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Abstract

Biochar has been identified as a conditioner for the physical, chemical and biological properties of the soil. In this
perspective, it is reckoned that when added in the long term, this material may condition improvements in the
physical properties of agricultural soils. As a result, the objective of this work was to quantify changes in the
physical attributes of the soil after thirteen years of the addition of biochar in a Yellow Dystrophic Oxisol in
Central Amazon, in the agricultural ecosystem in Brazil. In a thirteen-year experiment (2006-2019) with rotation
of agricultural crops, the physical properties of a clayey Yellow Oxisol with the addition of increasing doses of
biochar, were studied. The experiment was conducted in randomized blocks, with four replications and four
treatments, making up sixteen experimental units with a size of 10 m x 10 m (100 m?). The analysis of the results
did not indicate a positive effect on most of the physical attributes studied, however, there was significance only
for two sets of data. Compared to soil without biochar, there was a decrease in the density of soil particles, and an
increase in soil resistance to penetration into the surface layer, in soil with biochar. No difference was found in the
subsurface layer for all evaluated attributes.

Keywords: soil conditioner, soil physics, Amazonas
1. Introduction

The Yellow Oxisol is predominantly the soil class that constitutes the most representative pedogenetic unit in the
Amazonian mainland ecosystem (Radambrasil, 1975; Leite & Medina, 1984). Despite the fact it presents good
physical properties, for the most part with regard to the structure (Leite & Medina, 1984), the effects of land
occupation in the Amazon that begins with the clearing of the forest for subsequent replacement by agriculture and
pasture cause numerous changes in the attributes soil, often causing degradation of these soils (Cravo & Smyth,
1997; Marques et al., 2004; Soares et al., 2016).

In the State of Amazonas, mainly in areas near to Manaus, intensive cultivation of the soil and its preparation in
inadequate conditions modify its physical characteristics. This is often attributed to the high annual rainfall that
occurs in this region and to the indiscriminate use of mechanization when preparing the soil (Souza et al., 2004).
For Oliveira et al. (2015) changes in soil attributes can be aggravated due to the management to which the soil is
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subjected. Thus, the process of replacing forested areas with agricultural crops, results in changes in the values of
soil density, porosity, pore diameter and aeration porosity, water infiltration, aggregation and organic matter
content (Leite, 1996; Klein et al., 1998; Longo, 1999; Carvalho et al., 1999; Mello Ivo & Mielniczuk, 1999; Reis et
al., 2009).

An alternative to mitigate the impacts caused on the physical properties of these soils is the adherence to the use of
biochar in management, since in the region a lot of coal is produced, with the disposal of waste that consequently
generates accumulations. As well as ash from coal production, coal fines are also discarded, making it necessary to
study technological applications for these materials (Siqueira et al., 2012).

Biochar (BC) is considered to be the product from incomplete biomass pyrolysis, produced with or without low
oxygen conditions, at a relatively low temperature (< 700 °C) (Castellini et al., 2015). Unlike charcoal, this
material is produced with the objective of being added to the soil due to its corrective action (Lehmann & Joseph,
2009), which can increase the development and productivity of agricultural crops (Glaser et al., 2002; Jeffery et al.,
2011) due to its inherent properties to a high specific surface area and its effects on soil properties (Yamato et al.,
20006; Steiner et al., 2007; Sun et al., 2015). Furthermore, it is a technology that can benefit soils with low levels of
Organic Carbon (Blanco-Canqui, 2017).

Despite its importance, studies on the use of biochar in soils have focused more on the effects linked to the
chemical properties of the soil than on the effects on physical properties (Atkinson et al., 2010). However, an
improved understanding of how the physical properties of the soil respond to the addition of biochar is
indispensable for the overall performance of the soil (Blanco-Canqui, 2017). In addition, most studies were
carried out with incubation in laboratories and pot testing in a greenhouse, however, reports on field studies are
only now emerging (Obia et al., 2016), with short-term experiments (< 4 years) (Pandian et al., 2016; Qin et al.,
2016; Usowicz et al., 2016; Zheng et al., 2016).

The addition of biochar potentially decreases the density of the soil (Ds) by an average of 12% (Omondi et al.,
2016; Blanco-Canqui, 2017), in the same way that it reduces the soil particles density (Dp) from 14% to 64%
according to the volume of C added (Githinji, 2014), and consequently it can increase the total porosity (Pt) of the
soil between 2% to 41% (Omondi et al., 2016; Blanco-Canqui, 2017). On the other hand, biochar may not reduce
resistance to soil penetration in the short term (Rogovska et al., 2014; Bekele et al., 2015; Obia et al., 2017).
Despite these discoveries, the effects of BC on physical attributes in clay soils is still an open question. Therefore,
our hypothesis is that increasing doses of BC affect the physical characteristics of the clayey Yellow Oxisol when
analyzed after a long term.

Therefore, the objective of this study was to verify the effect of increasing doses of biochar after 13 years on the
modifications of the basic physical attributes and organic carbon, in a clayey Yellow Dystrophic Oxisol from
Central Amazon.

2. Materials and Methods
2.1 Study Area

The study was conducted in a Yellow Dystrophic Oxisol at the Experimental Station of Tropical Fruit of INPA
(EEFT), located in the northwest region of Amazonas (latitude 2°37'12"S and longitude 60°227"W), distant 45
km from the capital Manaus (Figure 1). According to the Koppen classification, the climate is of the Af type with
two well-defined climatic seasons: the rainy season from November to June, and another dry season from July to
October. The average annual precipitation is 2286 mm, with a relative humidity of 80%, and temperature
variations between 23.3 °C to 31.4 °C, presenting an annual average of 26.7 °C (Alvares et al., 2013).
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Figure 1. Location of the experimental area (EEFT), km 45 da BR174, Manaus, Amazonas, Brazil

Before the area opening, the existing vegetable composition was a 30-year old capoeira, which was removed in
2003 and shortly before the installation of the experiment in 2006, using conventional cutting techniques and
without burning the residues, aiming later to test the effects of increasing doses of biochar on the soil. Thus, in the
beginning of 2006 there was a delimitation of the experimental area according to the total area felled (0.44 ha).

The biochar (fines of coal) was obtained from the production of commercial coal in the metropolitan charcoal
plants of Manaus, produced in artisanal ovens known as “hot tail” that can reach temperatures from 470 °C to
600 °C with no oxygen (Swami et al., 2009).

Before application to the soil, samples of the biochar were collected, ground and sieved at 2.00 mm for chemical
characterization (Table 1). The material was added manually to the soil in the months of February and March 2006,
being incorporated at 0.20 m from the soil, with the aid of hand tools (hoe). From that, a rotation system for
agricultural crops was implemented, followed by complementary mineral fertilization, use of mechanization for
clearing, and intercalated fallow periods. Finally, the area was prepared prior to the planting of Pau-rosa seedlings
(Aniba rosacodora Ducke) as illustrated in (Table 2).

Table 1. Chemical characteristics of the bio-charcoal added to the EEFT Dystrophic Yellow Oxisol in 2006

Material C N Ca Mg K P Zn Mn
gkg' mg g’
Biochar 873.26 8.93 6.22 1.30 2.08 0.16 12.00 67.00
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Table 2. History of complementary fertilization, agricultural crops in the crop rotation system, and type of

mechanization in land preparation

. . . a Urea
Year Range Soil Culture Soil preparation 5% N 2% P05 60% 50
kg ha’!
2006 1° Zea mays mechanization 66 177 100
2007 2° Zea mays no mechanization 66-133° - -
1° Vigna unguiculata no mechanization - - -
2008 3° Zea mays mechanization 133 350 200
2° Vigna unguiculata no mechanization - - -
2012 3° Vigna unguiculata mechanization - - -
2016 4° Zea mays mechanization - - -
2018 - Aniba rosaeodora Ducke ~ mechanization - - -

Note. * Use of an agricultural tractor in periodic clearings (Massey Ferguson 250X year 1998); "Fertilization in two
stages, first 66 kg ha™ before sowing and the second 133 kg ha™ after sowing.

2.2 Experimental Design and Treatments

The design was applied in randomized blocks with four replications and four treatments, totaling 16 experimental
units (plots). The size of each plot corresponded to 10 x 10 m (100 mz). The treatments By, B4, Bgo and By
formulated from the increasing doses of biochar 0, 40, 80 and 120 Mg ha™', respectively, were incorporated
proportionally in the plots, obeying the draw in the field.

2.3 Soil Sampling

Sampling was completed 13 years after the addition of the bio-charcoal in October 2019, preceding the planting of
Pau-rosa seedlings (Aniba rosacodora Ducke). With the soil at field capacity, standard samples were collected, as
well as deformed samples, at depths 0.0-0.10 m and 0.10-0.20 m. The standard samples were removed by the
volumetric cylinder method with the aid of a soil sampler, using metallic cylinders that measure 5 cm in diameter,
5 cm in height, and a total volume of 98.175 c¢m’ (Elisabeth & Claessen, 1997).

A Dutch auger was used to collect samples with deformed structures, and to collect soil resistance to penetration
(SRP) data, a field impact penetrometer was used at depths of 0.0-0.10 m; 0.10-0.20 m.

A5 x 5 m quadrant was established in the center of each sampling unit (usable area), so the standard samples were
collected at the vertices of these quadrants (4 points), and the deformed samples in the center of the quadrants. In
this way, 4 standard samples and 4 deformed samples per plot were collected, making a total of 128 samples for
each type of sampling (deformed and standard). That is, 4 treatments x 4 repetitions x 4 samples per plot x 2 depths
= 128 samples x 2 types of samples = 256 total soil samples.

For the PR variable, 3 readings (simple samples) were taken close to the collection point of each standard sample
in the plot, totaling 12 readings per plot. Then, the average was calculated and 4 readings were obtained per plot,
maintaining a sample size and / or number of elements (n) equal for all variables evaluated.

2.4 Analysis of Soil Physical Attributes

The standard ones were weighed in the field to regulate the wet mass, with the aid of a digital scale containing three
decimal places, and then they were packed with aluminum foil, and transported to the Thematic Laboratory of
Soils and Plants (LTSP) of the National Institute of Amazon Research-INPA Manaus, for subsequent drying in an
oven at 105 °C for 24 hours.

In the determination of Gravimetric Moisture (GM) we used the method of difference of the water mass present in
the sample under collection conditions, and the dry mass of the sample in an oven. In this case considered: CGA
(kg kg")-gravimetric water content; a (g)-mass of the wet sample; b (g)-mass of the sample dried at 105° C for 24
hours (Teixeira et al., 2017).

CGA= 2 (1)

Soil density (SD) was measured using the volumetric cylinder method. This methodology is based on the volume
of the cylinder and the mass of the sample dried at 105 °C for 24 hours, following the following criteria: Ds: soil
density (g cm™); ma: mass of the dry sample (g); V: volume of the volumetric cylinder (cm™) (Teixeira et al.,
2017).
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The data on the density of soil particles (SPD) were obtained using the volumetric flask method (Forsythe, 1971;
Teixeira et al., 2017). Therefore, the total porosity (TP) was determined through the calculation using the two
densities (SD, SDP) as demonstrated in the formula, where, Pt: total porosity (m™ m™); Ds: soil density (g cm™);
Dp: density of soil particles (g cm™) (Donagema et al., 2011).
_ Dp-Dg

Pt= oy 3)
Soil resistance to penetration (PR) was verified using a SONDATERRA impact penetrometer, ModeloPI-60, in
which the conversion of data into MPa follows the principles (Stolf, 1991). In addition, for the organic carbon data,
the Walkley and Black method was used, which is based on the analysis of the wet soil by oxidation with potassium
dichromate (Walkley & Black 1934; Teixeira et al., 2017).

The granulometry of the soil was determined by the pipette method (Gee & Bauder, 1986), using a 1 mol L™ NaOH
solution as a chemical dispersant and mechanical agitation in a high-speed apparatus for 15 minutes, then the clay
fraction was separated by sedimentation, sand by sieving and silt was calculated by difference, according to
Embrapa's methodology (Teixeira et al., 2017).

Knowing that the granulometry is a very stable physical attribute, in this work the granulometry data of the soil
particles were used only for textural classification of the soil (Table 3) (Leite & Medina, 1984).

2.5 Statistical Analysis

All data were submitted to the Levene and Shapiro-Wilk tests (p < 0.05) in order to verify the homogeneity of the
variances and the normality of the data sets, respectively. Analysis of variance (ANOVA) was applied, and when
there was a significant difference between the means, the Tukey test (p < 0.05) was used, thus analyzing the effects
of treatments on soil attributes. All analyzes were performed using the statistical software R 3.6.0.

Table 3. Textural class and particle distribution of a Yellow Oxisol from Central Amazon

. Soil Particle
Treatments Biochar Doses Depth - Textural Class
Sand Clay Silt
Mg ha™! m gkg!
B, 0 0.0-0.10 252 610 138 Clay
Byo 40 0.0-0.10 249 630 121 Clay
Bs 80 0.0-0.10 228 645 128 Clay
Bz 120 0.0-0.10 252 641 107 Clay
B o 010020 245 654 o1 Clay
By 40 0.10-0.20 201 668 130 Clay
Bgo 80 0.10-0.20 213 686 101 Clay
Bz 120 0.10-0.20 212 684 104 Clay

3. Results and Discussion
3.1 Main Effects of Biochar on Soil Physical Attributes

The treatments (increasing doses of biochar) represented the explanatory variables, while the physical attributes of
the soil the response variables. The data were analyzed separately considering the two depths established,
superficial (0.0-0.10 m) and subsurface (0.10-0.20 m) (Table 3). In addition, most of the data sets followed
normality, with variable (RP) data being transformed (log-normal) in the superficial layer, and (RP; CO) in the
subsurface layer.

After applying the analysis of variance (ANOVA) in the classes of surface depth data, a significant difference was
detected for Ds (p < 0.05%) and RP (p < 0.001**). Therefore, the Tukey test (p < 0.05) was used to assess
sensitivity and distinguish differences. From this, the following sequence is noted in the differences in Ds between
treatments (By = B4y = B39 > Bgy), observing the lowest mean in treatment Bg, (2.24+0.12 g cm'3), which makes it
different from the control treatment By (2.38+0.10 g cm™) due to the decrease of 0.14 g cm™ equivalent to 5.9%
(Figure 2).

In addition, significant differences were detected for RP in the surface layer, demonstrated by treatments B4y** and
Bgo**, which presented the highest averages between the analyzed treatments (1.78+0.8 MPa) and (1.78+0.09
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MPa), respectively (Figure 2). In this case, there is a difference between treatments, in which B4y = Bgy > By = B2,
caused by an increase of 0.18 MPa in treatments By, and Bgy, a change that corresponds to 11% in relation to
treatments By and B,.

Furthermore, no significant differences were found in the subsurface layer, since the ANOVA values for all tested
attributes resulted in p > 0.05 (Table 4), with the use of a posteriori test being discarded.

Table 4. Results of ANOVA and Tukey's test in relation to the physical attributes and organic carbon of the soil of
the experiment with increasing doses of biochar in Central Amazon. (n = 16)

Depth Ug Ds Dp* Pt PR** CO
0.0-0.10 m kg kg™ gem” m> m? MPa g kg
2 By 0.28 a 1.27a 238a 0.47 a 1.60 b 15.1a
g By 0.28 a 1.24a 2.31 ab 0.47a 1.78 a 182 a
s Bg 0.30a 1.20a 224b 0.47 a 1.78 a 18.1a
& By 0.29a 1.24a 230 ab 0.46 a 1.60 b 17.0a
vV 9.02 816 588 1222 543 2104
Depth Ug Ds Dp Pt PR CO
0.10-0.20 m kg kg? gem® m> m> MPa g kg’
2z By 0.28a 1.29a 234 a 045a 221a 135a
g By 027 a 135a 231a 041a 234 a 13.6a
s By 027 a 132a 235a 0.44 a 2.18 a 122 a
& By 0.28 a 133a 2.37a 0.44 a 2.25a 122 a
V%) 865 582 435 944 1275 2489

Note. Gravimetric Moisture (Ug). Soil density (Ds). Density of soil particles (Dp). Total porosity (Pt). Soil
resistance to penetration (RP). Organic carbon (CO). Coefficient of variation (CV). * Significance (o) 0.05. **
significance (o) 0.001. Means followed by the same letters do not differ statistically, and means followed by
different letters indicate significant differences by the Tukey test.

The results gap on the effects of the use of biochar in clayey Oxisol in the Central Amazon is evident, especially
when referring to long-term field studies involving assessments of physical quality indexes. Therefore, our results
establish unique discoveries about the basic analysis of the physical attributes of this type of soil managed with
biochar in this region. Although for most of the variables there were no significant changes, the hypothesis was
confirmed that in agricultural soils with a high content of clay fraction and low use of mechanization, the addition
of biochar reduces the density of soil particles, but can increase the resistance of the soil to penetration in the
superficial layer, without causing effects in the subsurface layer.
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3.2 Effects of Biochar on Soil Gravimetric Moisture

The data from the present study show that there was no difference in Gravimetric Moisture (Ug) between the
treatments investigated at both depths (p > 0.05). This means that even an arable layer of soil (0.20 m) does not
change even when increasing doses of biochar are added.

Considering that the edaphic quality of natural ecosystems has been proposed as a reference (Gregorich, 2002),
these results are similar to the findings by Fernandes et al. (2014) who investigated the effects in Ug as a result of
the replacement of forested areas by different pastoral systems on the physical attributes of a Yellow Dystrophic
Oxisol. From this, it is proven that the crop rotation system adopted in this research, independently, presents
greater Ug when compared to pasture systems, as well as being similar to the results of a native forest in medium
texture soil, which in this context, did not show degradation of this attribute for this type of land use. Nevertheless,
Ramos et al. (2010) noted that even with changes in the Ds due to animal trampling, it was not possible to consider
the difference in Ug of these pastoral systems in relation to the native forest in fine textured soil. Therefore,
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although high doses of biochar did not affect the current moisture gravimetric water content in the clayey Yellow
Oxisol, the stability of the high values of Ug in this system can be attributed both to the textural class, and to the
low impact due to mechanization and the absence of animal trampling.

3.3 Effects of Biochar on Soil Density

The findings of this research point out that the Ds in the superficial layer is explained with a small reduction when
the amount of biochar was increased, with the lowest mean in the By treatment (1.20+£0.07 g cm” ). Not least, in the
0.10-0.20 m layer, there was an increase in Ds in the treatments that contained biochar, as observed in the sequence
(B4o > Bi2o > Bgo > By). Despite this, there were no existing effects of biochar on the density of the soil under study,
since in this case the B, control treatment (without biochar) presented the lowest average (1.2940.06 g cm™) with a
slight increase when biochar was added, finding the highest average By treatment (1.35+0.09 g cm™).

These results are in line with a similar study developed in the short term in clayey soil, which, by adding increasing
doses of biochar from fruit tree pruning residues, had no significant effect on soil density (Castellini et al., 2015).
This lack of significance or decrease can be attributed to heterogeneity in the BC particle sizes used in this
experiment, since for Obia (2016) the quantity of BC is more important in the changes of Ds in sandy soils, while
the particle size and the amount of BC is preponderant for the reduction of Ds in soils with clay texture. Despite
this, it is possible to observe that the reductions in Ds in the superficial layer (0.0-0.10 m) compared to the control
treatment, varied from 0.03-0.07 g cm™. These results converge with those presented by Obia et al. (2016), who
demonstrated the reducing action of BC on the Ds of a sandy-clay soil between 0.04-0.06 g cm”™.

Although it is possible to find in some literature that, as the doses of biochar increase, the density of the soil
decreases (Blanco-Canqui, 2017), it is believed that this amount may be limiting for these effects in some cases,
since in soils with rates > 60 Mg ha™' have a lesser effect on the decrease in Ds when compared to doses < 60 Mg
ha™' (Rogovska et al., 2014), not significantly reducing with amounts < 10 Mg ha™ of biochar (Usowicz et al.,
2016). In this context, it was proven that from high applications of biochar (up to 50 Mg ha™") there is no decrease
in soil density (Pratiwi & Shinogi, 2016), since this effect depends on the specific characteristics of the biochar
(Blanco-Canqui, 2017).

In addition, it is suggested that the application of biochar probably reduces the density of the soil through the
mixing effect. That is, the biochar has a lower apparent density (< 0.6 g cm™) than the soil (~1.25 g cm™)
(Blanco-Canqui, 2017). This explains the greater effects on sandy soils, which happens due to the greater
difference between densities. In fact, the difference in apparent density between biochar (0.6 g cm™) and clay soils
(1.1 g cm™) is less than biochar (0.6 g cm™) and sandy soils (1.5 g cm™) (Blanco-Canqui, 2017).

Considering the results of the present work, it is noted that high rates of biochar (coal fines) do not promote
changes in the Ds in soils with a very clay texture even in the long run. It is necessary to carry out previous studies
on the specific characteristics of the applied material (biochar), as well as the determination of the granulometry or
size of the biochar particles.

3.4 Effects of Biochar on Soil Particle Density

The density of the particles of a soil depends exclusively on the composition of the solid particles, being a very
stable attribute that can be changed over time, mainly due to the influence of anthropic actions. Mineral soils are
commonly found in variations between 2.60 to 2.70 g cm™ (Lier, 2010), and this can be explained by the fact that in
the superficial layers, generally richer in organic matter, the values of this physical attribute are relatively lower
(Leite & Medina, 1984; Souza et al., 2004; Lier, 2010). Previous studies have reported that these changes occur
because different agroecosystems impact on the variability of physical attributes in a clayey Oxisol, attributed to
the greater accumulation of organic matter in some cases, whose low specific weight of organic matter contributes
to decreasing the particle density (Souza et al., 2004). In this way, changes in Dp values were observed at depths of
0.0-0.20 m; 0.20-0.40 m, which in this context ranged from 2.49 to 2.51 g cm™ in the area occupied by forest, and
between 2.50 to 2.59 g cm™ for areas with annual and perennial fruit crops. These results are part of a research
developed in the Central Amazon (Souza et al., 2004).

The results of the present work demonstrate that the addition of biochar induces a decrease in Dp at a depth of
0.0-0.10 m by approximately ~6% when 80 Mg ha™ of biochar is applied, or By, treatment (2.24+0.12 g cm™)
compared to the soil without biochar, or By control (2.38+0.10 g cm™). There was a decrease in Dp as it increased
with the amount of coal, observed in the sequence By > B,y > By > Bgy. Githinji, (2014), states that this expansion
effect by the addition of biochar is explained by the application of particles that contain higher organic matter and
with lower densities, generally less than 1.0 g cm™. In addition, a decrease in this physical attribute of the soil is
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related to the concentration of C in the soil (Blanco-Canqui, 2017), being able to reduce Dp by up to 14%, as
evidenced by (Usowicz et al., 2016).

However, in the subsurface layer (0.10-0.20 m) there was no significant effect from the addition of biochar in
relation to the density of soil particles, even so, a slight variation was found between treatments (B,o > Bgy > By >
Byo), in which it occurs contrary to the effects on the surface layer. Even so, there were no significant differences
between the superficial and subsurface layers, demonstrating that this attribute is constant in the agricultural layer
(up to 0.20 m deep) for this type of soil.

Based on the data from this research, in fact, the dose of 80 Mg ha! of BC is considered the ideal rate to cause
effects on the Dp of soils with a very clayey texture. In this context, Blanco-Canqui, (2017) reports that doses (> 60
Mg ha) can induce changes in the Dp of sandy soils. On the other hand, the application of 30 Mg ha™ of BC
reduced the Dp of the sandy soil from 2.55 g cm™ to 2.20 g cm™ (Usowicz et al., 2016). Corroborating these results,
findings by Pranagal et al. (2017) approved that after the application of biochar in a clayey soil, there was a
temporary decrease in Dp in the layer 0.0-0.10 m, as well as increasing rates of biochar (25%, 50%, 75% v/v) cause
reductions of (0.19, 0.25, 0.53, 1.02 g cm™) in Dp in sandy soil (Githinji, 2014).

3.5 Effects of Biochar on Total Porosity

There was no difference between treatments at both depths (p > 0.05) for the total porosity variable (Pt), with only
a slight decrease when the depth was increased. These results are in line with the findings by Souza et al. (2004)
when demonstrating that in very clayey Oxisol, changes in total porosity are influenced by different uses. These
changes can be associated with the use of machinery, accumulation or loss of organic matter, and type of culture
(Reis et al., 2009; Oliveira et al., 2014). However, the addition of biochar systems with mechanization and without
crops with high biomass production potential below and above ground, does not mitigate the impact on total
porosity when compared with ecosystems such as the native forest.

Although the Pt results of this work show better yields compared to systems with no-tillage in medium texture
Oxisol (Tormena et al., 2002), they indicate similarities to the systems used in overcrowded pastures, and fruit
plantations with mechanization in Oxisol clayey, which cause negative and compromising differences in
comparison to forest and capoeira areas (Souza et al., 2004). On the other hand, this Pt approached satisfactory
values found in Amazonian Dark Earths, with Pt superior to the area of native forest in yellow Oxisol in the
southern region of Amazonas (Soares et al., 2016). After all, there is incongruity between these results and those
presented by Obia et al. (2016), who claim to increase total porosity by 2% by adding biochar to the sandy soil,
without the effect of this on crops. On the other hand, through experiments < 4 years, it was demonstrated that
changes in Pt occur in soils with sandy texture, these changes being insignificant for soils with fine texture,
regardless of the amount of biochar (Usowicz et al., 2016; Zheng et al., 2016; Burrell et al., 2016).

3.6 Effects of Biochar on Soil Resistance to Penetration

Among the different physical attributes of the soil, soil resistance to penetration (RP) has been used as an index of
soil quality (Carvalho et al., 2006). This is because in addition to being a measure that assesses the quality of
agricultural systems, it is related to the growth of plants and it is easily and quickly determined (Smith et al., 1997).

It is found in the literature that the limiting values can vary depending on different cultures and types of soil
(Ferreira et al., 2012), although there is consensus that for most cases 2.0 MPa is the critical value related to the
root growth (da Silva et al., 1994; Tardieu, 1994; Taylor et al., 1966; Tormena et al., 1998). Despite being an
important variable in investigations aimed at the physical characteristics of the soil, field-scale studies relating
biochar and RP are not available, and the few existing results were taken from experiments conducted in small
plots, under greenhouses and in the short term (< 2 years). These data are incomplete, considering that the biochar
may require long periods to react with inorganic soil particles and generate some effect on soil compactibility
(Blanco-Canqui, 2017).

From the results obtained in this work it is necessary that, after a long term, the addition of biochar between 40 and
80 Mg ha' can result in an increase in the RP in the initial layer of the soil (up to 0.10 m in depth), and when
enabled 120 Mg ha™', there is no difference compared to the control treatment (without biochar). Thus, it was
attested that in the high layer of 0.0-0.10 m doses of biochar does not reduce the RP in clay, and may cause an
increase but not compromising root growth since for all treatments including without biochar, as the averages were
below the value estimated critical value (< 2.0 MPa). And in the 0.10-0.20 m layer there was no difference between
treatments, even so, for all treatments the levels were considered limiting (> 2.0 MPa). In this context, it is
understood that biochar does not cause changes that can cause root growth in this type of system.
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In summary, the few data indicate that biochar has little or no effect on resistance to soil penetration (Busscher et
al., 2011; Mukherjee et al., 2014; Rogovska et al., 2014; Bekele et al., 2015; Blanco-Canqui, 2017). From another
perspective, a positive result pointed to a reduction in RP through an incubation experiment with a short duration
(96 days), which shows that the RP decreases with the application of 44 Mg ha™, not reporting the same effect at
lower rates of application (Busscher et al., 2010). This was proven by Eastman (2011), who evaluated applications
of increasing doses (0, 5 and 25 Mg ha™' of biochar) in clayey soil of Ohio, USA, did not find a significant
difference in the RP values after one year. However, it is suggested that high rates of biochar application may be
necessary to significantly alter the soil RP, and thus reduce the risks of soil compaction (Blanco-Canqui, 2017).
This statement differs from the results found in this work, considering that the increase in RP can increase the risks
of compaction over time.

Moreover, some authors consider that the soil texture alone impacts the different resistance to penetration, since it
was observed that a medium textured soil has a lower penetration resistance than a clayey texture in the presence of
BC (Dexter et al., 2007; Obia, 2017). However, these data are allowed to make definitive science about the effects
of the textural class on RP (Blanco-Canqui, 2017).

The direct comparison of our results with the aforementioned studies is difficult due to the different environments
in which the experiments were carried out, textures and types of soils, raw materials for biochar, pyrolysis
temperatures, as well as the time periods used in each study. However, the conclusions of these few studies
strengthen the discussion and stimulate applications for more research related to changes in the physical attributes
of agricultural soils managed with biochar, since in Central Amazon there is a demand for alternative technologies
that condition the increase in productivity and the conservation of natural resources.

3.7 Effects of Biochar on Organic Carbon and Organic Matter in the Soil

The levels of organic carbon (CO) and soil organic matter (SOM) did not differ statistically between treatments.
However, it was possible to observe slight variations, in which the soil with 40 Mg ha" showed higher values of
CO and SOM in the two depths analyzed. According to Guimardes et al. (2017), the absence of differences can be
attributed to the C stability of the non-oxidizable or slightly oxidizable biochar to the reagent used in the
methodology, the potassium dichromate, which is an oxidizing agent but does not oxidize carbon in the aromatic
structures of the biochar. Proving that in this case, with the Walkley Black method it was not possible to infer
differences in the organic carbon of the soil as a function of the C of the added biochar (Petter, 2010), as this
method is recommended to quantify only those oxidizable or decomposable materials, being discriminated that of
origin from carbonate or recalcitrant compounds such as coal (Walkley & Black 1934).

However, the results presented in this work show that the crop rotation system with fallow intervals does not differ
from mechanized agricultural systems and overcrowded pastures (Souza et al., 2004), regardless of the addition of
BC. Thus, it is clear that biochar is a recalcitrant material, and even after thirteen years it did not cause differences
in the accumulation of SOM. This shows that the application of biochar in the soil, even after thirteen years, did not
promote any positive effect that characterized improvements in the physical quality of the soil. In addition, our
results show that there is stability in the basic physical attributes for this type of agricultural soil managed with
rational use of machines in agricultural rotation systems. Therefore, more studies involving different soils with
biochar are needed to verify the effectiveness of this technology in different soils under different use situations, in
the Amazon region.

4. Conclusions

The results did not indicate a positive effect of the addition of biochar on the physical attributes of the Yellow
Oxisol.

In the superficial layer of the soil there was a significant reduction in the density of soil particles in the treatments
that contained 80 Mg ha™ of biochar.

Increasing doses of biochar caused an increase in soil resistance to soil penetration with 40 Mg ha™' and 80 Mg ha™
of biochar.
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