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Abstract 
Production systems of agroecological nature, such as agrosilvopastoral systems, have been considered as 
beneficial in various regions of the world. In semi-arid regions, these systems can contribute not only to food 
production, but also to soil conservation. Considering the specificities of each plant component, it is supposed 
that there is a different influence on soil structure, so that some components can be more efficient than others in 
the improvement of this structure. In the present study, the objective was to evaluate physical attributes with 
emphasis on the pore distribution, shape and size of a Luvisol in the influence area of different plant components 
of an agrosilvopastoral system in the semi-arid region of the Ceará state. The study was carried out in an 
agrosilvopastoral system established in the municipality of Sobral (Ceará, Brazil), with a completely randomized 
strip-plot design and four replicates. The treatments corresponded to three plant components: arbustive 
(Leucaena leucocephala), arboreal (Poincianella pyramidalis) and agricultural (Zea mays); and four soil layers: 
0.0-0.05, 0.05-0.18, 0.18-0.25 and 0.025-0.41 m. For physical and micromorphometric analyses, undisturbed soil 
samples were collected in profiles in the areas covered by the plant components. The following attributes were 
analyzed: soil density, soil-air intrinsic permeability, soil-water characteristic curve, total porosity and pore 
distribution by shape and size. The soil under the influence of the components L. leucocephala and P. 
pyramidalis showed better structure, represented by the lower values of density, higher intrinsic permeability to 
the air and larger total area of pores, in comparison to the soil under the influence of Zea mays. The unfavorable 
result of the annual crop is due not only to the plant component, but also to the grazing of crop residues in the 
management system.  

Keywords: analysis of images, multi-species agroecosystem, soil aggregation, soil porosity 

1. Introduction 
Semi-arid regions have poorly developed soils, which are minerally rich, little thick and with reduced water 
retention capacity (Verheye, 2009). The edaphoclimatic conditions of these regions hamper agricultural 
production and, when combined with inadequate management practices—such as overgrazing, favor the 
degradation of the soils through erosion (Van Oudenhoven et al., 2015).  

Agrosilvopastoral systems deserve attention as a viable alternative for food production combined with 
environmental conservation in semi-arid agroecosystems. These systems constitute practices planned to obtain 
benefits from the interaction between their components. They consist in the cultivation of trees, crops and, 
sometimes, animal raising in a combination that interacts and results in more complex land use systems, with 
higher efficiency to capture and use resources, in comparison to the conventional land use (Silva, 2011).  

These systems may play an important role in the improvement of soil fertility by supplying organic carbon, 
increasing N entry through its fixation, reduction in soil loss by erosion, cycling nutrients through litter and 
recovering nutrients from deeper soil horizons. Agrosilvopastoral systems differ from monoculture systems 
mainly because they benefit from the ability of each plant species in the acquisition and cycling of nutrients 
(Buyer et al., 2017).  
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Soil structure represents one of the main indicators of soil physical quality. Water retention, water movement, 
root development, gas diffusion and good conditions for soil biota are related to the soil porous system (Pires et 
al., 2017). In order to recommend species to compose agrosilvopastoral systems in degraded soils of the 
semi-arid region, it is important to understand if there are plant components with greater contribution to the 
improvement of soil structure.  

In agrosilvopastoral system, the tree component influences most characteristics of the pasture, according to its 
distance to the row of trees (Paciullo et al., 2011). Trees often have deep root system and produce more residues 
than the other types of vegetation cover, increasing the organic matter content of the soil and improving its water 
retention. This also increases soil porosity and facilitates water infiltration (Ilstedt et al., 2007). 

Trees help recover nutrients, conserve soil moisture and improve soil organic matter (Duguma & Hager, 2011). 
According to Nguyen (2013), using multifunctional trees and integrated approaches can improve the profitability 
of agroforestry systems. Thus, an increasing scientific challenge is related to methods and tools to evaluate 
useful trees in various human and ecological contexts. The presence of trees, along with minimum soil 
disturbance, improves most soil properties, such as organic matter contents, aggregation, water infiltration and 
reduces density (Romaneckas et al., 2009). Under minimum cultivation conditions, as in agrosilvopastoral 
systems, the soil has a more continuous system of macropores, which may be favored by the biopores created by 
the perennial vegetation. Therefore, native vegetation positively interferes with the soil (Salako & Kirchhof, 
2003).   

The crops most used in agrosilvopastoral systems can also favor soil structure. Regarding grasses, they 
contribute to processes of formation and stabilization of aggregates. This occurs because the high root density 
brings soil particles closer through the constant absorption of water from the soil, and also because there is 
constant renewal of the root system and uniform distribution of the organic exudates in the soil, which stimulate 
microbial activity, whose byproducts also act in the stabilization of the aggregates (Ola et al., 2015). Soil cover 
plants (especially herbaceous) represent a barrier that limit the impact of rainfall on the soil, which result in a 
decrease in the detachment and transport of particles (Béliveau et al., 2017). On the other hand, the management 
of annual crops in agrosilvopastoral systems can compromise soil structure. In crop-livestock integration systems, 
it was observed that the compaction caused by the grazing of crop residues is a constant concern of the producers. 
This concern is well-founded, especially if the system is not adequately managed (Sulc & Franzluebbers, 2014). 

Parameters such as pore size distribution, pore shape and relative position of aggregates and pores are very 
important for evaluation of soil structure modifications induced, for example, by different management practices 
(Pagliai et al., 1989). Image analysis is used to determine pore size and distribution (Stoops, 2003). It is carried 
out using thin sections or soil blocks to quantify porous space structure, pore distribution and characterize 
irregularities, orientation, shape and size of pores. This technique is based on the impregnation of a dry soil 
sample with resin and fluorescent pigment (Murphy et al., 1977). Soil blocks are photographed and the images 
are analyzed in an image analysis software. 2-D images provide information on the number, area, perimeter, 
diameter, shape, arrangement and size distribution of pores.  

Measurements of pore size distribution, shape and arrangement provide elements that enable a more detailed 
knowledge on the soil in agrosilvopastoral systems, allowing to characterize the structural differences caused by 
the plant components. Although the relationship between the type of pores and their functionality is well 
established, studies on the characterization of the porous systems of soils under vegetation covers in these 
systems are still scarce.  

The present study assumed the hypothesis that the plant components in agrosilvopastoral system lead to 
structural differences in the soil and the trees are responsible for the greatest porosity, permeability and better 
pore distribution, especially in the superficial layers. Thus, the objective was to characterize the morphology of 
pores and physical functioning of the soil under the influence of three types of vegetation cover 
(arboreal—Poincianera pyramidalis, arbustive—Leucaena leucocephala and agricultural—Zea mays) in four 
soil layers under agrosilvopastoral system in the Brazilian semi-arid region.  

2. Material and Methods 
2.1 Location and Characterization of the Studied Area 

The study was carried out in an agrosilvopastoral system of the Embrapa Goats and Sheep, located in the 
municipality of Sobral (Ceará, Brazil). The municipality is in the semi-arid region (3º41′S; 40º20′W; at altitude 
of 69 m) and has BShw’ climate according to Köppen’s classification, with rainy season from January to May. 
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The soil was classified as Chromic Luvisol (FAO, 2006), in which pits were opened, one for each plant 
component to be evaluated, at a distance of 0.2 m from the stem of each component. Soil samples collected in 
the horizons of each profile were analyzed for granulometry, clay dispersed in water, flocculation degree, 
assimilable phosphorus and organic carbon (Table 1), determined in four replicates. The profiles were 
morphologically described (Table 2).  

 

Table 1. Granulometry, clay dispersed in water (CDW), flocculation degree (FD), assimilable phosphorus (P) and 
organic carbon (OC) of soil profiles under the influence of three components of the agrosilvopastoral system 
(Leucaena leucocephala, Poincianella pyramidalis and Zea mays) in the Brazilian semi-arid region 

Symb. Horiz. Depths Sand Silt Clay CDW FD P OC 

-------- m -------- ------------------------- g/kg -------------------------- ---- % ---- -- mg/kg -- -- g/kg --

Leucaena leucocephala 

A1 0.00-0.05 736.5 224.9 38.6 24.4 36.8 116.8 13.0 

A2 0.05-0.18 738.5 210.1 51.4 37.4 27.2 86.7 4.9 

Bt1 0.18-0.25 600.0 191.4 208.6 139.2 33.3 23.3 3.5 

Bt2 0.25-0.41 540.0 170.4 289.6 144.8 50.0 20.0 3.2 

Bt3 0.41-0.57 561.0 148.8 290.2 159.6 45.0 22.4 2.3 

BC1 0.57-0.67 565.5 177.3 257.2 138.0 46.3 21.9 2.2 

BC2 0.67-0.90+ 577.0 194.2 228.8 135.6 40.7 18.1 1.3 

Poincianera pyramidalis 

A1 0.00-0.05 753.0 171.2 75.8 26.6 64.9 44.2 13.3 

A2 0.05-0.18 746.5 180.9 72.6 41.0 43.5 10.0 5.1 

Bt1 0.18-0.25 699.0 186.4 114.6 61.4 46.4 4.5 3.7 

Bt2 0.25-0.41 622.0 126.6 251.4 145.4 42.2 4.9 3.3 

Bt3 0.41-0.57 595.0 93.6 311.4 160.2 48.5 0.3 2.9 

BC1 0.57-0.67 625.5 136.1 238.4 125.6 47.3 0.6 2.2 

BC2 0.67-0.90+ 650.0 131.0 219.0 114.8 47.6 0.6 1.5 

Zea mays 

A1 0.00-0.05 715.5 211.1 73.4 28.2 61.6 33.5 10.4 

A2 0.05-0.18 672.6 210.0 117.4 70.8 39.7 7.3 5.2 

A3 0.18-0.25 676.5 235.3 88.2 57.6 34.7 10.9 6.6 

Bt1 0.25-0.41 501.0 198.0 301.0 169.8 43.6 2.9 3.5 

Bt2 0.41-0.65 593.5 222.7 183.8 126.8 31.0 5.7 4.6 

BC 0.65-0.85+ 652.7 210.7 136.6 102.5 25.0 2.5 2.5 

Note. Symb. Horiz.: Symbology of the soil horizons.  
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Table 2. Morphological description (structure, texture, wet color, roots and biological activity) of the soil profiles 
under the influence of three plant components (Leucaena leucocephala, Poincianella pyramidalis and Zea mays) 
in an agrosilvopastoral system in the Brazilian semi-arid region.  

Horizons/depth (m) Structure Texture Wet color (Munsell) Roots Biological activity/porosity 

Leucaena leucocephala 

A1 (0.0-0.05) 2 M BS Sandy loam 7,5 YR 4/2 Abundant Cavities and canals 

A2 (0.05-0.18) 1 P-M BS Sandy loam 7,5YR 5/4 Abundant Canals with filling 

Bt1(0.18-0.25) 2 M PR Sandy clay loam 2,5 YR 5/6 Common Canals with filling 

Bt2 (0.25-0.41) 2 M PR Sandy clay loam 10 R 4/8 Common Tubular pores 

Bt3 (0.41-0.57) 2 P-M PR Sandy clay loam 2,5 YR 5/3 Common Tubular pores 

BC1 (0.57-0.67) 3 M-G PR Sandy clay loam 2,5 YR 7/4 Common Tubular pores 

BC2 (0.67-0.90) 3 M-G PR Sandy clay loam 2,5YR 6/1 Common Tubular pores 

Poincianera pyramidalis 

A1 (0.0-0.05) 1 P-M BS Sandy loam 7,5 YR 4/2 Common Tubular pores 

A2 (0.05-0.18) 1 P-M BS Sandy loam 7,5YR 5/4 Common Galleries, tubules and earthworms 

Bt1(0.18-0.25) 2 M PR Sandy clay 2,5 YR 5/6 Common Earthworms  

Bt2 (0.25-0.41) 2 M-G PR Sandy clay loam 10 R 4/8 Few Earthworms  

Bt3 (0.41-0.57) 2 P-M PR Sandy clay loam 2,5 YR 5/3 Common Earthworms  

BC1 (0.57-0.67) 3 M-G PR Sandy clay loam 2,5 YR 6/4 Common Fissural pores 

BC2 (0.67-0.90) 3 M-G PR Sandy clay loam 2,5YR 5/2 Few Fissural pores 

Zea mays 

A1 (0.0-0.05) 2 M BS Sandy loam 7,5 YR 3/4 Common Canals with filling 

A2 (0.05-0.18) 2 P-M BS Sandy loam 7,5 YR 4/4 Common Canals with filling 

A3 (0.18-0.25) 2 M BS Sandy clay loam 5YR 4/4 Common Fissural pores 

Bt1 (0.25-0.41) 2 M-G PR Sandy clay loam 5YR 4/6 Common Fissural pores 

Bt2 (0.41-0.65) 2 M-G PR Sandy clay loam 2YR 3/6 Few Fissural pores 

BC (0.65-0.85) 3 G PR Sandy clay loam 7,5YR 5/6 Few Fissural pores 

Note. *Structure: 1-weak; 2-moderate; 3-strong; S: small, M: medium, L: large; SB: Subangular blocky, PR: 
Prismatic; Z: depths. 

 

The agrosilvopastoral system where the study was conducted occupies an 8-ha area. It was installed in 1997, 
preserving the native arboreal vegetation cover of 22%, represented by species such as Poincianella pyramidalis 
and Auxemma oncocalyx. Since the ASPS (agrosilvopastoral system) was installed, the area has been manually 
prepared and planted with maize (Zea mays) every year, in 3.0-m-wide strips, separated by rows of leguminous 
crops that were established in the system, such as Leucaena leucocephala (Figure 1). 
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the soil sample (m2), Patm is the local atmospheric pressure (Pa) and S is the angular coefficient of the linear 
regression of the pressure (ln of pressure) as a function of time. 

The soil-water characteristic curves were determined in the layers of 0.0-0.05, 0.05-0.18, 0.18-0.25 and 
0.25-0.41 m of each soil profile, in undisturbed soil samples collected in volumetric rings. Gravimetric water 
content was obtained using the Haines’ funnel for the points of low matric potentials (-0, -2, -4, -6, -8 and -10 
kPa) and Richards’ pressure plate apparatus for the other potentials (-33, -100, -300 and -1,500 kPa). The data 
were fitted to the model of van Genuchten (1980), while the variables θs and θr were fixed with values of 
gravimetric water content corresponding to saturation and tension of 1500 kPa, respectively, both measured in 
the laboratory. The parameters α, m and n were fitted using the Newton-Raphson iterative method, with 
dependence between m and n. 

2.4 Analysis of Images 

For the analysis of images, undisturbed soil samples were carved with dimensions of 0.12 × 0.07 × 0.04 m in the 
layers of 0.0-0.12 m, 0.14-0.26 m and 0.30-0.42 m in each profile referring to the studied species. These samples 
were dried and impregnated with solution formed by polyester resin (Murphy, 1986), styrene monomer, catalyst 
(Ringrose-voase, 1991) and fluorescent pigment Tinopal OB (BASF®) (Murphy et al., 1977). After hardening, 
the impregnated blocks were cut and sandpapered. Random images (photomicrographs), 12 × 15 mm (180 mm2), 
were obtained for each vegetation cover of the agroforestry system and each depth. Total porosity was classified 
and quantified following the criteria defined by Cooper et al. (2005) and optimized through macros developed in 
Visual Basic language in Microsoft® Excel (Juhász et al., 2007).  

The images were digitalized in 1024 × 768 pixels, with spectral resolution of 256 shades of gray, in 10× 
magnification, equaling a pixel to 156.25 μm2. After the images with spectral resolution of 256 shades of gray 
were obtained, they were binarized. The pores in the images were identified using programming routines 
developed in the software Noesis® Visilog 5.4 according to Cooper et al. (2005). 

2.5 Statistical Analysis 

The data were subjected to analysis of variance (ANOVA), considering the completely randomized split-plot 
design, corresponding to three vegetation covers in main plots (L. leucocephala, P. pyramidalis and Zea mays), 
and four soil layers (0.0-0.05, 0.05-0.18, 0.18-0.25 and 0.25-0.41 m) in sub-plots and four replicates. After 
verifying the normal distribution of the data through the Shapiro-Wilk test, the data were compared by the 
Scott-Knott test at 0.05 probability level. 

3. Results and Discussion 
3.1 Soil Density and Soil-Air Intrinsic Permeability 

Soil density differed as a function of the factors of treatment (Figure 2). There was difference in response to the 
plant components in the superficial layer (0.0-0.05 m) and the highest value (1540 kg/m³) was associated with 
Zea mays. Still in the superficial layer, the components P. pyramidalis and L. leucocephala resulted in lower 
values of soil density (1380 kg/m³ and 1440 kg/m³, respectively).  

These Results agree with the higher contents of total organic carbon found superficially (Table 1), which indicate 
higher organic matter content, helping aggregation, increasing porosity and water infiltration, and reducing soil 
density (Szott, 1991). This is due to both the positive effect on soil structural stability and the fact that the 
organic material has low density, lower than that of mineral soil solids (Braida et al., 2006).  

For the variations of soil density in the four layers (Figure 2), the lowest values were found in the superficial 
layer (0.0-0.05 m), ranging from 1380 to 1540 kg/m³. In the deeper layers, the density was higher compared with 
the surface, but in the last layer (0.25-0.41 m), there was a reduction of soil density associated with the 
component Zea mays. 

The lower values of soil density in the superficial layer associated with P. pyramidalis and L. leucocephala are 
due not only to the presence of the plant components, but also to the minimum soil disturbance in the influence 
area of these components. For having arboreal and arbustive sizes, these components contribute with the supply 
of organic matter, which in turn favors the aggregation, decreasing soil density (Romaneckas et al., 2009). It is 
worth highlighting the contribution of the porosity caused by the presence of roots and by the remarkable 
biological activity for the soil under these components, as visualized in the morphological description (Table 2). 
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Figure 2. Soil density as a function of layers and plant components of the agrosilvopastoral system in the 

Brazilian semi-arid region. Means followed by the same letter, lowercase between layers and uppercase in the 
same layer, do not differ by Scott-Knott test at 0.05 probability level 

 

Based on the chemical analysis performed to characterize the soil in the studied area, the contents of organic 
carbon in the superficial layer influenced by P. pyramidalis and L. leucocephala were higher in comparison to 
that observed in the area under the influence of Zea mays (Table 1). The increment of density as the soil depth 
increases is explained by the increase in the clay contents, as observed in the granulometric analysis, through the 
reduction of the organic matter content (Table 1), as well as through the structural changes that occur between 
the surface and subsurface horizons (subangular blocky to prismatic), as presented in the morphological 
description (Table 2).  

The higher soil density observed in the superficial layer associated with the component Zea mays can be 
attributed to the entry of animals (goats and sheep) in the agrosilvopastoral system in the beginning of the dry 
period. These animals remain in the area for two hours a day, for 40 days, grazing crop residues. The negative 
effect of the grazing of crop residues indicates that the management was not adequate, as pointed out by Sulc & 
Franzluebbers (2014). Animal trampling tends to reduce soil porosity and increase soil density, favoring the 
compaction (Pei et al., 2008), causing first the destruction of macropores (Horn et al., 1995).  

Regarding the soil-air intrinsic permeability (Table 3), the soil in the influence area of L. leucocephala and P. 
pyramidalis showed larger area available for gas flow, in comparison to the soil under the influence of Zea mays. 

 

Table 3. Comparison of means of soil-air intrinsic permeability in the soil profiles under the influence of three 
plant components (Leucaena leucocephala, Poincianella pyramidalis and Zea mays) in an agrosilvopastoral 
system in the Brazilian semi-arid region 

Plant component Log10 Kair (µm²) 

L. leucocephala 1.46a±0.019 
P. pyramidalis 1.51a±0.019 
Zea mays 1.41b±0.024 

Note. * Means followed by the same letter do not differ by Scott-Knott test at 0.05 probability level. 

 

This is consistent with the lower values of soil density associated with the species of arboreal/arbustive size. 
Thus, the greater soil-air permeability associated with L. leucocephala and P. pyramidalis indicates that these 
plant components promote greater macroporosity.  

3.2 Soil-Water Characteristic Curve 

The soil-water characteristic curves in the influence area of the plant components of the agrosilvopastoral system 
in the layers of 0.0-0.05 m, 0.05-0.18 m, 0.18-25 m and 0.25-0.41 m are presented in Figure 3 (a, b, c and d).  
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Figure 3. Soil-water characteristic curve of a Luvisol in the influence area of three plant components (L. 
leucocephala, P. pyramidalis and Zea mays) of an agrosilvopastoral system in the layers of 0.0-0.05 m (a), 

0.05-0.18 m (b) 0.18-0.25 m (c) and 0.25-0.41 m (d) 

 

In the layers of 0.0-0.05 and 0.05-0.18 m, there was a trend of higher water retention capacity in the soil under 
Zea mays, from the tension equivalent to field capacity on (~10 kPa). This can be advantageous, since it 
represents more water retained and available to the superficial root system of the crop. On the other hand, with 
intense rainfalls, this can represent higher risk of runoff formation and, consequently, of erosion in the upper 
layer. 

At high matric potentials, the influence of macropores is greater (Rawls et al., 1991) and, in this case, the 
subangular blocky structure of the horizons (Table 2) suggests the presence of large-sized pores in this region. 
However, at lower potentials, in which the granulometric and mineralogical composition of the soil assumes 
greater importance due to its specific surface for the adsorption of water molecules (Gupta & Larson, 1979), 
water retention is lower, in comparison to the deeper layers, because of the lower clay content present in these 
more-superficial horizons (Table 1).  

In the surface layers mentioned in the last paragraph, the arrangement of the soil-water characteristic curves was 
typical of sandy soils (sandy loam texture, according to Table 2), with substantial part of the water drained 
already at the first tensions applied. This occurs due to the greater macroporosity, which promotes higher 
capacity of water infiltration in the soil.  

The soil-water characteristic curves for L. leucocephala and P. pyramidalis in the superficial layer (0.0-0.05 m) 
were similar (Figure 3a), which can be attributed to the similarity in the distribution of the types and sizes of 
pores, as will be mentioned. 

Similarity between the curves of L. leucocephala and P. pyramidalis was also observed in the layer of 0.25-0.41 
m (Figure 3d). With the reduction of porosity and increase in soil density, the subsurface horizons (0.18-0.25 and 
0.25-0.41 m) showed high water retention capacity, especially at the highest tensions, decreasing the slope of the 
curve in relation to the matric potential axis. The smoothing of the first inflection that occurs in the subsurface 
horizons is attributed to the change in the type of pore, decrease of porosity and to the size of pores that favor 
water retention (Lewandowska et al., 2008).  

Still based on soil-water characteristic curves, it is possible to verify the values of porosity in the condition of 
saturated soil-corresponding to total porosity. In the layer of 0.0-0.05 m, for all situations of plant components, 
the total porosity was approximately 43%. In the layer of 0.05-0.18 m, the observed values were 36, 39 and 40% 
for the components Zea mays, P. pyramidalis and L. leucocephala, respectively. In the layer of 0.18-0.25 m, the 
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values of total porosity for the components P. pyramidalis, L. leucocephala and Zea mays were respectively 
equal to 32, 38 and 38%. Finally, in the deepest layer (0.25-0.41 m), the values of soil porosity were equal to 36, 
36 and 40% for the components P. pyramidalis, L. leucocephala and Zea mays, respectively. 

3.3 Analysis of Images 

The results of the analysis of images in the soil layers were presented in the form of histograms of distribution of 
the total area occupied by pores, according to their size and shape for each plant component (Figures 4, 5 and 6). 

For all plant components, the largest area of pores was observed in the superficial layer (0.0-0.12 m). This is 
explained by the higher contents of organic matter in the surface layer of the soil under the influence of all 
studied components (Table 1). In addition, the greater porosity of the surface horizons is related to the smaller 
size of the structural units, which allows the formation of more pores in relation to what can be obtained in the 
subsurface horizons that have larger structural units (Baver et al., 1972).  

The smaller structural units in the superficial soil layer are evidenced by the predominance of subangular blocks 
with small to medium size, while the prismatic structure with medium to large size prevailed in the subsurface 
horizons (Table 2). In addition, the distribution of particles that define the sandy loam textural class observed in 
surface also contributed to the presence of larger area of complex pores (packing type) (Table 2).  

In the influence area of L. Leucocephala, the predominant porosity of the superficial soil layer (0.0-0.12 m) was 
complex-type and large-sized (Figure 4a). These pores reduce the physical limitations of the soil with respect to 
the mechanical resistance to penetration, favoring the growth of roots, which can increase the yield of the crops 
(Williams & Weill, 2004).  

In the layers of 0.14-0.26 and 0.30-0.42 m (Figures 4b and 4c) of the profile under the influence of L. 
leucocephala, there was a reduction of the large and complex pores and increase in the area of rounded pores. 
Since there was a reduction of the large complex pores and increase in elongated and rounded pores, the 
behavior of the soil between surface and subsurface was altered, with change from a layer with lower soil-water 
retention capacity to another with higher soil-water retention capacity (Figures 3c and 3d).  

As observed for the profile of L. leucocephala, the profile referring to P. pyramidalis had greater participation of 
large complex pores in surface (Figure 5a). However, this amount of pores was 40% lower than that in the profile 
of L. leucocephala. The higher porosity in surface found in the profile of L. leucocephala is attributed to the root 
density of the leguminous species, observed in the morphological description (Table 2). 

In comparison to L. leucocephala, the porosity in the layer of 0.14-0.26 m of P. pyramidalis was higher, 
especially in the proportion of complex pores (Figure 5b). This higher porosity in subsurface can be attributed to 
the biological activity, evidenced by the presence of galleries and tubular pores filled with loose and 
microangular material (Table 2). It should be highlighted that there was presence of earthworms, which are able 
to positively influence structural and functional processes, including soil porosity (Al-maliki & Scullion, 2013). 

It is worth highlighting that in all components, highest soil porosity was found in surface (0-12 cm). The 
accumulation of plant residues on soil surface, due to the low mobilization, contributes to greater proliferation of 
roots in the superficial layers (Yibrin, Johnson, & Eckert, 1993), and this greater predominance of roots in 
surface contributes with higher contents of organic matter and higher soil porosity.  

Greater contribution of organic matter in surface, as found in the present study, also reinforces this result, given 
its participation in soil structuring. However, the granulometry inherent to the soil in surface, sandy loam, should 
not be disregarded, since it has major participation of macropores. This contributes to higher porosity, 
consequently greater water infiltration capacity and lower retention capacity. The structure in subangular blocks 
in surface, which lead to greater formation of pores between the structures, also agrees with this result. 

In the subsurface of the soil under the influence of P. pyramidalis, besides the reduction of complex pores and 
increase of rounded pores, there was an increment of elongated pores. Expansion and contraction processes, 
resulting from rainy and dry periods, can be responsible for the presence of elongated pores. This occurs because 
these processes have a substantial effect on the arrangement of clays (Tessier et al., 1990), allowing a retraction 
of the mass of aggregates with the progressive loss of water, originating the elongated pores (Cherkov & Ravina, 
1999). 

The presence of elongated pores can also be attributed to the biopores (biological cavities and channels), since 
roots and biological activity are the main responsible for the creation of continuous and elongated pores in the 
soil (Rodrigues et al., 2011). This evidences the biological activity, contributing to a better structure of the soil 
under the influence of P. pyramidalis. 
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In the layer of 0.30-0.42 m, there was a sharp reduction in the area of large complex pores (Figure 5c), especially 
in comparison to the layer of 0.0-0.12 m. This indicates that soils under the influence of P. pyramidalis also 
exhibit reduction in hydraulic conductivity and increase in water retention capacity in subsurface, which is 
consistent with the increase in density and reduction in the area available for air flow (Figure 2 and Table 3, 
respectively).  

The reduction of large and complex pores from surface to subsurface indicates higher capacity of retention of 
water to plants in the subsurface soil layers, but also serves as an alert for the risks of water erosion, evidenced 
by the gradient of texture and structure. The reduction in water percolation increases the risks of forming runoff, 
which contributes to the transport phase of the erosive process. 

The lowest porosity, in general, was found in the soil under the influence of Zea mays (Figure 6). This 
information is consistent with the higher values of density and lower soil-air intrinsic permeability (indicating 
smaller area available for gas flow), also found in the soil associated with this plant component. 

The component Zea mays resulted in smaller area of elongated pores in all layers, compared with the other 
components (Figures 4, 5 and 6). As already mentioned, elongated pores are of transport (Pagliai et al., 1983) 
and their smaller area represents lower capacity of water transport for the soil under the influence of the annual 
crop. The complex porosity in the superficial layer (0.0-0.12 m) was also lower with Zea mays (Figure 6a), 
which leads to lower area of pores, also confirmed by the higher density and lower soil-air permeability (Figure 
2 and Table 3). 

It is important to mention that the values of total porosity obtained through the soil-water retention curve were 
higher than those obtained through the analysis of images. This occurs because of the dimensions considered in 
each technique, so that the total porosity (TP) based on the soil-water characteristic curve was obtained using the 
equation TP = 1 – bulk density/particle density, while the determination of total porosity through the analysis of 
images refers to the two-dimensional projection of the pores on a plane (Moran et al., 1988), and their sizes 
represent only macro- and mesopores. However, despite the differences between the techniques, it is possible to 
relate them to the soil water retention (Bullock & Thomasson, 1979).  
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The unfavorable result related to the component Zea mays is due not only to the characteristics of the plant 
species, but also to the form of management of the agrosilvopastoral system, in which there is grazing of crop 
residues. This requires the adjustment of the management with respect to the presence of animals in the area. 

Based on the results, it is recommended to introduce arboreal and arbustive plant components such as P. 
pyramidalis and L. leucocephala to improve soil structure in soil conservation systems.  
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