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Abstract 

The present study aimed to investigate the spatial variability of soil penetration resistance (SPR) in cultivation areas of 

‘BRS Princesa’ banana, to evaluate its effects on the chemical and physical attributes of the soil and to indicate localized 

management. The experiment was carried out in an area of cultivation ‘BRS Princesa’ banana, in which 60 

georeferenced points were recorded. SPR was measured from the cone index to 0.40 m depth using an impact 

penetrometer. Disturbed samples were collected at depths of 0-0.05, 0.05-0.10, 0.10-0.20 and 0.20-0.40 m and the soil 

attributes pH, Ca, Mg, Al, Na, K, P, H + Al, SB, T Value, V%, total sand, total clay, silt, TOC, POC, MAOC and 

gravimetric moisture were determined. The data were subjected to descriptive statistics, Pearson’s linear correlation and 

geostatistical analysis. SPR values in subsurface suggest greater compaction in subsurface and the significant 

correlations with soil attributes indicate losses for banana plants, so localized management should be carried out. It was 

found that 46.7% of the total area of the banana plantation does not need to be decompacted, and localized subsoiling 

at a varying depth is indicated in the other regions. 

Keywords: Banana farming; Compaction; Localized subsoiling. 

 

Resumo  

O presente estudo teve como objetivo investigar a variabilidade espacial da resistência do solo a penetração (RSP) em 

áreas de cultivo da banana ‘BRS Princesa’, avaliar seus efeitos nos atributos químicos e físicos do solo e indicar manejo 

localizado. O experimento foi realizado na UFRRJ, Seropédica-RJ, em área de cultivo da banana ‘BRS Princesa’, no 

qual realizou-se a coleta de 60 pontos georreferenciados. A RSP foi mensurada a partir do índice de cone até a 

profundidade de 0,40 m utilizando-se um penetrômetro de impacto. Realizou-se a coleta de amostras de terra 

deformadas nas profundidades de 0-0,05, 0,05-0,10, 0,10-0,20 e 0,20-0,40 m e obtidos os atributos do solo pH, Ca, Mg, 

Al, Na, K, P, H + Al, SB, Valor T, V%, areia e argila total, silte, COT, COp, COam e umidade gravimétrica. Os dados 

foram submetidos a estatística descritiva, correlação linear de Pearson e análise geoestatística. Os valores da RSP em 
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profundidade sugerem maior compactação em subsuperfície e as correlações significativas com os atributos do solo 

indicam prejuízos as bananeiras, devendo ser realizados manejos localizados. Verificou-se que 46,7% da área total do 

bananal não necessita ser descompactado, sendo indicada a subsolagem localizada em profundidade variada nas demais 

regiões. 

Palavras-chave: Bananicultura; Compactação; Subsolagem localizada. 

 

Resumen  

El presente estudio tuvo como objetivo investigar la variabilidad espacial de la resistencia del suelo a la penetración 

(RSP) en áreas de cultivo de banano 'BRS Princesa', evaluar sus efectos sobre los atributos químicos y físicos del suelo 

e indicar manejo localizado. El experimento se llevó a cabo en la UFRRJ, Seropédica-RJ, en un área de cultivo de 

banano 'BRS Princesa', en la que se recolectaron 60 puntos georreferenciados. La RSP se midió desde el índice del cono 

hasta una profundidad de 0,40 m utilizando un penetrómetro de impacto. Se recolectaron muestras de suelo deformado 

a profundidades de 0-0.05, 0.05-0.10, 0.10-0.20 y 0.20-0.40 my se obtuvieron los atributos de pH del suelo. Ca, Mg, 

Al, Na, K, P, H + Al, SB, T valor, V%, arena y arcilla total, limo, COT, COp, COam y humedad gravimétrica. Los datos 

se sometieron a estadística descriptiva, correlación lineal de Pearson y análisis geoestadístico. Los valores de RSP en 

profundidad sugieren una mayor compactación en el subsuelo y las correlaciones significativas con los atributos del 

suelo indican pérdidas a los bananos, por lo que se debe realizar un manejo localizado. Se encontró que el 46,7% del 

área total de la plantación bananera no necesita ser desempaquetada, y se indica el subsuelo ubicado a profundidad 

variable en las otras regiones. 

Palabras clave: Cultivo de banano; Compactación; Subsuelo localizado. 

 

1. Introduction  

Cultivated in approximately 135 countries, banana is one of the highlights of the global fruit growing, generating about 

US$1.2 billion a year in exports (Food and Agriculture Organization - FAO, 2021). It is one of the agricultural sectors with the 

highest growth projection in the coming years (FAO, 2020). In 2018, there were about 5,728,680 ha in harvested area worldwide, 

115,737,861 t in quantity produced and a yield of 20, 20 t ha-1 (FAO, 2018).  

Brazil is the fifth largest producer in the world with about 7,113,594 tons in 2019 (Brazilian Statistics Institute - IBGE, 

2019), being the fourth country with the largest harvested area in the world. In this scenario, ‘BRS Princesa’ banana stands out, 

a variety that is resistant to yellow and black sigatokas and Fusarium wilt, requires a smaller irrigation depth and has greater 

resistance to lower temperatures compared to other varieties (Borges & Cordeiro, 2021). 

However, for these plants to express their maximum production potential, soil quality must be assessed, since the 

impediment to the development of banana roots due to soil physical conditions has been indicated as one of the main factors for 

low yield in banana plantations (Villarreal-Núñez et al., 2013). Banana roots are sensitive to compaction and high penetration 

resistance (Miotti et al., 2013; Olivares et al., 2020) and, if cultivated under these conditions, there may be a significant decrease 

in the total number of leaves, average and total leaf area, pseudostem diameter and height of the succession plant (Villarreal-

Núñez et al., 2013). 

Soil penetration resistance (SPR) is one of the main indicators of soil physical quality (Tiecher, 2016; Cortez et al., 

2020). Studies evaluating the spatial variability of SPR and its effects on attributes of soils cultivated with cereals, grasses and 

legumes are easily found in the literature, but there are few studies conducted in orchards, especially in banana plantations. 

Approaches using geostatistical procedures and spatial inference of soil attributes suggest localized managements that bring 

benefits to banana growers, hence reducing the costs with mechanized soil tillage operations in areas where banana plantations 

will be implemented or renewed. 

The objective of this study was to investigate the spatial variability of soil penetration resistance in cultivation areas of 

‘BRS Princesa’ banana, to evaluate its effects on soil attributes that may be interfering in the development of the banana 

plantation and to indicate localized management with subsoiling at varying depth. 
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2. Methodology 

2.1 Study area description and history 

The experiment was carried out at the Federal Rural University of Rio de Janeiro (UFRRJ), Seropédica - RJ, Brazil, in 

cultivation areas of ‘BRS Princesa’ banana. The climate of the region is tropical humid, Aw, according to Köppen’s 

classification, with average annual temperature of 24 °C and average precipitation of 1260 mm. The soil was classified as Ultisol 

(Argissolo Amarelo) (Santos et al., 2018), located in an area of gently undulating relief, at an altitude of 27 m. 

The banana plantation is 1829.8 m2 and was implemented in August 2014 with different planting densities throughout 

the experimental area (Lanza et al., 2017). Soil tillage was performed with one plowing, two harrowing operations, one subsoiling 

at 50 cm depth and furrowing. 

 

2.2 Generation of georeferenced database  

Along the rows and interrows of the banana plantation, a sampling grid consisting of 60 georeferenced points was 

generated, with 3 subsamples, in total of 180 samples and constituting a systematic sampling with semi-regular grid (Figure 1).  

  

Figure 1. Experimental area located in the municipality of Seropédica-RJ, Brazil, and distribution of the sampling grid for SPR 

evaluation in the banana plantation. 

 

Source: Authors. 

 

All points related to sampling sites were georeferenced and recorded using Leica Geosystems’ Total Station, TPS300 

Basic Series, in the two-dimensional cartesian coordinates UTM for zone 23S.  

SPR was obtained from the cone index (CI) using an impact penetrometer, model IAA/Planalsucar-Stolf (Stolf et al., 

1983) with a cone angle of 30°, and measured up to a depth of 0.40 m. The study was conducted in 2019, a winter season 

characterized as dry and with low rainfall (Figure 2).  
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Figure 2. Maximum, mean and minimum temperatures (°C) (a) and rainfall data (b) for the region of Seropédica-RJ, Brazil, in 

July 2019, experimental and SPR evaluation period. Red arrow indicates the sampling period and obtaining of the variables 

under stud. 

 

Source: Authors. 

 

The current moisture was evaluated (Teixeira et al., 2017) and the mean values were equal to 10.8, 9.6, 11.4 and 12.0% 

for the layers of 0-0.05, 0.05-0.10, 0.10-0.20 and 0.20-0.40 m, respectively. 

Soil samples were collected in the same sampling grid where SPR evaluations were performed. Soil samples were 

collected at depths of 0.0-0.05, 0.05-0.10, 0.10-0.20 and 0.20-0.40 m and analyzed for the following parameters: pH, Ca, Mg, 

Al, H + Al, Na, K, P, sum of exchangeable bases (SB), cation exchange capacity (T value), base saturation (V%), particle-size 

fractions of total sand, total clay and silt. All analyses were performed according to Teixeira et al. (2017). 

Total organic carbon (TOC) was determined according to Yeomans and Bremner (1988) and particle-size fractionation 

of SOM in the surface layers (0-0.05, 0.05-0.10 and 0.10-0.20 m) according to Cambardella and Elliott (1992), obtaining 

particulate organic carbon (POC) and mineral-associated organic carbon (MAOC). The mean values of soil attributes in the 

banana plantation area are shown in Table 1.  
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Table 1. Mean values of soil attributes obtained from the sampling grid in the banana plantation. 

Variable 
Depth 

0.0-0.05 m 0.05-0.10 m 0.10-0.20 m 0.20-0.40 m 

pH 6.48 5.92 5.25 5.90 

Ca (cmolc kg-¹) 2.67 2.06 1.87 1.84 

Mg (cmolc kg-¹) 4.25 4.50 2.22 2.81 

Al (cmolc kg-¹) 0.00 0.00 0.07 0.09 

H + Al (cmolc kg-¹) 1.61 2.15 2.58 3.19 

Na (cmolc dm-³) 0.006 0.002 0.002 0.007 

K (cmolc dm-³) 0.028 0.008 0.006 0.006 

P (mg L-¹) 24.99 13.94 15.50 6.67 

SB (cmolc dm-³) 6.96 6.57 4.10 4.66 

T Value (cmolc dm-³) 8.56 8.72 6.68 7.85 

V% 80.74 75.05 60.70 58.62 

Total clay (g kg-¹) 226.60 264.25 236.40 263.17 

Total sand (g kg-¹) 611.23 589.85 544.55 630.93 

Silt (g kg-¹) 156.35 137.80 212.58 94.67 

TOC (g kg-¹) 15.99 11.42 10.08 5.46 

POC (g kg-¹) 3.96 1.42 7.82 - 

MAOC (g kg-¹) 12.03 10.01 2.27 - 

Source: Authors. 

 

2.3 Statistics, geostatistics and generation of spatial variability maps 

Using PAST 3.5 software, the data obtained were subjected to descriptive statistics and exploratory analysis, in which 

the values of minimum, maximum, mean, median, skewness and kurtosis, standard deviation (SD) and coefficient of variation 

(CV%) were evaluated according to Warrick and Nielsen (1980). The presence of outliers and the normal distribution of the data 

were checked using the Shapiro-Wilk normality test at 5% significance level (p<0.05). Pearson’s linear correlation was 

performed at 5% significance level (p<0.05) between soil attributes and SPR values. 

Using R Studio 3.5.1 software, a geostatistical study was carried out based on the modeling of semivariograms, in which 

the semivariance of the data in relation to the distance was verified (Equation 1). 

 

𝛾(ℎ) =
1

2𝑁(ℎ)
∑ [𝑍(𝑥𝑖 ) − 𝑍(𝑥𝑖 + ℎ)]2𝑁(ℎ)

𝑖=1                               (1) 

 

Where: (h) – estimated semivariance; N (h) – number of pairs of experimental data separated by vector h; Z – represents the 

measurement values of soil attributes. 

 The theoretical semivariograms were tested for exponential, spherical and Gaussian models and were fitted by the 

Maximum Likelihood method. Cross-validation of the data was performed and the choice of the best model fitted for each 

variable was determined by the reduced mean error (RE̅̅̅̅ ) closest to zero, standard deviation of the reduced mean error (SRE) 

closest to one and the lowest value of the Akaike Information Criterion (AIC) among the models. 
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The determination of the fitted semivariogram model allowed estimating the variographic parameters nugget effect, sill 

and range, and, together with ordinary kriging, made it possible to make spatial inferences about the unsampled sites in the 

experimental area for the variables under study. Spatial variability maps were generated using ArcGis 10.5 software. The degree 

of spatial dependence (DSD) of soil attributes was verified based on the assumptions made by Cambardella et al. (1994). 

 

2.4 Mapping subsoiling at varying depths 

Based on the literature and on the results obtained in the experimental area, a value of SPR was established for soil 

management purposes. The points that had values equal to or greater than the established SPR value were classified as regions 

that require decompaction with subsoiling at varying depth. The map of subsoiling at varying depth was performed from ordinary 

kriging in ArcGis 10.5 software. 

 

3. Results and Discussion 

The minimum, maximum and mean values of SPR at each depth suggest greater compaction in subsurface, with SPR 

values ranging from 0.63 MPa to 15.95 MPa (Table 2). 

 

Table 2. Descriptive statistics of SPR in soil layers under cultivation of ‘BRS Princesa’ banana. 

 Variables 
SPR1 SPR2 SPR3 SPR4 SPR5 SPR6 SPR7 SPR8 

   MPa     

Min 0.63 2.12 3.00 3.00 4.00 4.00 4.00 2.50 

Max 4.00 8.92 14.75 15.53 15.94 15.95 14.23 14.30 

Mean 2.08 4.90 7.03 7.36 8.29 8.40 7.69 7.59 

SD 0.79 1.31 2.28 2.40 2.70 2.77 2.56 2.62 

Sk 0.53 0.41 0.81 0.83 0.67 0.63 0.37 0.32 

Kurt -0.26 0.51 1.58 1.50 -0.04 -0.18 -0.26 -0.22 

CV (%) 37.86 26.75 32.44 32.60 32.63 32.97 33.30 34.49 

W Value 0.97ns 0.98ns 0.96* 0.96* 0.96* 0.95* 0.98ns 0.98ns 

Min: Minimum; Max: Maximum; SD: Standard deviation; Sk: Skewness; Kurt: Kurtosis; CV (%): Coefficient of variation; W Value: Shapiro-

Wilk normality test; *significant at 5% (p<0.05); ns: not significant in the Shapiro-Wilk normality test at 5%; SPR1 to SPR8: Soil penetration 

resistance at 0-0.05 (SPR1), 0.05-0.10 (SPR2), 0.10-0.15 (SPR3), 0.15-0.20 (SPR4), 0.20-0.25 (SPR5), 0.25-0.30 (SPR6), 0.30-0.35 (SPR7) 

and 0.35-0.40 (SPR8) m. 

Source: Authors. 

 

The SPR values obtained in the experimental area were higher when compared to other studies of SPR in banana 

plantations, values two to three times higher than those of Iori et al. (2012), Miotti et al. (2013) and Batista et al. (2019). 

All layers had coefficients of variation classified as medium (12<CV<60%), according to Warrick and Nielsen (1980). 

Higher CV and lower standard deviation were found at the depth of 0-0.05 m when compared to the others, indicating lower 

variances in this layer, although it was mainly affected by soil management. The significance of the Shapiro-Wilk normality test 

(p<0.05) together with the values of skewness and kurtosis close to zero of the evaluated depths indicated a tendency to data 

normality. 

Pearson’s linear correlations significant at 5% (p<0.05) of soil attributes with SPR suggest that SPR and, indirectly, soil 

compaction, may be restricting the access of banana plants to soil nutrients. The negative correlation of SPR with Mg+2 values 

indicates damage to the availability of this nutrient in the soil for absorption by banana roots due to the increase in SPR. 
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The positive correlations between SPR and P indicate that the greater soil compaction in subsurface caused higher P 

adsorption on the surface of soil colloids and led to a reduction in the diffusive flow of ions in the soil solution (Ribeiro et al., 

2010) with the roots of banana trees. 

The negative correlations observed in subsurface between the soil particle-size fractions and the SPR suggest that the 

finest fractions of the soil (total clay and silt) together with MAOC were responsible for the greater capacity of water storage 

and retention in the soil and, consequently, reduction of SPR. 

At all depths there was a predominance of the medium texture (Figure 3), and these soils are the most recommended for 

banana cultivation (Aguirre et al., 2012). 

 

Figure 3. Textural classes at 0-0.05 m (a), 0.05-0.10 m (b), 0.10-0.20 m (c) and 0.20-0.40 m (d) according to Santos et al. (2015). 

 

Sa: Sand; LSa: Loamy sand; SaL: Sandy loam; L: Loam; SaCL: Sandy clay loam; SiL: Silty loam; Si: Silt; SaC: Sandy clay; CL: Clay loam; 

SiCL: Silty clay loam; C: Clay; SC: Silty clay; HC: Heavy clay. 

Source: Authors. 
 

Soils with sandier texture (in surface, Figure 3 a-c), which tend to form aggregates with weak degree of aggregation, 
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showed increase of clay fraction in subsurface due to translocation, corroborating negative correlations with SPR. That is, the 

higher the clay fraction content, the lower the SPR values, demonstrating that the high SPR observed occurs due to the 

managements carried out in the banana plantation. 

The higher mean contents of TOC and MAOC in the surface layer when compared to the other depths (Table 1) and the 

negative correlation of SPR with MAOC at 0.10-0.20 m indicate that these fractions are contributing to lower values of SPR, 

because SOM is a conditioner of soil structure, aggregate stability, porosity and density (Melo & Alleoni, 2019), which indirectly 

influences SPR. In general, the significant correlations between the values of SPR and soil attributes suggest effects on organo-

mineral interactions and, consequently, losses for banana plants, especially in the 0.10-0.20 m layer. 

In the variographic study, the models for SPR in the different layers were mostly fitted by the spherical model, followed 

by the Gaussian model (Table 3). 

 

Table 3. Parameters obtained through the modeling of semivariograms from the SPR values in cultivation of ‘BRS Princesa’ 

banana. 

SPR (MPa) Model C0
 C A (m) DSD RE̅̅̅̅  SRE

 AIC 

0.00 - 0.05 m Sph 0.000 0.615 9.1 Strong 0.0092 1.0243 144.991 

0.05 - 0.10 m Sph 0.000 1.703 8.7 Strong 0.0122 1.0408 207.227 

0.10 - 0. 15 m Sph 0.000 5.153 11.8 Strong 0.0287 1.0890 264.522 

0.15 - 0.20 m Sph 0.000 5.648 12.0 Strong 0.0235 1.0676 269.326 

0.20 - 0.25 m Sph 1.823 7.544 13.5 Strong 0.0071 1.1088 289.713 

0.25 - 0.30 m Gau 3.832 7.852 7.1 Moderate 0.0045 1.1077 294.617 

0.30 - 0.35 m Sph 2.739 6.481 13.6 Moderate -0.0004 1.1641 284.759 

0.35 - 0.40 m Gau 4.262 6.776 8.6 Moderate 0.0069 1.1684 286.949 

Sph: spherical; Exp: exponential; Gau: Gaussian; C0: nugget effect; C: sill; A: range; DSD: degree of spatial dependence; RE̅̅̅̅ : reduced mean error; SRE: 

standard deviation of reduced mean error; AIC: Akaike information criterion. 

Source: Authors. 

 

All variables showed a strong degree of spatial dependence according to the classification of Cambardella et al. (1994), 

except SPR in the 0.25-0.30, 0.30-0.35 m and 0.35-0.40 m layers, which had DSD values classified as moderate. The range 

values varied from 7.1 m (0.25-0.30 m) to 13.6 m (0.30-0.35 m), indicating the greatest distances at which spatial correlations 

between the samples were observed (Figure 4). 
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Figure 4. Spatial distribution of SPR at different soil depths under ‘BRS Princesa’ banana cultivation. SPR at 0-0.05 (a), 0.05-

0.10 (b), 0.10-0.15 (c), 0.15-0.20 (d), 0.20-0.25 (e), 0.25-0.30 (f), 0.30-0.35 (g) and 0.35-0.40 (h) m. 

 

Source: Authors. 

 

The surface layer (Figure 4a) had lower values of SPR, which may be due to the plant residues from the thinning and 

defoliation of banana plantations, increasing the organic matter. Such increase in surface is one of the main responsible for 

minimizing the effects of the pressure generated on the soil (Tiecher, 2016).  

 

There is an increase in SPR in subsurface, which is intensified in the layers of 0.20-0.25 m (Figure 4e) and 0.25-0.30 m 

(Figure 4f). It is important to mention that 30% of the banana roots are located in the 0-0.10 m layer and about 82% in the 0-0.50 

m layer, extending horizontally up to 1 to 2 m and possibly reaching up to 5 m (Borges & Souza., 2004), so SPR values can be 

influenced by the large amount of roots present in the study area (Tiecher, 2016). 

An analysis of Figures 4g and 4h showed that SPR values are decreasing and dissipating in regions of the 0.30-0.35 m 

and 0.35-0.40 m layers, respectively, but still have regions with SPR values of 14.94 MPa, considered very high. The high SPR 

values indicate that these soils have compaction levels that may be limiting the development of banana crop. Factors such as soil 
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pedogenesis may be related to the observation of these values, since the accumulation of fine sand and illuviated clay in 

subsurface in the Ultisol (Argissolo), especially in 0.20-0.40 m in the banana plantation, induce a better adjustment of these 

particles, reducing the porous space and, consequently, influencing soil compaction. 

The useful life of the bananal it is almost seven years old, with a marked decrease in yield in the last two years. Thus, 

from the history and the variables investigated it is possible to understand the behavior and low yield of the experimental area. 

The suspension of the irrigation system in the banana area, as well as the occurrence of weeds, may also be factors that contribute 

to the low yield potential shown by the banana plantation. 

As reference for use in penetrometry, Silveira et al. (2010) suggest as critical limits the SPR values between 2.0 and 2.5 

MPa for most plants, as well as other authors suggest classifications of SPR (Soil Survey Staff, 1993; Beutler et al., 2001). SPR 

values in the 0.10-0.20 layer were the most limiting in soil solution interactions (correlations significant at 5%) and, when 

observing the spatial variability maps of these layers (Figures 4c and 4d), it was noticed that the regions with highest SPR 

intensified and increased in the same places up to the 0.20-0.25 m layer (Figure 4e), and more compacted regions were observed 

at this depth. 

Based on the experimental conditions and considering the critical limits suggested by the various authors, it was possible 

to affirm that the SPR values above 8.0 MPa were high enough for recommending localized managements to reduce soil 

penetration resistance in the banana plantation. Thus, mechanized soil tillage can be performed and soil decompaction by 

localized subsoiling at varying depth is indicated for a new banana plantation, considering that compaction was not negative 

throughout the experimental area (Figure 5). 

 

Figure 5. Spatial variability map of SPR greater than or equal to 8.0 MPa with indication of soil decompaction by subsoiling at 

varying depth. 

 

Source: Authors. 
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Among the sampled sites, 40% of the points did not have in subsurface SPR values higher than or equal to 8.0 MPa and, 

when performing the estimation of the unsampled sites, it was possible to infer that 46.7% of the total area of the banana 

plantation does not require decompaction (Region 1). Decompaction by subsoiling is indicated at three different depths: 0 to 0.40 

m, 0 to 0.30 m and 0 to 0.20 m, characterized by regions 2, 3 and 4, respectively. This type of localized management is extremely 

important, since it is possible to mobilize only compacted layers, maintaining their structure and organic matter protected within 

aggregates and avoiding excessive disaggregation (Tiecher, 2016; Cortez et al., 2020). 

Regions 2, 3 and 4 represent 48%, 4.9% and 0.4% of the total area of the banana plantation, respectively, indicating that 

decompaction by subsoiling at varying depth and in specific regions will represent a lower energy expenditure, fuel consumption 

and carbon emission to the atmosphere, as well as greater operational capacity when this practice is compared to the conventional 

method. This pattern has been observed by Machado et al. (2015) and Cortez et al. (2020), who verified a reduction in expenses 

with the use of localized subsoiling at varying depth. 

 

4. Conclusion 

The SPR values at the evaluated depths suggest greater compaction in subsurface, indicating the beneficial effects on 

soil surface promoted by soil organic matter in the banana plantation. The correlations between SPR and soil attributes suggest 

effects on organo-mineral interactions and, consequently, losses for banana plants, especially in the 0.10-0.20 m layer. 

Mechanized soil tillage with localized subsoiling at varying depth was indicated for SPR values above 8.0 MPa. It was 

found that 46.7% of the total area of the banana plantation does not need to be decompacted, indicating that subsoiling at varying 

depth and in specific regions will represent lower energy expenditure and fuel consumption and lower carbon emission to the 

atmosphere compared to performing this practice by the conventional method. 
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