carbon storage under non-tilling systems is 

essential for guaranteeing weathered soil fertility in tropical climates.  

 

Keywords: organic carbon storage, atmospheric carbon capture, point of zero 

charge, no-tillage, central-western Brazil 

 

INTRODUCTION 

No-till (also known as no-tillage or zero-tillage) is a conservationist soil 

management practice that is gaining widespread adoption on soybean and corn 

farms in Mato Grosso, Brazil.1 The main benefits of no-till over conventional 

management (annual soil mobilization through plowing and harrowing) include 

reduced erosion; greater soil water conservation; organic matter accumulation; 

improved environmental protection; reduced need for equipment, energy, and 

labor; and generally higher net returns.1 In addition, no-till farming contributes to 

greenhouse gas (CO2) sequestration through accumulating soil organic matter, 

in turn improving soil, plant, and atmospheric conditions.2,3 However, in regions 

with tropical climates, such as the Cerrado (Savanah) biome in Brazil, 

implementing no-till is a challenging proposition because its benefits are 

undermined by the accelerated decomposition of vegetal residues.1 The region 

is also commercially dependent on soybean and corn, with few phytosanitary 
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products authorized for use with other suitable crops.1 Thus, ideal no-till 

management in Mato Grosso can only be achieved through technologies that 

increase humus permanence and allow greater crop variety. 

Soil organic matter (SOM, expressed as organic C concentration in g kg−1) 

comprises plant/animal residues at various stages of decomposition, and 

typically has a ~54% mineral content.4,5 It is important with respect to numerous 

chemical, physical, and biological processes in terrestrial ecosystems, including 

soil structure, water infiltration/retention, microbial biological activity, ion 

complexation, nutrient cycling/availability to plants, and gas release (including 

CO2).2–6 Of all soil parameters, SOM is the most sensitive to variations in land 

use; for example, SOM mineralization and CO2 release vary depending on soil 

management practices.1–6 Thus, a production system’s strengths and 

weaknesses can be determined through examining how organic carbon is 

related to soil physical, chemical, and mineralogical attributes.  

According to the most recent soil maps of Brazil, Latosols (a type of 

Oxisol) are the most abundant soil type in the country and in Mato Grosso.7 

Latosols have physical characteristics favorable to root growth and are 

generally found in areas with flat to slightly undulating topography, suitable for 

agricultural operations such as grain harvesting.1 Thus, Latosols are typically 

used for farming. Like other Oxisols, Latosols are highly weathered, heavily 

leached, and possess a clay mineralogy of kaolinite plus Fe/Al oxides. As a 

consequence of their age and weathering, Latosols and other Oxisols have a 

very low cation exchange capacity (CEC),8 emphasizing the importance of SOM 

accumulation for maintaining soil fertility. Specifically, SOM increases CEC and 
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the point of zero charge (PZC: the soil pH at which positive and negative 

charges are equal) through “blocking” excessive positive charge derived from 

soil minerals and oxides.9,10  

In this study, we investigated organic carbon storage in Latosols after 10 

years of no-tillage practices in Mato Grosso State, Brazil. We examined how 

SOM content is correlated with soil physical and chemical attributes (CEC in 

particular), with the aim of clarifying the influence of SOM on soil quality. To the 

best of our knowledge, very few detailed studies have evaluated the effect of 

SOM on CEC,10,11 particularly in large agricultural regions that have been under 

monoculture for long periods. Our results will therefore provide insights on the 

importance of biodiversity in farming systems. Furthermore, these data can 

provide a basis for adjusting cropping management to maintain environmental 

homeostasis and determining the best practices for enhancing soil fertility. 

 

EXPERIMENTAL 

Study area  

The study was performed in the municipality of Diamantino, Mato Grosso State, 

Brazil (14°07′40′′S, 56°58′39′′W, 539 m a.s.l.) (Fig. 1). The climate is Aw 

following Köppen–Geiger classification, with a rainy period from October to April 

and a dry period from May to September.12 Mean annual precipitation and 

temperature are 1816.9 mm and 25.5°C, respectively. Soil in the experimental 

plot (12.5 ha within a 56-ha planting field) was grouped under Brazilian Soil 

Classification as Latossolo Vermelho Distrófico típico, with a moderate A 

horizon, low-activity clay texture, a semi-deciduous tropical forest phase, and 
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low relief.13 This soil is similar to Ferralsols 14 and Rhodic Hapludox.15 Table 1 

lists the physical and chemical attributes of soil in the experimental plot. 

Because roots develop in the 0.10–0.20 m soil layer during the 

reproductive phase, we collected samples from this layer and the surface (0–

0.10 m) layer for the 2013/2014 crop. Sampling was performed from 117 points 

per layer in the space between cultivation lines (Fig. 1). These points were 

georeferenced using a global positioning system (Hiper Pro; Topcon, 

Singapore), with maximum vertical or horizontal errors of 5 mm. 

During sampling, the area was cultivated with soybean (Glycine max L.) 

cultivar MONSOY 7639 RR with 0.45-m row spacing and an average of 15 

plants per linear meter. All phytosanitary and weed control protocols followed 

recommendations of the Brazilian Agriculture Ministry. Plants were seeded on 

October 23, 2013 and harvested on February 5, 2014, with an average 

productivity of 3643 kg ha–1.  

The experimental area has the following history of soil usage. In 1987, 

the native forest was cut down using a crawler tractor and steel chain. The 

remaining wood was burned before the soil was plowed and leveled. In the 

1987/1988 crop season, rice was cultivated without lime or fertilizer application. 

In 1988/1989, lime was applied following a chemical analysis of the 0–0.20-m 

soil layer. The soil was then homogenized through plowing and leveling. Three 

months later, the soil was fertilized for seeding of interim harvest maize. During 

the period from 1990 to 2000, soybean and maize were cultivated in sequence. 

Subsequently, every 2 years, the soil was plowed and leveled for lime 

incorporation, followed by fertilization in the seeding rows 3 months later. After 
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the cotton harvest in August 2004, no-till was initiated, and from 2004 onward, 

the soil was no longer physically prepared or manipulated with plow and harrow.  

Crop rotation was not performed until 2014. Prior to this point, soybean 

and maize were successively cultivated (seeding via a planter with a fertilizer 

box, a multi-ridger for fertilizer application and sowing, plus an 18″ frontal disk 

for straw cutting). For soybean, an average 85 kg ha-1 P2O5 and 80 kg ha-1 K2O 

were applied during the 10-year period (2004 to 2014), with nitrogen supplied 

through biological fixation. Simultaneously, maize was treated with an average 

fertilization dosage of 20 kg ha-1 N, 80 kg ha-1 P2O5, and 60 kg ha-1 K2O applied 

together, and 60 kg ha-1 N applied separately at phenological stage V4. A 

spread machine was used for fertilization at the maize vegetative stage, when 

plants had seven to eight leaves. Every two agricultural years, maize harvesting 

was followed by treatment with an average dose of 1023 kg ha-1 dolomitic lime, 

applied using a spreading machine but with no plowing. Residue from maize 

harvesting covered the soil during the inter-harvest period until the beginning of 

the following rainy period. At this point, straw rapidly degraded until only pieces 

of maize culm remained by phase V4 of soybean culture. After harvesting 

soybean and maize on February 5, 2014 and harvesting maize on July 26, 

2014, the amount of straw cover on soil was estimated to be 0.265 kg m-2 and 

0.873 kg m-2, respectively, based on three samples dried at 60C for 48 h.16 

Soybean and maize productivity was 3643 kg ha-1 and 10515 kg ha-1, 

respectively. 

 

Sampling and physicochemical analyses 
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At the end of the soybean phenological stage (R8) (January 15–17, 2014), 

undisturbed soil samples were collected using a Kopeck sampler and stored in 

stainless steel cylinders (height × diameter, 50 × 50 mm).17 To avoid creating 

117 trenches in the plot, the Kopeck sampler was deployed at a distance of 

0.10 m from the previous sampling site and maintained at a 0.10 m sampling 

depth with a planar auger. Samples (14 replicates of each) were saturated with 

distilled water, then subjected to matrix potentials of −2, −6, and −10 kPa using 

a sandbox-type tension table (Model 08.01; Eijkelkamp Soil & Water, Giesbeek, 

Netherlands), and also −33, −66, −100, −300, and −1500 kPa using a pressure 

plate extractor (Model 1500F1; Soil Moisture Equipment Corp., Goleta, CA, 

USA).18 

After attaining hydric equilibrium at each potential, samples were 

weighed. Soil-water retention curves were adjusted to each examined layer.19 

Water content corresponding to field capacity was set as the soil microporosity 

(m3 m−3) based on a −10 kPa matrix potential.19 Macroporosity was calculated 

as the difference between total porosity and microporosity.19 

Disturbed soil samples were collected using a 0.20-m-long Dutch auger 

from areas next to undisturbed soil sampling sites. Soil texture was determined 

using the pipette method, based on differences in particle weight.17 Soil particle 

density13 and clay fraction activity were also calculated.17 Total organic carbon 

content was determined based on potassium dichromate oxidation to CO2, 

followed by titration with Fe2+ from an ammonium ferrous sulfate solution.19 The 

pH in 0.01 mol L-1 CaCl2 was measured using a volumetric proportion of 1:2.5 

(soil:CaCl2). Exchangeable P and K contents were determined after Mehlich-1 
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extraction with 0.05 mol L-1 HCl and 0.025 mol L-1 H2SO4 solutions. 

Exchangeable Ca, Mg, and Al were extracted with 1 mol L-1 KCl solution, 

whereas H and Al were extracted with calcium acetate solution (pH 7). CEC 

values were derived from the sum of bases plus H and Al at pH 7,19 whereas 

PZC was determined via potentiometric titration.20 

A 2-kg soil sample was obtained at 0–0.20 m depth for all 117 sampling 

points (Fig. 1 B) and divided into two 1-kg samples. To evaluate the effect of 

SOM on CEC and PZC, 100 g of soil was added to porcelain crucibles and 

placed in a muffle furnace at 600C for 6 h, thereby combusting organic 

matter.21,22 The remainder of the soil served as a control.  

 

Mineralogical analysis 

Energy-dispersive X-ray spectroscopy (EDX-700 HS; Shimadzu, Kyoto, Japan) 

was used to determine soil (0–0.20 m) mineralogical composition. Rhodium was 

used as a radiation source, whereas channels were Ti-U and Na-Sc. 

Additionally, X-ray diffraction (XRD) analysis was performed within 5–90 at 

increments of 0.02 and with an incidence time of 0.4 s per step. For analysis, 

we used a D8 Advance X-ray diffractometer (Bruker, Billerica, MA, USA) with a 

Cu2Ka goniometer (wavelength: 1.5406 Å, dispersive-slit width: 1.00 mm).  

 For fluorescence analysis, samples were air dried, buffered, crushed, 

and sieved (53 µm mesh) to ensure particle size homogeneity and to eliminate 

the influence of sample surface irregularities. Samples were homogenized using 

a mortar and pestle, manually quartered, shaped into wafers, and pressed at 20 

t in a PCA4 spectrometric press (RB Lab®) for XRF analysis. Undisturbed 
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samples were used for XRD analysis.23 Diffractograms were interpreted using 

DIFFRAC.EVA (version 3.1) and the Powder Diffraction File database from the 

International Center for Diffraction Data (ICDD). 

 

Calculation of organic carbon content and available water capacity  

Total organic carbon storage (TOCS) for the 0–0.20 m layer was calculated using 

Equation I: 

0 0 ,2 0
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T T S Z



  
   

   

                                         (I), 

where TOCS = total organic carbon storage of the examined soil layer (Mg ha-1), 

Tocc = total organic carbon content (g kg-1), Bd = average soil bulk density of the 

0–0.10 and 0.10–0.20 m layers (kg m-3), S = area of one hectare (10,000 m2), 

and ∆Z = width of the examined soil layer (0.20 m). 

Equation II was used to calculate the available water capacity (AWC, 

mm) of the 0–0.20 m soil layer:18 

1000.).(
20,00 iPWPCC

n

i

m
ZAWC  



                          (II), 

where θi = actual soil water content (m3 m-3); θCC = Ψ = −10 kPa, θPWP = Ψ = 

−1500 kPa; and ΔZ = soil layer width (0.20 m). 

 

Statistical analysis 

Data were evaluated for normal distribution using the Shapiro–Wilk’s test (P > 

0.05).24 Pearson correlation analysis and Student’s t test ( = 0.05) were used 

to identify independent variable(s) most highly correlated with the dependent 
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variable (TOCS). Significant correlations were classified as previously 

described.24 We used a best subset multiple linear regression to estimate all 

possible regression models with one, two, three, and n independent variables, 

identifying those most predictive of the dependent variable (Equation III): 

ipipiii
XXXY  

 1,122110
...                           (III), 

where Yi = result of the ith assay, Xi1, Xi2, and Xi,p−1 = values of nth predictor 

variables of the ith assay; 0, 1, 2, and 2p−1 = model parameters; i = 

independent error, with distribution N(0, 2); Yi = metric dependent variable − 

TOCS (Mg ha−1); and X1, X2, X3,..., Xn = metric independent variables − soil 

chemical and physical attributes. Data were analyzed using SigmaPlot version 

12.5 (SYSTAT, San Jose, CA, USA). 

The criteria used to select the best-fit model were as follows: F-test-

based significance level (α = 0.05); coefficient of determination (R2); adjusted 

coefficient of determination (R2
Adj); and the standard error of the model 

estimate.24 

 

RESULTS AND DISCUSSION 

In this study, we demonstrated that soil organic matter (SOM) content 

significantly influenced tropical soil attributes, specifically cation exchange 

capacity (CEC) and the point of zero charge (PZC). However, a notable 

limitation regarding our findings is the possibility that SOM was not completely 

eliminated in the muffle furnace. Moreover, the high temperature selected for 

combustion may have altered silt and clay chemical structure, thus affecting 

CEC values in unexpected ways. For example, recalcitrant organic matter that 
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is strongly associated with minerals can be released at temperatures greater 

than 430C.25 However, an acceptable statistical adjustment was observed in a 

previous study using even higher temperatures to remove SOM: OM600C = 

0.021 + 0.983 × OM450C, R2 = 0.979.22 Furthermore, the high temperature we 

used here ensured that inter-aggregate organic matter was fully oxidized. Thus, 

we believe that our findings reliably reflect how SOM affects CEC.  

Regarding the descriptive analysis of the data, with the exception of Al3+, 

which was removed from subsequent analyses, data were normally distributed 

and representative of soil variability in the experimental plot (Table 2).  

Adjustment of the soil-water retention curve explained >90% of the 

volumetric water content in soil (θ) with 5% error probability, and showed an 

average standard residual error of the estimate of 0.0186 m3 m-3 maximum, 

corresponding to 3.72% of the available water capacity (AWC) of the soil (Table 

3). These adjustments, which took into consideration water matrix energy and 

soil density, were necessary to correct for the effects of soil density at each of 

the 113 sampling points when performing the correlation analysis between 

AWC and total organic carbon storage of the soil (TOCS). 

TOCS in the soil varied from 42.54 to 60.55 Mg ha-1 (4.25 to 6.05 kg m-2 

along a 0.20 m soil depth. Soil CEC increased by 25% for every 1.8 kg m-2 of 

stored carbon, [CEC = 9.619 + (0.133 × Tocs) - (0.00612 × Bdaverage) R2 = 0.817, 

n = 113, p < 0.001]. A 1.8 kg m-2 increase in soil carbon is equivalent to adding 

at least 2.88 kg m-2 of straw, given that approximately 60% of initial straw mass 

is converted to a gas within a year.26 Disregarding the roots, 2.88 kg m-2 is 

approximately 2.5 times higher than the straw quantity of the 2013/2014 
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soybean (0.265 kg m-2) and maize (0.873 kg m-2) harvests. These results 

suggest that biomass addition should be continuous to guarantee carbon 

accumulation,27 thus reaping the benefits of humus on soil structure and plant 

development.2,6 

TOCS was strongly and positively correlated with CEC, although only 

moderately correlated with density and potential acidity (H+) (Table 4). In 

addition, TOCS was positively correlated with Ca2+/Mg2+ content, the sum of 

bases, microporosity, and ground altitude, but negatively correlated with 

macroporosity, total porosity, and AWC (Table 4). Thus, SOM has a significant 

impact on soil attributes, even though it comprises <5% v/v of the content in 

many soils.3 For example, soil with acidic SOM (i.e., positive correlation 

between TOCS and H+; Table 4) contains more humic substances rich in 

carboxylic (-COOH) and phenolic (-OH) groups. Under such conditions, humus 

develops a negative surface charge as soil pH increases, thereby providing 

nutrients to plants.28 In our experimental soil, support for this phenomenon can 

be found in the positive correlations of TOCS with Ca2+ and Mg2+ content. 

Soil microporosity was positively correlated with TOCS (Table 4), probably 

because no-till increased organic matter occlusion inside soil aggregates or 

micropores. In turn, access of microbial decomposers is hindered and O2 flow is 

restricted.29 In contrast, harrowing soil increases soil macroporosity and thus 

reduces Eco (Table 4). Because Eco increases with soil density (Table 4), 

compacting soil to a certain point can favor the protection of inter-aggregate 

humus. However, the trade-off to this protection is the associated decrease in 

AWC with increasing soil density (Pearson r = -0.9981, P < 0.001). This 
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relationship occurs because volumetric water retention (i.e., permanent wilting 

point 18) increases in compact soil (Table 3).  

Together, CEC and density explained 85% of TOCS variability [TOCS = 

−57.766 + (6.135 × CEC) + (0.0440 × Bd) R2 = 0.850, n = 113, p < 0.001]. 

Additionally, TOCS was correlated with CEC deeper in the soil profile (r = 0.9980, 

P < 0.001; Fig. 2A). This linearity is common in weathered soils due to a profile 

that exhibits homogeneity in density and clay content. Moreover, clay fraction 

activity in the 0–0.20-m layer was 14.10 cmolc kg-1 (SOM removed) and 8.01 

cmolc kg-1 (SOM retained). These values are well below what is classified as 

high clay activity (≥27 cmolc kg−1 of clay).13 Clay activity of the examined soil 

also decreased deeper in the soil profile (Fig. 2B), similar to TOCS (Fig. 2C). 

Indeed, the two variables were highly correlated (Pearson r = 0.9934, P < 

0.001), indicating that SOM strongly influences CEC. Specifically, removing 

SOM through combustion reduced CEC by 57.42% (Fig. 2D). 

The Munsell Color Chart categorized the unburned sample as 5YR 4/3 

(dull reddish brown, disturbed dry sample) (Fig. 3A) and the burned sample as 

2.5YR 5/8 (red) (Fig. 3B). These results suggest that SOM occludes the 

characteristic red color of hematite (5R 3/6 and 10R 4/8).30 In addition to the 

change in hue, we also observed an increase in chromatic value. Soil darkening 

is a consequence of storing organic material in an advanced stage of 

decomposition31 and is associated with amorphous chemical compounds, high 

recalcitrance, carbon enrichment, and humus denomination. 

On the basis of the mineralogical analysis, we identified the minerals 

quartz, gibbsite, kaolinite, and hematite, which are characteristic of tropical 
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soils.32 Specifically, quartz and kaolinite are reduced in CEC, whereas gibbsite 

and hematite exhibit a variable charge dependent on soil pH. Similarly, previous 

studies have reported pH fluctuation results in a net charge variation of −1 to 

−15 cmolc kg-1 for kaolinite, +10 to −5 cmolc kg-1 for gibbsite, +20 to −5 cmolc 

kg-1 for hematite, and −100 to −800 cmolc kg-1 for humus.31 Under more 

constant pH, the CECs of tropical soil minerals tend to be positive (8 cmolc kg-1 

for kaolinite and 4 cmolc kg-1 for gibbsite and hematite).32 Collectively, these 

data emphasize the importance of humus in generating a net negative charge 

that cancels out the positive charge of soil. 

Organic matter appears to be essential for improving soil chemical 

properties, given that its removal caused a considerable decrease in CEC (from 

8.40 to 4.82 cmolc kg-1) (Fig. 2D). Indeed, the CEC post-SOM removal was 

exceptionally low, as a CEC of <9.6 cmolc kg−1 is considered low in the Cerrado 

biome, a region with clay-like soil similar to our experimental soil.33 Adding SOM 

probably increases the CEC of weathered, oxic (Table 1), and clayey (1:1, 

kaolinite) soil that characterizes our study area because humic substances tend 

to contain chemical groups that dissociate between pH 5 and 7.6,10,11 

We found that the oxidic mineralogy of tropical soils stabilizes SOM and 

reduces CEC, whereas it increases PZC by approximately 61% (i.e., from pH 

3.88 to 6.40) (Fig. 4). This outcome is due to the abundance of iron and 

aluminum oxyhydroxides in the clay fraction of highly weathered soils (typical of 

tropical soil). Previous research has demonstrated high correlations (r = 0.983, 

P < 0.01) between organic carbon and oxalate-extracted iron from various 

soils.34 These Fe/Al organic complexes have low water solubility and 
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accessibility to microbiota.35 However, an increase in SOM can reduce PZC 

through binding to positive iron oxides (hematite) and aluminum oxides 

(gibbsite). Hence, no-tilling and other soil management strategies that preserve 

soil carbon should be applied to reduce oxidic PZC, thereby increasing soil CEC 

and fertilization efficiency. 

 

CONCLUSIONS 

 We found that SOM was essential to improving the chemical quality of 

weathered soils such as Latosols, which exhibit an oxidic mineralogy that 

results in low-activity clay. When SOM was removed through combustion, soil 

CEC decreased, whereas PZC increased to levels higher than the pH of A 

horizon soil (~5.50). Thus, without sufficient organic matter, soil charge would 

become excessively positive, diminishing fertilization efficiency. To overcome 

fertilization issues in the no-till farming of tropical soil, we therefore recommend 

the development of technology that increases organic matter retention in such 

regions. 
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FIGURE CAPTIONS 

Figure 1. Study site and experimental plot. (A) Map of Mato Grosso State 

showing the location of the study site and (B) the topography of the 

experimental plot and location of sampling points (+). 

 

Figure 2. (A) Linear statistical adjustment between total soil carbon stock (TOCS) 

and cation exchange capacity (CEC) in the soil profile. (B) Activity of the clay 

fraction along the soil profile. (C) TOCS along the soil profile. (D) CEC before and 

after combustion of soil samples collected from depths of 0 to 0.20 m. Note: For 

characterization of the soil profile, three samples were collected per horizon (A, 

B, and C) to obtain average values. 

 

Figure 3. (A) Natural color of the 0–0.20-m soil layer. (B) Color of a burned soil 

sample (via combustion in a muffle furnace at 600C for 6 h). 
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Figure 4. (A, B) Point of zero charge (PZC) of samples from the 0–0.20-m soil 

layer with and without SOM removal (via combustion in a muffle furnace at 

600C for 6 h). Note: The PCZ is estimated based on the pH value where the 

curves with different concentrations of KCL intersect. That is, it is the pH where 

the positive and negative charges of the soil particles are equal. 
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Table 1. Physical and chemical properties of Latosol soil horizons in the study area after 10 years of no-till farming 

Soil  
horizon 

Depth 
(m) 

Bd
† 

kg m-3 

Physical properties Chemical compositionϫ 
Particle size distribution (%) pH‡ P K Ca Mg Al H TCO§ SB CEC BS 
Sand Silt Clay H2O mg dm-3 ......cmolc dm-3...... g dm-3 cmolc dm-3 (%) 

Ap 0.15 1258.9 34.71 5.18 60.11 5.50 8.60 40.00 2.20 0.80 0.20 5.10 20.18 3.10 8.40 37.20 
AB 0.27 1319.7 33.21 6.85 59.94 5.30 3.50 28.00 1.30 0.50 0.30 3.50 12.35 1.90 5.70 32.90 
BA 0.46 1259.2 28.57 5.64 65.79 4.90 2.90 25.00 0.60 0.30 0.60 3.50 11.19 1.00 5.00 19.20 

Bw1 0.89 1245.7 27.34 4.02 68.64 5.30 3.20 36.00 0.80 0.30 0.30 2.10 6.20 1.20 3.70 32.50 
Bw2 1.28 1240.9 27.42 5.17 67.41 4.80 2.30 22.00 0.40 0.20 0.60 2.10 5.04 0.70 3.30 19.90 
Bw3 1.57 1238.1 29.88 3.65 66.47 4.90 3.50 26.00 0.20 0.20 0.70 2.10 4.75 0.50 3.20 14.50 
Bw4 1.64+ 1236.8 29.19 4.80 66.01 4.70 2.00 18.00 0.20 0.10 0.70 2.00 4.52 0.30 3.00 11.40 

 
 

Topsoil  
 Oxide content (%) of soil samples determined by X-ray fluorescence (XRF) 

0 - 0.20 m Al2O3 SiO2 Fe2O3 TiO2 MgO P2O5 V2O5 ZrO2 SO3 Cr2O3 MnO H2O 
46.752 34.402 14.203 2.135 1.129 0.154 0.126 0.112 0.084 0.032 0.027 0.843 

ϫ Exchangeable P and K, extracted with 0.05 mol L-1 HCl and 0.025 mol L-1 H2SO4 (Mehlich-1); exchangeable Ca, Mg, and 

Al, extracted with 1 mol L-1 KCl; H and Al, extracted with calcium acetate solution (pH 7); SB, sum of bases; BS, base 

saturation 

†Bd, soil density (kg m-3) 

‡pH in 0.01 mol L-1 CaCl2 at 1:2.5 (soil: CaCl2) 

§TOC, total organic carbon content determined via acid oxidation with potassium dichromate and titration with ammonium 

ferrous sulfate 14 
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Table 2. Descriptive statistics of soil physical and chemical properties 

Variableϫ Min. Max. Average CV (%)‡ P-S.Wilk† 
Phosphorus (mg dm-3) 3.20 23.70 9.23 39.46 0.0514 
Calcium (cmolc dm-3) 1.00 4.00 2.73 11.67 0.6530 
Magnesium (cmolc dm-3) 0.70 1.30 1.00 8.29 0.0830 
Potassium (cmolc dm-3) 0.07 0.28 0.12 38.13 0.1200 
Hydrogen (cmolc dm-3) 3.30 5.70 4.60 7.87 0.2890 
Aluminum (cmolc dm-3) 0.00 0.40 0.02 359.45 0.0061 
SB (cmolc dm-3) 2.70 5.40 3.85 12.27 0.3130 
BS (%) 34.40 59.20 45.43 10.25 0.3860 
CEC (cmolc dm-3) 7.40 9.50 8.52 5.51 0.3840 
pH (CaCl2) 4.70 5.52 5.035 3.56 0.0510 
Organic carbon (g dm-3) 16.64 24.47 19.86 6.45 0.0582 
Sand (g kg-1) 316.95 397.01 360.73 5.11 0.4360 
Silt (g kg-1) 24.78 61.07 39.58 22.33 0.1100 
Clay (g kg-1) 550.26 642.18 599.69 2.73 0.7080 
Soil bulk density (kg m-3) 1220.50 1390.10 1300.38 3.18 0.3650 
Total porosity (m3 m-3) 0.45 0.53 0.49 3.22 0.8380 
Macroporosity (m3 m-3) 0.05 0.16 0.09 21.88 0.6700 
Microporosity (m3 m-3) 0.36 0.42 0.40 3.21 0.5020 
Altitude (m) 537.35 522.78 534.76 0.35 0.0610 
AWC (mm) 34.67 33.73 34.15 0.49 0.5800 
ϫ AWC, available water capacity of soil; CEC, cation exchange capacity; SB, sum of 

bases; BS, base saturation  

‡ CV, coefficient of variation in observed data; † Shapiro–Wilk’s test to determine data 

normality (P > 0.05)
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Table 3. Equations for soil-water retention curves  

Soil layers Equations† R2 P 
(F-test) SER‡ (m) Soil-water retention curve 

0–0.10 θ = 0.452484*** │Ѱ│−0.091415*** 

Bd0.367267*** 0.93 < 0.0001 0.018 

0.10–0.20 θ = 0.359406*** │Ѱ│−0.073829*** 

Bd0.709454*** 0.94 < 0.0001 0.013 
†GL (residual degrees of freedom): 109 

***P < 0.0001, *P < 0.01, *P < 0.05 (t test); θ, volumetric humidity (m3 m-3); |Ψ|, matrix 

potential (kPa); Bd, soil bulk density (g dm-3); ‡SER, standard error of the regression 
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Table 4. Pearson correlations (r) between total organic carbon storage of the soil (TOCS) and physicochemical soil attributes 

for the 113 samples from the 0–0.20-m soil layer 

Attributes r† P values 
 pH CaCl2 −0.1030 0.2960ns 
 Phosphorus −0.0678 0.4920ns 
 Potassium −0.1736 0.0766ns 
 Calcium 0.2765 0.4300* 
 Magnesium 0.3170 < 0.010** 
 Hydrogen 0.4690 < 0.001** 
 Sum of bases 0.2434 0.0123* 
 CEC††† 0.7635 < 0.0001** 
 Base saturation −0.0698 0.4790ns 
 Sand −0.0553 0.5751ns  

Clay 0.0263 0.7902ns  
Silt 0.0544 0.5826ns  
Soil bulk density 0.4534 < 0.0001**  
Macroporosity −0.4234 < 0.0001**  
Microporosity 0.2110 0.03072*  
Total porosity −0.4080 < 0.0001**  
Ground altitude 0.2237 0.0218*  
AWC††† −0.4477 < 0.0001**  
†r < ± 0.45, weak correlation; 0.45 ≤ r > 0.70, moderate correlation; r > ± 0.70, strong correlation.24 *P < 0.05, **P < 0.01; ns, 

not significant (P > 0.05; Student’s t test) 

†††AWC, available water capacity of soil; CEC, cation exchange capacity 
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Figure 1. Study site and experimental plot. (A) Map of Mato Grosso State showing the location of the study site and (B) the 

topography of the experimental plot and location of sampling points (+). 
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Figure 2. (A) Linear statistical adjustment between total soil carbon stock (TOCS) and cation exchange capacity (CEC) in the 

soil profile. (B) Activity of the clay fraction along the soil profile. (C) TOCS along the soil profile. (D) CEC before and after 

combustion of soil samples collected from depths of 0 to 0.20 m. Note: For characterization of the soil profile, three samples 

were collected per horizon (A, B, and C) to obtain average values. 
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Figure 3. (A) Natural color of the 0–0.20-m soil layer. (B) Color of a burned soil sample (via combustion in a muffle furnace at 

600C for 6 h). 
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Figure 4. (A, B) Point of zero charge (PZC) of samples from the 0–0.20-m soil layer with and without SOM removal (via 

combustion in a muffle furnace at 600C for 6 h). Note: The PCZ is estimated based on the pH value where the curves with 
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different concentrations of KCL intersect. That is, it is the pH where the positive and negative charges of the soil particles are 

equal. 
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