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A b s t r a c t. The efficient use of water is increasingly impor-
tant and proper soil management, within the specificities of each 
region of the country, allows achieving greater efficiency. The 
South and Caparaó regions of Espírito Santo, Brazil are charac-
terized by relief of ‘hill seas’ with differences in the degree of 
pasture degradation due to sun exposure. The objective of this 
study was to evaluate the least limiting water range in Udox soil 
under degraded pastures with two faces of exposure to the sun 
and three pedoenvironments. In each pedoenvironment, name-
ly Alegre, Celina, and Café, two areas were selected, one with 
exposure on the North/West face and the other on the South/
East face. In each of these areas, undisturbed soil samples were 
collected at 0-10 cm depth to determine the least limiting water 
range. The exposed face of the pasture that received the highest 
solar incidence (North/West) presented the lowest values in least 
limiting water range. The least limiting water range proved to be 
a physical quality indicator for Udox soil under degraded pastures.
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INTRODUCTION

The current decade, eventually, will be marked by the 
water crisis, and the efficient use of water will become 
increasingly important. In such scenario, the soil plays 
a major role, being a part of the hydrological cycle and con-
stituting the sphere capable of management. In this sense, 
the efficient management of the soil, given the particulari-
ties of each region of the country, is fundamental for the 
sustainability of agriculture.

In the South and Caparaó regions of the State of Espírito 
Santo (SEAG, 2008) where the watershed of the Alegre 
River is located, problems related to pasture degradation 
are critical due to natural factors and the anthropic perfor-
mance. The region is also characterized by relief of hill seas 
- a geomorphological aspect described by Ab’saber (1970) 
- that generates another conditioning factor, exposure to the 
sun, which influences the observable differences in pasture 
degradation state.

The visually observed discrepancies between the faces 
of exposure are, amongst multiple factors, due to the indi-
rect effects of the interception of the solar rays, effects 
which are variable depending on orientation of the slopes 
and the translation and rotation movements of the Earth. 
In the southern hemisphere, the north-facing slopes tend 
to receive higher incidence than those facing the South 
(Ferreira et al., 2005).

On a local scale, incident solar radiation is strongly 
influenced by topography, mainly represented by the 
shape of the terrain, slope, and orientation of the face of 
exposure. Consequently, variations in soil temperature, 
energy balance, and solar radiation influence the dynamics 
of soil physical factors (in addition to chemical and bio-
logical factors) and, as a result, play a role in conditioning 
plant development (Letey, 1985) within the soil-plant-
atmosphere system. Thus, the interaction of these three 
components, among other factors, may have an impact on 
the soil structure.
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Changes in the soil structure lead to changes in the pore 
space architecture available for root development, aeration, 
and water availability to the plants, in addition to induc-
ing changes in soil resistance to root penetration in regards 
to both space and time (Moreira et al., 2014; Tormena et 
al., 2007). There is, therefore, a complex link between soil 
structure, daily and annual solar radiation regimes, and 
plant development that reflect effects on the physical qua- 
lity of cultivated soils.

Different determinations and indices have been used 
to evaluate the physical quality of cultivated soils, among 
which the least limiting water range (LLWR) is highlight-
ed. The LLWR integrates effects of water potential on soil, 
mechanical resistance to root penetration, and soil poro- 
sity adequate to the diffusion of oxygen to the roots as 
a function of soil density for samples representing a given 
area (Silva et al., 1994). This index has also shown strong 
sensitivity to soil structural indexes such as soil density and 
relative density, as well as being used in other models to 
characterize water availability (Asgarzadeh et al., 2011).

The LLWR has been used as a tool to indicate the limi-
tations and potentialities of soil physical conditions to plant 
development, including in pastures (Leão et al., 2004; 
Lima et al., 2012) and in comparisons between pastures 
and other land uses (Lima et al., 2009). It is also effective 
as an indicator of changes in the structure of latosols (Lima 
et al., 2012; Severiano et al., 2011), which best translates 
physical edaphic quality to plants (Tormena et al., 2007).

Thus, the objective of this work was to evaluate the 
alterations of the least limiting water range of latosols 
under degraded pastures in three pedoenvironment and 
two faces of exposure to the sun in the watershed of the 
Alegre river.

MATERIAL AND METHODS

The study area is located in the areas defined in 
PEDEAG as South and Caparaó in the State of Espírito 
Santo – Brazil (SEAG, 2008). In this region, studies were 
carried out in the sub-basin of the Alegre River, located in 
the city of Alegre-ES, and inserted in the watershed of the 
Itapemirim river. In this sub-basin, according to the pre-
dominance of the relief aspect, three pedoenvironment 
were separated:
 – pedoenvironment Alegre, delimited between 118 and 
400 m of altitude;

 – pedoenvironment Celina, delimited between 400 and 
700 m altitude; and

 – pedoenvironment Café, delimited between 700 and 
1 242 m altitude. In each pedoenvironment, areas with 
degraded brachiaria pastures were selected in Udox soils 
and two distinct faces of exposure to the sun: North/West 
and South/East. 

In each pedoenvironment and face of exposure to the 
sun, thirty undisturbed soil samples were collected in a vo- 
lumetric ring at 0-10 cm depth using a Uhland type sampler 
with three replicates.

The volumetric water content (θ) was determined for 
the -4, -6, -8, -10, -30, -50, -70, -100, -500, and -1 500 kPa 
matrix potentials to establish the soil water retention curve 
(SWRC), using three undisturbed soil samples for each 
potential. Immediately after reaching equilibration with 
the pressure plates extractor, the samples were weighed 
and submitted to static laboratory penetrograph to establish 
a curve for resistance of soil to penentration (CRP). The 
penetrograph (Marconi MA 933) is composed of a linear 
electric actuator with stepper motor, a panel for controlling 
speed and direction of travel, and a load cell with nomi-
nal capacity of 20 kg coupled to the end of the mechanical 
arm of the actuator. It also has a metal rod with a diameter 
of 6 mm and the end has a cone that was used to determine 
the soil resistance to penetration. The penetration velocity 
was equal to 10 mm min-1 at 5 cm depth.

The samples were then dried in an oven at 105°C 
for 24 h to obtain soil moisture and soil density (Bd). 
The total porosity (Tp) was calculated by the expression 
Tp = 1-Bd/Pd, where the mean value of particle den-
sity (Pd) was obtained by the volumetric balloon method 
(EMBRAPA, 2011).

The physical characterization of the soil samples of 
the different pedoenvironments and faces of exposure to 
the sun consisted of granulometric analysis and determi-
nation of total porosity, macroporosity, and microporosity 
(EMBRAPA, 2011) (Table 1).

To obtain the LLWR, the results obtained from SWRC 
and CRP were considered. The SWRC was obtained by 
adjusting the values of θ as a function of soil matrix poten-
tial (Ψ), according to Silva et al. (1994) as described by 
Eq. (1):

θ = aΨ b Bd c, (1)
where: θ is the volumetric water content (m3 m-3), Ψ is the 
soil matrix potential (kPa), Bd is the soil density (Mg m-3); 
and a, b, and c were the model adjustment parameters 
(Table 2).

The CRP was adjusted to nonlinear models as a func-
tion of Bd (Busscher, 1990; Silva et al., 1994), according 
to Eq. (2): 

PR = d θ e Bd f, (2)
where: PR is the resistance to penetration (kPa), θ is the 
volumetric water content (m3 m-3), Bd the soil density (Mg 
m-3); and d, e, and f are the adjustment parameters of the 
equation (Table 2).

The LLWR was determined by adopting the procedures 
described by both Silva et al. (1994) and Tormena et al.  
(1998), modifying the limit of soil mechanical resistance to 
penetration. The critical values of soil water content associa- 
ted with the matric potential, soil resistance to penetration, 
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and aeration porosity were, respectively, moisture in the 
field capacity (θFC) or estimated water content in the poten-
tial of -10 kPa; the moisture at the permanent wilting point 
(θPWP) or water content at the potential of -1 500 kPa; the 
limit of the mechanical resistance of soil penetration (θPR) 
or the water content where the penetration resistance limit 
reaches a value of 3.0 MPa – value chosen based on the 
work of Lipiec and Hakansson (2000); and the soil water 
content in which the aeration porosity (θAP) is 0.10 m3 m-3 
(AP), corresponding to 10% of the total porosity.

The upper limits of the LLWR were defined accord-
ing to the θFC, or θAP when pertinent and is considered 
adequate, for the growth and development of the culture 
(0.10 m3 m-3). For the lower limits, the θPWP, or for situations 
corresponding to the θPR, is limiting the growth and deve- 
lopment of the plants, were considered in accordance with 
the adopted critical level (3.0 MPa). The critical soil den-

sity (Bdc), which corresponds to the value of Bd at which 
the LLWR is equal to zero and there is an intersection of the 
upper and lower limits (UL and LL, Respectively) (Silva 
et al., 1994), was obtained by the Excel solver function, 
using the algorithm proposed by Leão and Silva (2004). 
Using excel, equations that relate the variables θFC, θPWP, 
θAP, and θPR with the Bd were developed as a function of 
the cell with the value of Bd that is optimized for the value 
of Bdc. Another cell with the UL – LL (LLWR) value also 
needed to be created. Using the solver causes the target cell 
to become the cell with the value of UL – LL. The ‘min’ 
option is activated and the ‘cell change’ will be the con-
tents of the cell with the value of Bd. This step also adds 
a restriction relative to the cell resulting from UL – LL that 
prevents it from being less than zero and ensures that the 
Bdc will be equal to the value of Bd (Leão and Silva, 2004).

T a b l e  1.  Physical characterization of soil of pedoenvironments Alegre, Café and Celina, for the East/South (E/S) and North/West 
(N/W) sun exposure faces

Characteristic Unit
Alegre Café Celina

E/S N/W E/S N/W E/S N/W

Clay

(kg kg-1)

0.463 0.370 0.320 0.380 0.537 0.523

Silt 0.103 0.153 0.107 0.070 0.117 0.117

Coarse sand 0.317 0.347 0.470 0.377 0.253 0.250

Fine sand 0.117 0.130 0.103 0.173 0.093 0.110

Total porosity

(m3 m-3)

0.418 0.381 0.361 0.446 0.479 0.455

Macroporosity 0.060 0.012 0.022 0.087 0.034 0.043

Microporosity 0.358 0.369 0.339 0.359 0.445 0.412

Ground declivity (%) 25 45 28 38 28 27

T a b l e  2.  Linear regression parameters estimates for soil resistance to penetration (PR, MPa), as a function of the volumetric water 
content (θ, m3 m-3) and soil density (Bd, Mg m-3); and for the soil water content (θ, m3 m-3) as a function of soil density (Bd, Mg m-3) 
and matric potential (Ψ, MPa) 

Pedoenvironment

Parameters

PR = d θ e Bd f
R2

θ = a Ψ b Bd c
R2

d e f a b c

Alegre
E/S 0.107 -1.400 4.830 0.50 -1.884 0.369 -0.057 0.60

N/W 0.343 -1.185 2.188 0.41 -1.011 -0.210 -0.070 0.71

Café
E/S 0.029 -1.756 5.693 0.56 -1.279 -0.180 -0.075 0.64

N/W 0.005 -2.653 8.504 0.70 -2.927 0.975 -0.088 0.84

Celina
E/S 0.177 -2.46 1.170 0.49 -1.857 0.566 -0.065 0.91

N/W 0.112 -2.044 4.125 0.75 -1.740 0.305 -0.082 0.88
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RESULTS AND DISCUSSION

As the density of the Udox soil increased, there was 
also an increase in the PR values and reduction of aera-
tion porosity (Fig. 1). Similar behavior was observed by 
both Silva et al. (1994) working with silty loam type soil 
(USDA soil texture classification, 1993) from Canada and 
Tormena et al. (1998) in a Oxisoil under no-tillage. The 
soil solids approach to the same volume, a phenomenon 
that results in increased soil density, is caused by animal 
trampling (Tarrá et al., 2010), the passage of implements 

(Tormena et al., 1998), or even pedogenesis (Dantas et al., 
2014), which directly influences the quantity and quality 
of soil pore volume and soil resistance to root penetration 
(Silva et al., 2006).

It is expected that as the soil density increases, the va- 
lues of resistance to root penetration increase and the pore 
space will be altered, especially the volume of macropores 
that are responsible for the drainage of water and air flow 
in the soil. Silva et al. (2006) also observed there is a nega-
tive correlation between macroporosity and soil density 

Fig. 1. Water content variation with soil density at critical levels of field capacity (FC), Ψ = - 0.01 MPa, wilting point (PWP), Ψ = 
-1.5 MPa, aeration porosity (AP) of 10% and penetration resistance (PR) of 3.0 MPa for pedoenvironments: a – Alegre, South/East face; 
b – Café, South/East face; c – Celina, South/East face; d – Alegre, North/West face; e – Café, North/West face, and f – Celina, North/
West face. Bdc – soil critical density. The grey areas represents the LLWR.
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and soil penetration resistance. Given the proximity of the 
soil particles and aggregates and the reduction of available 
space for both root growth and for the displacement of soil 
solids as a response to root growth, soil aggregates resist 
the growth of underground plant organs.

The northern facing slopes in the southern hemisphere 
tend to receive higher irradiance than those facing the 
South. Thus, considering the same type of soil on the North 
face, it is expected that the wetting and drying cycles are 
more intense, and the soil cover, microbial activity, and 
organic matter accumulation are lower because water con-
tents are lower and soil surface temperatures are higher, as 
also discussed by Chagas et al. (2013). Consequently, slope 
soils facing the North/West tend to be less physically unfa-
vorable for the development and productivity of plants than 
those of the South/East face, especially for the surface lay-
ers. The current study reaffirmed this finding through the 
LLWR for the 0-10 cm layer in all the pedoenvironments.

In the Alegre pedoenvironment, the left shift and nar-
rowing LLWR clearly demonstrated the inferior soil 
physical conditions on the North/West face (Fig. 1). In the 
other pedoenvironments, there was no movement and nar-
rowing of the LLWRs in such a way, but the lower values 
of Bdc on the North/West face suggest more restricted con-
ditions for the development of plants. Above 1.52 Mg m-3 
for Café and 1.38 Mg m-3 for Celina, regardless of water 
content, soil physical conditions are not favorable to plants. 
Differently, on the South/East face of exposure, conditions 
are still favorable under values of Bd close to 1.55 Mg m-3 in 
the Café and 1.44 Mg m-3 in Celina. In the Celina pedoenvi-
ronment, this difference is even more pronounced. Physical 
conditions are adequate even with Bd varying from 1.38 to 
1.44 Mg m-3, depending on soil water content on the South/
East side. Thus, lower Bd values are already limiting to the 
development of plants on the North/West face. On the other 
hand, the soils on the South/East face may present slightly 
higher values of Bd, yet the physical conditions may be 
favorable to the plants.

In the Alegre pedoenvironment on the South/East face 
(Fig. 1a), the lower limit of the LLWR is changed from 
the moisture θPWP to the PR for the values of Bd > 1.32 Mg 
m-3. This means that under lower Bd values, PR becomes 
a problem only in very low water contents and the main 
limiting factor for plant growth is the amount of water 
available to the plants. In relation to the upper limit of the 
LLWR on the South/East face (Fig. 1a), the θAP replaces the 
humidity θFC for values of Bd > critical soil density (Bdc), 
as in the case of values greater than 1.47 Mg m-3. Thus, 
for values of Bd <1.47 Mg m-3, the pasture will not have 
its development limited by the reduced diffusion of oxy-
gen in the soil. This will only occur if the water content is 
quite high, filling more than 90% of the porous space of the 
soil. On the North/West face (Fig. 1d) where Bdc presented 
a value of 1.48 Mg m-3, the θAP was the upper limit of the 
LLWR for values of Bd> 1.35 Mg m-3, demonstrating the 

importance of water retention at lower potentials. It should 
also be noted that in the Alegre pedoenvironment on this 
face, 93.3% of the samples presented LLWR equal to zero.

When examining the soil of the Café pedoenvironment 
on the South/East face, it can be verified that the upper 
limit of the LLWR is determined by the θFC for the entire 
range of Bd where the LLWR has a value greater than zero 
(Fig. 1b). It is also shown that for values of Bd > 1.40 Mg m-3, 
the lower limit of the LLWR stops being the θPWP and 
becomes the PR. During this time, the LLWR reduces dras-
tically to the Bdc of the soil. On the North/West face, the 
Bdc was 1.51 Mg m-3, showing a reduction of the LLWR in 
comparison to the South/East face.

In the Celina pedoenvironment on the South/East face, 
the lower limit of the LLWR is determined by the PR across 
the Bd range (Fig. 1c). At the upper limit, the θAP replaces 
the θFC for values of Bd> 1.25 Mg m-3. On the North/West 
face (Fig. 1f), θAP constitutes the upper limit of the LLWR 
for values of Bd > 1.35 Mg m-3. The critical soil density 
(Bdc) for the South/East face soil is 1.44 Mg m-3 (Fig. 1c), 
and for the North/West face, it is 1.38 Mg m-3 (Fig. 1f).

The lower limit of the water content on the North/
West faces of exposure of all evaluated pedoenvironments 
was defined by PR. This demonstrates that for areas that 
receive higher solar incidence, the PR starts to assume an 
even more important role in the availability of water under 
low potentials. It is important to note that the values of PR 
reduce with increased soil moisture due to the lubricating 
effect of the water, which reduces the cohesion between 
the particles in the soil matrix. On the other hand, the 
approximation of the solid particles of the soil, by means of 
compaction, raises the values of mass in a similar volume, 
which results in a greater interparticle cohesion or friction 
(Vepraskas, 1984) and, thus, results in greater resistance of 
the soil to the penetration of roots. The lower limit was not 
determined by the PR on the South/East faces of the Alegre 
and Café pedoenvironments (for lower values of Bd). In the 
Celina pedoenvironment, the PR was the lower limit for 
both faces, possibly due to the greater interference of the 
animal activity in pastures (bovine trampling). This due to 
its greater susceptibility to compaction because it has high-
er clay contents compared to other areas (Table 1).

The LLWR was positively correlated with the Bd 
values of 1.35 and 1.25 Mg m-3 for the soils on the South/
East face in the Alegre and Celina pedoenvironments, 
respectively (Fig. 2). Tormena et al. (1998) and Severiano 
et al. (2011) observed similar behavior when work-
ing with clay textured Oxisoils (USDA soil texture 
classification, 1993). This behavior can be explained 
by the occurrence of the granular structure for oxidic 
soils, increasing the porous aeration space (Severiano 
et al., 2011), which increases the LLWR amplitude 
in a positive way. The phenomenon can be explained 
by the approximation and rearrangement of the solid 
particles, which allows the development of smaller size 
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pores to the detriment of larger diameter pores (such as 
porous aeration space).  This increases the θ retained at 
higher tensions, replacing pre-existing aeration porosity. 
It should be emphasized that if the proximity of the soil 
solid phase results in a minimum or limit of porous space, 
which tends to occur under greater compressions, the con-
sequences would be contrary. Thus, with reduction of the 
pore volume, there wold be losses of the volume of storage 
of water, a process that explains the reduction of the LLWR 
to higher values of soil density at certain limits observed 
for this attribute.

The LLWR of the soil in the Café pedoenviron- 
ment for the South/East face did not vary until the Bd of 
1.40 Mg m-3. At this value, there was a reduction of the 
LLWR, resulting in zero from values of Bd ≥ 1.54 Mg m-3 
onward (corresponding to Bdc) (Fig. 2b). 

The importance of LLWR in relation to the face of 
exposure of higher solar incidence (North/West) can be 
verified in Fig. 2d, e, and f. It is noticed that the availability 
of water in the soil is reduced to the proportion that the 
density of the soil increases, being 93.3% for the samples. 
In the case of the Alegre pedoenvironment, the LLWR pre-
sented equal to zero, which occurs for values of Bd > 1.48 
Mg m-3 (Fig. 2d).

Fig. 2. Variation of least limiting water range depending on soil density for pedoenvironments: a – Alegre, South/East face; b – Café, 
South/East face; c – Celina, South/East face; d – Alegre, North/West face; e – Café, North/West face and f – Celina, North/West face.

a

b

d

c f

eb
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From the climatic point of view, the exposure to high-
er solar incidence, promoted by the position of the slopes 
in the landscape, generates greater losses of soil water 
by evapotranspiration and reduces the development of 
grasses. If water requirements are not met, there will also 
be an increase in soil resistance to root penetration due to 
lower soil moisture (Bengough et al., 2011). Consequently, 
there is a reduction in both root and shoot development of 
grasses (Masle and Passioura, 1987). Without proper root 
development, the system loses the potential to produce 
biopores in the soil (Magalhães et al., 2009; Severiano et 
al., 2010; Calonego et al., 2011; Lima et al., 2012) and pro-
vide organic material (Fidalski et al., 2010), which are two 
important phenomena for the development and improve-
ment of soil structure and physical quality (Andrade et al., 
2009), including deep layers (Calonego et al., 2011). Works 
such as that of Leão et al. (2004), Lima et al. (2012), and 
Flávio Neto et al. (2015) emphasize the importance of ade-
quate management of pastures and their effects under the 
conditions necessary for plant development in the LLWR 
available to the plants.

CONCLUSIONS

1. The least limiting water range for the soil is influenced 
by the face of exposure to the sun. The face of exposure that 
receives the highest incident solar radiation (North/West) 
presented lower values for the least limiting water range.

2. Lower altitude pedoenvironments, like the Alegre 
pedoenvironment, tend to suffer greater effects on the deg-
radation of pastures, mainly due to the consequent effect of 
higher temperatures.

3. The least limiting water range has been shown to be 
a sensitive indicator of physical quality of Oxisols  under 
degraded pastures.

Conflict of interest: The Authors do not declare con-
flict of interest.
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