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Abstract: Seeking to provide essential information about sustainable tillage systems, this work 

aimed to assess the effects of liming and soil cultivation systems on the soil hydrophysical attributes 

of a long-term cultivated sugarcane field in the tropical region of southeast Brazil. Infiltration tests 

and soil sampling down to 0.10 m were performed in order to determine saturated soil hydraulic 

conductivity, soil bulk density, soil total porosity, macroporosity, microporosity, and soil resistance 

to penetration. The studied areas include no-tillage (NT) and conventional tillage (CT) systems with 

0 (CT0 and NT0) and 4 (CT4 and NT4) Mg ha−1 of lime, and an adjoining area with native forest 

(NF). The data analysis included an analysis of variance followed by the Tukey test to compare 

different systems, assessment of the Pearson correlation coefficient between variables, and a princi-

pal component analysis of the dataset. The lowest bulk density and highest soil total porosity, 

macroporosity and saturated hydraulic conductivity were found in the NF. The bulk density in CT4 

and NT0 was higher than in other systems, indicating the need for amelioration. NT4 is suggested 

as the most viable system for conservation agriculture in sugarcane fields, combining the benefits 

of no-tillage and liming to enhance soil hydrophysical functions. 

Keywords: conventional tillage; no-tillage; physical soil quality; Saccharum officinarum; soil hydrau-

lic properties; soil structure 

 

1. Introduction 

Sugarcane (Saccharum officinarum) is an important crop worldwide due to its multiple 

purposes in both food and fuel industries [1]. As a result of a higher demand for its by-

products, sugarcane production has increased in recent years, combined with an expan-

sion in the crop area, the improvement of soil fertility, and the use of agricultural machin-

ery in all its cultivation stages. Although soil use intensification has boosted sugarcane 

production by means of crop area extension, lime application and mechanized agricul-

ture, it has also led to changes in soil structure, including structural degradation [2–4]. 

Soil structure and its related soil hydrophysical attributes are of primary importance for 

plant growth and development, as they influence soil aeration, soil water storage, water 

retention, and drainage [5]. 

In agricultural fields, soil and crop management is considered one of the main factors 

controlling soil structure [3], in which the extent of possible changes depends upon the 
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operations performed. As sugarcane is a semi-perennial crop, successive cuts are per-

formed throughout its cultivation, which demands the proper correction of soil fertility, 

given that the intense exporting of nutrients reduces soil fertility. In this sense, liming is 

used to correct soil acidity, which neutralizes the toxic effects of some elements, including 

aluminum and manganese; it also supplies calcium and magnesium, increases the availa-

bility of some nutrients, such as phosphorus, and contributes to the improvement of soil 

structure and microbial activity [6]. However, the amount of lime applied, as well as the 

way in which the lime is applied (in the soil surface only or incorporated into the soil) 

may degrade the soil structure in the long-term [4,7]. Therefore, it is important to study 

liming and tillage systems in sugarcane fields. 

In most sugarcane fields, the soil is tilled to promote favorable physical conditions 

for plant growth and development. However, depending on soil characteristics (such as 

particle size distribution, organic matter content and soil moisture), as well as the tilling 

depth and equipment used, tillage may lead to the breakdown of soil aggregates and the 

loss of soil organic matter, resulting in an undesirable condition for soil structure [8,9]. 

Furthermore, tillage operations may also influence soil attributes or processes related to 

soil structure [3], such as soil porosity (macro and microporosity), soil bulk density, soil 

resistance to penetration, soil water infiltration and soil hydraulic conductivity [10]. 

Soil tillage is a common practice between sugarcane-producing farmers, and the con-

ventional farming system is widely used. Although it may promote a temporarily favor-

able physical environment for plant growth, it also increases the number of macropores 

and decreases soil bulk density, especially in the topsoil, changing soil structure and the 

related soil hydrophysical attributes [11], including the saturated hydraulic conductivity, 

which is also temporarily increased in such conditions [12]. In contrast, conservational 

systems, such as the no-tillage system, which keeps the soil covered and minimally dis-

turbs the soil, are known to restore soil structure through aggregation, as well as to miti-

gate soil erosion and supply soil organic matter [13,14], improving water storage in the 

soil. Nevertheless, the effects of no-tillage systems on soil’s hydrophysical attributes, es-

pecially in relation to water infiltration and saturated hydraulic conductivity, are still 

scarce and conflicting [5,15], especially for sugarcane fields [16]. 

In a review of the tillage effects on soil’s hydraulic properties, Strudley et al. [15] 

reported inconsistent responses in experimental studies, as comparisons between no-till-

age and conventional tillage systems led to intermediate results for soil porosity, bulk 

density, hydraulic conductivity and soil water infiltration. This is because the hydrophys-

ical attributes of cultivated soils may vary in time and space [15,17], and depend on to-

pography, soil type, climate, crop species, machinery and implements used, waste man-

agement, management period and management history [15]. Therefore, the outcomes of 

farming systems cannot be standardized from one study site to another [15]. Therefore, 

studies within such a scope should be site-specific, and thus they should be carried out in 

several regions in order to understand each region specifically. 

In the tropical region of Brazil, studies of soil’s hydrophysical attributes in sugarcane 

fields under no-tillage systems with liming are scarce [16], especially for long-term no-

tillage systems. This data scarcity from long-term experiments limits the understanding 

of the influence of tillage systems and liming on soil structure and soil hydrophysical at-

tributes [10], given that these soil attributes differ from those of short-term experiments 

due to the effect of the management system’s persistence on a longer temporal scale [15]. 

It is important to note that while conventional tillage is the system most used for 

cultivating sugarcane, it is known to impact the environment and its sustainability, espe-

cially due to soil degradation and its negative implications for ecosystem functions 

[2,16,18]. Considering that sugarcane is usually grown as a source for renewable energy, 

contributing to environmental sustainability, it is important to cultivate sugarcane in a 

system that promotes soil conservation instead of soil degradation. Thus, studies of con-

servation tillage and management systems in sugarcane are of primary importance for a 
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more sustainable production of this crop, especially if the life-cycle assessments of sugar-

cane biofuel are considered. 

Thus, this work aimed to assess the effects of liming and tillage systems on soil hy-

drophysical attributes in a long-term cultivated sugarcane field in the tropical region of 

southeast Brazil. This study is important in providing essential information about sustain-

able tillage systems, such as no tillage, in sugarcane cultivation. 

2. Materials and Methods 

2.1. Study Area 

The study was carried out at the Sugarcane Research Center of the Agronomic Insti-

tute of Campinas (IAC), which is located in the municipality of Ribeirão Preto, São Paulo 

State, Brazil. The studied site’s (Figure 1) geographic coordinates are 21°12′10.49″ S and 

47°52′32.98″ W, and it is located at 614 m above sea level. The region’s climate is classified 

as Aw, tropical with dry winters and rainy summers, with a mean annual temperature of 

21.6 °C and mean annual rainfall of 1454 mm [19]. 

The studied site comprises an experiment conducted since 1998, in which sugarcane 

(Saccharum officinarum L.) and soybean (Glycine max L.) are grown in a rotational system 

on a clayey Rhodic Eutrudox [20] (Table 1). The trial has been installed according to a 

randomized blocks experimental design, with the treatments arranged by split-plot 

scheme. The main plots are composed of two soil tillage systems: no-tillage (NT) and con-

ventional tillage (CT). No-tillage was implemented in 1998 after the renovation of a com-

mercial sugarcane field cultivated by conventional tillage and using soybean as a transi-

tional and cover crop, which produced straw residues to initiate sugarcane plantation un-

der no-tillage conditions. In subsequent years, crop residues have been permanently kept 

on the soil surface. In this system, glyphosate is sprayed over ratoons during sugarcane 

renovation, which is done every 5 years without tilling the soil, and using soybean as a 

transitional crop before replanting sugarcane. Conventional tillage (CT) was implemented 

in the study site using standard practices which consist of moldboard plowing down to 

30 cm followed by offset disk harrowing twice down to 20 cm, which occurs before sowing 

the soybean as a transitional crop, after which sugarcane is planted. This cultivation sys-

tem is repeated at each sugarcane renovation, and no subsoiling has occurred since the 

beginning of the trial. During the sugarcane cycle, fertilization and pesticide spraying are 

performed mechanically, and stalks are harvested by using chopper harvesters in both NT 

and CT. The secondary plots are composed of four liming rates, 0, 2, 4 and 6 Mg ha−1, 

applied in 1998, 2003, 2008 and 2018, respectively, during the renovation of sugarcane 

fields, always before sowing soybean. Lime is applied on the soil surface and is not incor-

porated into the NT system, whilst in the CT system it is incorporated during soil prepa-

ration. However, this study only assessed the experimental units under two liming rates 

(0 and 4 Mg ha−1). In order to facilitate the entry of machinery, each plot has a width of 15 

m and a length of 20 m. Since the beginning of the trial and up to the date of sampling 

(April 2019), the NT system had not been tilled; on the other hand, in that same period the 

CT system was tilled 10 times. An adjoining area with native forest (from the Cerrado 

Biome [21]) was also assessed with four replicates, which was set as a reference for the 

agricultural plots. 
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Figure 1. Location of the studied area within São Paulo State.
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Table 1. Relative particle size distribution, soil texture and soil classification of the study site. 

Treatment pH 
SOC Ca Mg H+Al CEC Clay Silt Sand 

Texture Soil Classification 
g kg−1 mmolc kg−1 % 

NF 6.5 38 107 39 31 183 71 13 16 Clay Rhodic Eutrudox 

CT 0 5.1 22 28 9 62 101 71 14 15 Clay Rhodic Eutrudox 

CT 4 6.0 20 37 27 34 102 70 17 13 Clay Rhodic Eutrudox 

NT 0 5.0 27 35 19 72. 129 69 15 16 Clay Rhodic Eutrudox 

NT 4 6.2 30 64 46 40 153 65 19 16 Clay Rhodic Eutrudox 

NF: native forest; CT: conventional tillage; NT: no-tillage; 0: 0 Mg ha−1 of lime; 4: 4 Mg ha−1 of lime; pH: potential of hydrogen; SOC: soil organic carbon; Ca: calcium; 

Mg: magnesium; H+Al: titratable acidity; CEC: cation exchange capacity. Methods: pH in H2O (1:2.5 ratio), Ca, Mg, H+Al and CEC determined according Teixeira 

et. [22]; SOC determined according Camargo et al. [23]. Clay, silt and sand determined by the densimeter method [22]. Soil texture and soil classification according 

to soil taxonomy [20].
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2.2. Soil Sampling and Analytical Procedures 

Infiltration tests and soil sampling were performed in April 2019 in the crop row (for 

the NT and CT systems), considering two replicates in each experimental unit, totaling 40 

infiltration tests, 40 undisturbed soil samples and 40 disturbed soil samples. Soil water 

infiltration was tested by the Beerkan method [24]. A steel cylinder of 0.16 m diameter 

was inserted 0.01 m into the bare soil, as crop residues and litter had previously been 

removed. A known volume of water (150 mL) was then poured into the cylinder and the 

infiltration time was recorded, and then the cumulative infiltration, I (mm), was plotted 

against time, t (h). This procedure was repeated at least eight times, and up to the number 

of times needed to reach the steady state, as required by the Beerkan method. 

The saturated soil hydraulic conductivity, Ks (mm h−1), was estimated by the steady 

version of the simplified method based on a Beerkan infiltration run (SSBI) [25], as follows: 

Ks =  
𝑖𝑠

γγw

𝑟α∗ + 1
 (1) 

where is (mm h−1) is the slope of the linear regression fitted to the final portion of the cu-

mulative infiltration time series data points (I(t) vs. t) describing steady-state conditions, 

r (mm) is the cylinder radius, γw and γ are dimensionless constants, often fixed at 1.818 

[26] and 0.75 [27–29], respectively, and α* (mm−1) is the sorptive number, which expresses 

the relative importance of the capillary over gravity forces during water movement in 

unsaturated soils [30,31]. In this study, α* was set to be equal to 0.012 mm −1, taking into 

account that it represents the suggested first approximation value for most field soils [20], 

and that it is already used for many tropical soils, e.g., [25,32]. 

At the same points where the infiltration tests were performed, the topsoil (0–0.10 m) 

was sampled. Disturbed soil samples were collected before and after an infiltration test to 

determine the initial (θgi, g g−1) and final (θgf, g g−1) soil gravimetric water content, which 

are both needed for estimating Ks. Undisturbed soil samples were collected with soil cores 

of about 100 cm3, and they were used to determine soil bulk density (Bd, g cm−3), soil total 

porosity (TP, %), macroporosity (Mac, %), microporosity (Mic, %), soil resistance to pene-

tration (RP, MPa) and volumetric water content (θv, cm3 cm−3). 

The θgi and θgf were determined by weighing the soil sample before and after oven 

drying at 105 °C for 24 h until the sample reached a constant dry weight. Bd was deter-

mined as the ratio between the dry soil weight and the volume of the core used for sam-

pling [33]. TP was determined by the difference between 1 and the ratio between soil bulk 

density and soil particle density (1−Bd/Pd). The value used for mean particle density was 

3.12 g cm−3, which was assessed by using a helium pycnometer [34]. Mic was determined 

after water-saturated soil samples were set at –6 kPa. Mac was determined as the differ-

ence between TP and Mic. RP was assessed with a benchtop electronic penetrometer (CT3 

Texture Analyzer, Brookfield, Middlebore, MA, EUA) in the central portion of the undis-

turbed soil sample, in which the water content was standardized to be equivalent to a 

tension of –6 kPa. θv was determined by multiplying θgi and θgf by Bd (θv = θgi or θgf x 

Bd). 

2.3. Data Analysis 

After the assumptions for the normality of residuals and the homogeneity of variance 

were met by the Shapiro–Wilk and Barllet’s tests, all studied variables (Ks, Bd, TP, Mic, 

Mac and RP) were subjected to analysis of variance (Anova), considering soil tillage and 

management systems as explanatory variables (NF, CT0, CT4, NT0 and NT4). The mean 

values were therefore compared with the Tukey test (p < 0.05). In order to achieve data 

normality for Ks, the natural logarithm was applied in the original data set for this varia-

ble in order to reduce its variability. Additionally, the dataset was standardized and used 

to calculate the Pearson correlation coefficient between the studied variables, and to per-
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form a principal component analysis (PCA). The PCA analyzed the interrelationship be-

tween the variables and explained them based on their inherent dimensions, the compo-

nents. Although the six hydrophysical variables led to six principal components in the 

PCA, only the first and the second components (PC1 and PC2) were considered, as they 

accounted for most of the data variability (94%), which was then explored in order to look 

for a global response regarding soil hydrophysical attributes in relation to tillage and man-

agement systems. The analyses were done using the statistical software R with the R Stu-

dio environment [35]. 

3. Results 

All studied variables differed between tillage and management systems (Table 2). 

The NF differed from the other systems in all variables, whilst CT4, NT0 and NT4 did not 

differ in terms of Bd, TP and Mac. Ks was the variable that most differed within systems, 

as NF ≠ CT0 ≠ CT4 ≠ NT4, and NT0 = CT4 and NT4. The Ks in the NF was 6 to 22 times 

higher than in other systems. For the variables Bd, TP and Mac, only the NF differed from 

CT4, NT0 and NT4, as CT0 was similar to NF and the other treatments. NF was the system 

with the lowest Bd mean and the highest values for TP and Mac. Mic and RP showed a 

similar trend, with the same differences between systems, consisting of lower means for 

NF and CT0 and higher means for CT4 and NT0. 

The highest correlation (Figure 2) was found between Bd and TP (negatively corre-

lated), followed by TP and Mac (positively correlated) and Bd and Mac (negatively corre-

lated). Ks was the variable least correlated with other soil hydrophysical attributes, in 

which the correlation ranged from −0.66 to 0.67. 
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Table 2. Average means and standard deviations (±) for hydrophysical soil attributes: saturated hydraulic conductivity (Ks), bulk density (Bd), total porosity (TP), 

microporosity (Mic), macroporosity (Mac) and soil resistance to penetration (RP). 

Treatment 
Soil Hydrophysical Attributes 

Ks (mm h−1) Bd (g cm−3) TP (%) Mic (%) Mac (%) RP (MPa) 

NF 1262.90 ± 633.00 a 1.00 ± 0.05 b 68.04 ± 1.50 a 40.02 ± 2.57 c 28.02 ± 3.90 a 0.54 ± 0.18 c 

CT0 201.63 ± 48.78 b 1.17 ± 0.11 ab 62.73 ± 3.49 ab 41.18 ± 3.72 bc 21.56 ± 6.84 ab 0.77 ± 0.47 bc 

CT4 55.91 ± 28.56 d 1.30 ± 0.11 a 58.45 ± 3.52 b 45.22 ± 3.64 ab 13.23 ± 6.98 b 1.50 ± 0.69 ab 

NT0 78.04 ± 18.39 cd 1.29 ± 0.21 a 58.71 ± 6.62 b 45.57 ± 2.37 a 13.14 ± 8.64 b 1.53 ± 0.53 a 

NT4 94.56 ± 7.99 c 1.21 ± 0.13 a 61.20 ± 4.12 b 44.18 ± 2.20 abc 17.02 ± 5.99 b 1.18 ± 0.56 abc 

NF: native forest; CT: conventional tillage; NT: no-tillage; 0: 0 Mg ha−1 of lime; 4: 4 Mg ha−1 of lime. The letters refer to the Tukey test for the comparison of means at 

the 95% confidence interval. Average means followed by the same letter do not differ statistically.



Sustainability 2021, 13, 3448 9 of 16 
 

 

Figure 2. Correlation between soil hydrophysical attributes: bulk density (Bd), total porosity (TP), 

microporosity (Mic), macroporosity (Mac), soil resistance to penetration (RP) and natural loga-

rithm of the saturated hydraulic conductivity (ln Ks). The larger the circle, the higher the correla-

tion (either positive or negative). 

According to the PCA (Figure 3 and Table 3), which was performed to better under-

stand the effects of tillage and management systems on soil hydrophysical attributes, the 

first principal component (PC1) was responsible for 85.6% of data variability, and it is 

represented by Bd, RP and Mic (positively), as well as TP and Mac (negatively). The sec-

ond component (PC2) accounted for 8.4% of data variability, and it is mainly represented 

by Ks (positively). The PCA also shows that there is a positive correlation between Bd, RP 

and Mic, as well as between TP and Mac. 

The higher values in PC1 indicate that the systems NT0 and CT4 had higher values 

in attributes such as Bd, RP and Mic. The lower values in PC1, contrarily, indicate that 

CT0 and NF had higher values for Mac and TP, while the systems CT0 and NF had inter-

mediate values. Moreover, the higher values in PC2 indicate that NF had the highest Ks, 

followed by CT0. 
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Figure 3. Principal component analysis (PCA) biplot based on soil hydrophysical attributes: bulk 

density (Bd), total porosity (TP), microporosity (Mic), macroporosity (Mac), soil resistance to pene-

tration (RP) and natural logarithm of the saturated hydraulic conductivity (ln Ks). The larger cir-

cles represent the average mean from the four replicates within the same color. Each small circle 

represents the average mean of the two replicates from each experimental unit. 

Table 3. Correlation between each variable and the two main components of the principal compo-

nent analysis. 

Variable PC1 (85.6% of Data Variability) PC2 (8.4% of Data Variability) 

Bd 0.967 0.065 

TP −0.968 −0.065 

Mic 0.920 0.136 

Mac −0.992 −0.096 

RP 0.939 0.158 

Ks −0.745 0.665 

PC1: first component; PC2: second component; Bd: bulk density; TP: total porosity; Mic: mi-

croporosity; Mac: macroporosity; RP: soil resistance to penetration; ln Ks: natural logarithm of the 

saturated hydraulic conductivity. 

4. Discussion 

The Ks values ranged from high (36–360 mm h−1) to very high (>360 mm h−1) [36]. The 

very high Ks in NF is a probable result of its high macroporosity (Table 2), as it was the 

soil hydrophysical attribute most correlated (0.67) with Ks (Figure 2). Very high Ks values 

are commonly found in oxisols under NF in comparison to cultivated areas [37,38]. For 

instance, an assessment of soil hydrophysical attributes in response to land use changes 

found a decrease in soil water infiltration from 1258 to 100 mm h−1 in forest areas converted 
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to pasturelands [39], which is within the same variation found in our study considering 

Ks from NF in relation to the other evaluated soil use and management systems. 

Although the Ks values in all studied soil and management systems with sugarcane 

were classified as high, the highest value within cultivated areas was found in CT0 (Table 

2). Soil tillage in this system may increase both water infiltration into the soil and soil 

hydraulic conductivity, as tillage implements break the soil surface layer, loosening the 

soil and thus increasing macroporosity [9,10,12,40], as well as total porosity. Contrarily, 

some studies have shown that such tillage systems may decrease soil water infiltration, 

aggregate stability and macroporosity, and may promote soil sealing due to the lack of 

soil cover in the area [10,40]. This process of infiltration decrease can be found in CT4, the 

system that presents the lowest Ks value, and high values for Bd, Mic and RP (Table 2). 

Studies of the effects of liming on chemical, physical and structural soil attributes in 

oxisols have shown that liming promotes clay dispersion, and reduces aggregate stability 

and infiltration rates [4,41–43]. In relation to the tillage systems, no-tillage may promote 

lime accumulation in the topsoil, and therefore impair liming reactivity [4]. However, 

these negative effects of liming on physical attributes were not observed in NT4. Accord-

ing to some studies [7,44,45], this is related to the higher soil organic carbon contents in 

no-tillage systems. In this condition, soil hydrophysical attributes are enhanced by liming, 

given that the increase in pH in soils with higher carbon inputs promotes an increase in 

the soil microbial population and microbial activity, which promotes aggregate stabiliza-

tion [7]. 

A few studies that compared different soil tillage and management systems have 

found higher values of Ks in CT in relation to NT [3,46]. In our study, however, such be-

havior was observed only in CT0. Overall, it can be noted that the higher Ks values are 

related to lower Bd, higher TP and higher Mac values (Figures 2 and 3). 

The results for Bd in our study are similar to those from Luz et al.’s study [47], which 

assessed soil hydrophysical attributes in a clayey oxisol and found Bd values close to 1.0 

g cm−3 in an area under native vegetation, and about 1.2 g cm−3 in soils with sugarcane. 

Differently, other studies [3,8,48,49] found Bd values for soils under sugarcane ranging 

from 1.46 to 1.68 g cm−3, which are higher than the ones in our study, regardless of the 

tillage and management system assessed. In a literature review concerning no-tillage sys-

tems and soil physical attributes, Blanco-Canqui and Ruis [5] found that Bd in NT may 

have mixed effects, as it may increase, decrease, or result in no differences when compared 

to CT. The latter relates to our results for Bd, in which no differences were found between 

soil tillage and management systems. The above-mentioned authors also described that 

the lapse in time after the implementation of soil management systems greatly influences 

soil bulk density, and that minimal differences are observed for Bd in long-term soil tillage 

and management systems. The work of Fan et al. [50], for example, assessed a 30 y tillage 

experiment and found changes in Bd values between CT and NT up to 4% only. In this 

same context, Barbosa et al. [51] emphasizes that CT in sugarcane fields disrupts com-

pacted soil layers, temporarily reducing Bd due to increased Mac. However, these same 

authors discuss that as time goes by, a reduction in Mac is observed, increasing Bd and 

RP, leading to similar physical environments in the soil for both CT and NT. Therefore, it 

is clear that every tillage operation in CT systems leads to significant changes in the soil 

physical environment, while NT systems promote a more stable environment through 

time. It is important to mention that in our study, the soil was disturbed 10 times in a 

period of 21 years for the CT system treatment. 

Some authors have suggested maximum Bd values to establish critical limits for plant 

growth and development. Limiting Bd values between 1.25 g cm−3 [52] and 1.40 g cm−3 

[53,54] has been recommended for clayey soils. Considering the critical limit of 1.40 g cm−3, 

the Bd values in our study do not impair plant growth and development. However, con-

sidering the 1.25 g cm−3 value, which was suggested for an oxisol under sugarcane in Bra-

zil, plant growth and development in CT4 and NT0 may be limited, demanding soil man-

agement interventions to promote a favorable environment in these systems. 
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Soil bulk density influences other soil attributes or processes, including oxygen dif-

fusion rate, water storage, plant growth and soil resistance to penetration [55]. Soils with 

high bulk density, in general, have low total porosity, low macroporosity, high mi-

croporosity [49] and high soil resistance to penetration. Our results show a significant 

negative correlation between macro- and microporosity, as well as between soil bulk den-

sity and macroporosity, and a positive correlation between soil bulk density and soil re-

sistance to penetration (Table 2, Figures 2 and 3), which corroborates with other studies 

found in the literature, e.g., [49]. 

As for soil bulk density, critical limits for macroporosity and soil resistance to pene-

tration were also established in order to enable adequate oxygen diffusion and root 

growth and development. The minimum value for macroporosity is defined as 0.10 cm3 

cm−3, or 10% [56]. The maximum value for soil resistance to penetration varies according 

to soil type, soil management and crop species, although the value of 2 MPa is recom-

mended by several authors [57–60]. Barbosa et al. [52] studied the relationship between 

soil texture and critical limits for soil resistance to penetration in oxisols under sugarcane, 

and they suggested a value of 2.5 MPa as the maximum value for soil resistance to pene-

tration in clayey soils. 

The values for Mac and RP found in this study indicate no restriction for root growth 

and development, differently from other studies with soils under sugarcane [3,49,51]. Our 

results suggest that aeration is adequate, as Mac values were higher than 10% and RP 

values were lower than 2.5 MPa. In relation to RP in different soil tillage and management 

systems, our results corroborate Baquero et al.’s [49], in which a clear difference was found 

between values from native forests and sugarcane areas; in our case, this especially held 

between both NF and CT4, and NF and NT0, which is expected as there is no anthropo-

genic influence in NF. 

Overall, it can be seen that CT4 and NT0 are the treatments that require the most care, 

especially due to their higher values of Bd in relation to the other systems. Liming, tillage 

and the lack of soil cover in CT4 have probably reduced aggregate stability, causing clay 

dispersion and, consequently, the obstruction of larger pores [4,41–43], resulting in an in-

crease in Bd and a decrease in macroporosity. The non-addition of lime in NT0 and the 

consequently lower soil pH (Table 1) may have limited the soil microbial diversity, abun-

dance, and activity in this system, reducing aggregate stability, and therefore decreasing 

macroporosity [7,45] and increasing Bd. Moreover, the results from CT0 should also be 

carefully analyzed. The high Mac and low RP resulting from soil tillage may reduce the 

contact between roots and soil particles, and therefore compromise plant growth and de-

velopment, leading to lower crop yields. Such a condition was assessed in the work of 

Duarte Júnior and Coelho [61], in which sugarcane grown under a no-tillage system per-

formed better than sugarcane grown under conventional tillage, with 37% more stalk 

productivity. In addition, due to the characteristics of the system, which include soil tilling 

and not keeping the soil covered with straw, CT0 reduces the accumulation of organic 

carbon in the soil, and consequently the stability of its structure [44], potentially increasing 

soil erosion rates [62] and the emission of carbon dioxide [63], which makes it an unsus-

tainable system. 

Considering the soil tillage and management systems studied, and considering the 

soil fertility requirements for growing sugarcane, the NT4 treatment can be suggested as 

the most viable system for conservation agriculture in sugarcane fields. Our results from 

a long-term experiment suggest that, besides ensuring a better fertility status resulting 

from liming, this system enhances soil hydrophysical attributes and soil structural quality, 

as a result of i) the maintenance of soil cover due to no-tillage, which protects the soil from 

raindrop impact and reduces the pressure from agricultural machinery on the soil, atten-

uating the increase in both Bd and RP, as well as the decrease in TP and Mac; ii) the higher 

soil organic carbon content derived from the soil cover, which promotes microbial activity 

and leads to aggregate stabilization, processes known to improve soil physical quality 

through time [3,51]. 
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The organic matter inputs in NT enhance soil physical attributes related to soil water 

infiltration, such as pore size distribution and continuity [64]. However, our study has not 

assessed pore continuity, and thus this should be further investigated in future research, 

as pore continuity and other indicators of pore characterization assessed by imaging tech-

niques are considered more correlated to several soil functions than analytical methods 

[65]. Furthermore, pore connectivity in long-term no-tillage systems is known to provide 

soil functions, even under compaction and with undesirable results from analytical soil 

assessments [66]. Future works should also include assessments related to aggregate sta-

bility, water retention and soil structural quality in order to better understand the out-

comes of different soil tillage and management systems for sugarcane. 

5. Conclusions 

The highest values of soil hydraulic conductivity were found in the native forest and 

in conventional tillage without lime, as a consequence of the lowest values of bulk density 

and the highest values of soil total porosity and macroporosity. 

A conventional tillage system with 4 Mg ha−1 of lime and a no-tillage system with 0 

Mg ha−1 of lime may require soil amelioration through soil tillage and management prac-

tices, especially because of their high bulk density values, which are over one of the sug-

gested critical bulk density limits for plant growth and development. 

Overall, the no-tillage with 4 Mg ha−1 of lime is suggested as the most viable system 

for conservation agriculture in sugarcane fields because it combines the benefits of cor-

recting soil fertility through liming with the benefits of no-tillage, which improves the 

hydrophysical attributes and soil structure, promoting soil conservation and the system’s 

sustainability. This system presented intermediate values of saturated hydraulic conduc-

tivity, soil density, total porosity, macro- and microporosity and resistance of the soil to 

penetration, which promotes a favorable environment for a better soil hydrophysical func-

tioning. 

Future research should study the benefits of conservation tillage in sugarcane in the 

whole soil profile, and include more detailed analysis to better understand the improve-

ment of soil functioning and its impacts on soil conservation and the sustainability of sug-

arcane as a source of renewable fuels. To accomplish this, we suggest the description and 

quantification of pore continuity by 2D and 3D image processing techniques, which are 

correlated to a variety of soil functions, as well as the assessment of aggregate stability, 

soil water retention and soil structural quality. 
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