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ABSTRACT: Agricultural areas in the region of Turuçu, on the Southeast Hillside in the state
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of Rio Grande do Sul (RS), Brazil present many examples of soil physical degradation. Accord-
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ingly, strategies aimed at evaluating and ameliorating the structural quality of soils should be
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developed to ensure the sustainable use of these areas. This study aimed to evaluate the least
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limiting water range (LLWR), S-index, compressibility parameters, organic carbon and the organic
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matter granulometric fractions of a Udalf under different agricultural uses. Soil samples with
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disturbed and non-disturbed structure from the 0.00 to 0.10 m layer were collected on farms in
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the Southeast Hillside, Turuçu region, RS, for analyzing soil under: i) conventional system of corn
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after tobacco crop, (CT); ii) conventional system of corn after native field (CNF), iii) native field
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(NF) and iv) native area (NA). Both the CT and the CNF systems had a negative influence on the
values of bulk density, soil porosity, least limiting water range, compressibility parameters and
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total organic carbon, coarse fraction carbon and carbon associated with minerals.
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Introduction
In the south of Brazil the conventional system for
cultivating corn and tobacco has long been deployed by
family farms. This land use system is known to influence bulk density, penetration resistance, soil porosity,
aggregation, organic carbon (Silva et al., 2016; Rosemary
et al., 2017) and crop yield (Mishra et al., 2015; Cecagno
et al., 2016). However, studies whose aim is to evaluate
the impact of these activities on the soil quality in this
region are scarce.
The least limiting water range (LLWR) is defined
as the range in soil water content within which limitations to plant growth associated with water potential,
aeration and mechanical resistance to root penetration
are small. The LLWR has been proposed as an index of
the structural quality of soils for crop growth (Silva et
al., 1994). Within the context of the LLWR, the impact
of changes in soil structure on plant growth is strongly
influenced by water content. Studies on the critical values of bulk density and the LLWR (Guedes-Filho et al.,
2014) to develop crops and evaluate soil physical quality
have been addressed (Asgarzadeh et al., 2010; Cecagno
et al., 2016).
Dexter (2004a, b), considering the water retention
curve (WRC) as an efficient parameter of soil physical
quality influenced by the tillage systems, proposed the
S-value or S-index (Rossetti et al., 2013, Islabão et al.,
2016 and Naderi-Boldaji and Keller 2016). According to
Dexter (2004a) the S-index is the WRC inclination value
at its inflexion point. De Jong van Lier (2014) pointed out
that despite being static, this parameter is mathematically associated with soil bulk density and soil porosity.
Machinery traffic associated with the management system can influence parameters obtained from
the uniaxial compression curves such as the load sup-
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port capacity, soil susceptibility to compaction and degree-of-compactness (Reichert et al., 2016; Somavilla et
al., 2017) and its implications for soil structure and root
development. The aim of this research was to evaluate
the least limiting water range, S-index, compressibility
parameters and organic carbon of a Udalf under different management systems, in the Southeast Hillside, RS,
Brazil.

Materials and Methods
The study was carried out on a farm located in
the city of Turuçu, RS, Brazil. The sampled area is located in a watershed belonging to the Turuçu river basin, which is a source of water supply to the city, located
between geographical coordinates 31°25’ S and 52°15’
W (altitude: 30 m) with an area of approximately 1,580
ha (Figure 1).

Figure 1 – Geographical location at watershed and respective
studied site.
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The climate in the region is Cfa, according to
Köppen classification representing a subtropical marine environment with humid summers and humid or
super-humi winters. The rainfall and the annual average temperature in the region are 1,400 mm and 18°C,
respectively (Alvares et al., 2013). The soil is classified
as a Udalf (USDA-NRCS, 2010), with sandy loam texture
and organic carbon varying from 6 to 18 g kg–1 (0.00 to
0.10 m depth) (Table 1).
The treatments comprised soil under: i) conventional system with corn after tobacco crop, with a history of succession of strawberry, tobacco and corn crops
from 2004 to 2010 (CT); ii) conventional system with
corn crop after native field (first corn crop followed by
grazing after 30 years of native field) (CNF); iii) grazing, on native field, for 30 years (NF) and iv) native area
with predominance of vegetation, whose type of soil,
relief and other characteristics are representative of the
original condition of the remaining areas under evaluation (NA).
From the 0.00 to 0.10 m soil layer (intensively
modified with respect to physical attributes under a crop
root zone management system) of each area, samples
with disturbed structure were collected for granulometric (pipette method according to Gee and Bauder, 1986),
and soil total organic carbon (TOC) evaluation (Table
1). To determine bulk density (Bd), total porosity (Tp)
(sum of soil macroporosity and soil microporosity), penetration resistance (PR), water retention curve (WRC),
least limiting water range (LLWR) and the S-index in the
same areas, 96 non-disturbed samples were collected using volumetric rings 0.05 m in diameter and 0.03 m in
height (24 samples per treatment × 8 suction potentials).
To evaluate the LLWR, the undisturbed samples
were saturated with water for 24 h and submitted to
matric suction of - 1; - 2; - 4 and - 6 kPa), on a tension
table and -10; - 33; - 100 and – 1,500 kPa in a Richards
pressure chamber (Klute, 1986). After equilibration between the potential applied and the soil water content,
each sample was weighed and the PR determined in the
laboratory, at three sites equidistant from the center of
the sample, using an electronic penetrometer with constant soil penetration velocity (10 mm min–1) and acquisition of automated data (Tormena et al., 1998).
Table 1 – Mean values of particle size distribution (clay, silt and
sand) and total organic carbon content (TOC) of an Udalf under
different management systems (0.00 to 0.10 m depth).
Management systems1
CT

Clay

Silt

Sand

TOC

------------------------------------ g kg–1 -----------------------------------94.1
206.4
699.5
6.3

CNF
NF

134.5
152.1

214.4
240.2

651.1
607.7

9.7
17.5

NA

178.0

270.1

551.9

18.2

CT = soil with corn crop after tobacco crop under a conventional system;
CNF = soil with corn crop after native field under a conventional system; NF =
native field soil and NA = native area.
1
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Later on, the samples were oven dried at 105 ºC
to determine Bd (Blake and Hartge, 1986), gravimetric
water content (Gwc) (Gardner, 1986), volumetric water
content (θ) and soil porosity. The measured WRC dada
points were adjusted by employing the van Genuchten
model (1980), aided by the computer program Soil Water
Retention Curve (Dourado Neto et al., 1990):
θ = θres +

θsat − θres
1 + (α × ψ n 



(1)

m

q = soil volumetric water content (m3 m–3); qres, qsat
= residual and saturated soil volumetric water content,
respectively (m3 m–3); y= matric suction (kPa); a, m and
n = empirical parameters.
The available water (AW) was calculated using the
top and bottom limits defined by the volumetric water
content at field capacity (θFC = –10 kPa) and volumetric
water content at permanent wilting point (θPWP = –1,500
kPa) respectively. From the WRC, the S-index was obtained according to Dexter (2004a):
−(1+m)

1

(2)
S = −n ( Gwcsat − Gwcres ) × 1 + 
m


S = S index; Gwcsat and Gwcres = soil gravimetric water
content at saturation (sat) and residual (res) (g g–1), respectively; m and n = empirical parameters.
To determine the LLWR, the volumetric water
content (θ) was adjusted as a function of the suction potential (expressed as a module) and bulk density, according to Silva et al. (1994):
θ = exp (a + bBd) yc

(3)

θ = volumetric water content (m3 m–3); Bd= bulk density (Mg m–3); y = matric suction (kPa); a, b and c =
empirical parameters.
The PR curve was adjusted using the non-linear
equation proposed by Busscher (1990): 		
PR = dθeBdf

(4)

PR= penetration resistance (kPa); θ = volumetric water
content (m3 m–3); Bd = bulk density (Mg m–3); d, e and f
= empirical parameters.
The PR values were plotted as a function of Bd.
The LLWR indicated as the top limit, the lowest volumetric water content (θ) obtained at field capacity (θFC
= –10 kPa) or in 10 % aeration porosity and, as the bottom limit, the highest θ value in the 2,000 kPa (penetration resistance) or at the permanent wilting point (θPWP
= –1,500 kPa). The critical soil bulk density (Bdc), which
corresponded to the Bd value at which the LLWR is
zero, was defined by the intersection of equations that
determined the top and bottom limits of the LLWR (Silva
et al., 1994).
Additionally, to evaluate the compression parameters, undisturbed samples were collected randomly from
2
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each sampling point in the 0.00 to 0.10 m layer, with a
ring 0.05 m in diameter and 0.03 m in height, comprising 54 samples.
In the laboratory, the samples were saturated
with water for 24 h and submitted to matric suction (y):
–10 kPa, in Richards’ pressure chambers (Klute, 1986).
After equilibration, each sample, excluding the natural
area (NA) soil samples (justification: problems in the soil
samples), was weighed and submitted to the uniaxial
compression test which consists of successive and continuous application of established pressures 25, 50, 100,
200, 400, 800 and 1,600 kPa (Silva et al., 2007) aided by
an automatic consolidometer.
The soil compactness-degree (CD) was calculated
from the relationship between the initial Bd and that obtained with pressure after applying 200 kPa (Håkansson,
1990), 1,600 kPa (Reichert et al., 2009) and the one referring to the preconsolidation pressure (Lima et al., 2012).
Additionally, the same samples with disturbed structure
were air dried, for about 72 h, sieved through a 9.52
mm mesh sieve and, later, sieved through a 2 mm mesh
sieve and ground for TOC analysis by dry oxidation, and
the results were expressed by the relationship of mass/
volume through Bd correction.
Granulometric physical fractioning was carried out
according to Cambardella and Elliott (1992). The carbon
resulting from the material retained by the sieve > 0.053
mm corresponded to the coarse fraction carbon (CFC),
while the carbon associated with minerals (CAM) was obtained from the difference between TOC and CFC.
Variance analysis was performed on all other data
sets using the Sisvar software analysis program (version
5.3, build 75) (Ferreira, 2011). Differences between treatment means were considered statistically significant at a
p value ≤ 0.05 using the least significant difference.

Results and Discussion
The coefficients from the least-squares fit of the
soil water retention, penetration resistance curve and
WRC according to the van Genuchten (1980) model are
shown in Table 2. The data were adjusted appropriately
to the models used. The qres and qsat values were lower
in the CT. The lower values in clay content and TOC
in this soil use system (Table 1) may be related to this
result. The structural degradation caused by the continuous soil revolving and soil organic matter (MOS) exposure under the CT favor the destruction of the MOS,
resulting in a decrease in the soil adsorption capacity of
the soil, and consequently, in qres. The qsat value indicates
that the conventional system presented the lowest porosity in comparison to the land use systems.
The corn after the tobacco crop in soil under conventional system (CT) presented higher Bd and a higher
percentage of differences relative to NF and NA, which
is related inversely to the Tp (Table 3). The soil porous
system is directly linked to the soil structure and exhibits the effect of management systems (Pires et al., 2017).
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The highest Bd values in the CT is due to the higher accumulated soil pressure exerted by the intense traffic of
machines during the period of use of this soil.
The CT had the lowest value of qFC and qPWP, while
the other systems presented similar values. Despite this,
there was no difference in the plant available water
when the management systems were compared (Table
3). The AW was not significantly altered because the reduction in qFC was accompanied by a reduction in the
qPWP in similar proportions.
The S-index revealed no significant differences regarding management systems, which usually occurs in
soils with coarse texture, as confirmed by Reynolds et al.
Table 2 – Mean values of coefficients of adjustment according to
van Genuchten (1980) model (qres, qsat, α, m, n), soil penetration
resistance curve (a, b, c) and water retention curve (d, e, f) of an
Udalf under different management systems.
Equation

Coefficient

θ
= θ res
θ sat − θ res
+
[1 + (α × ψ )n ]m
q = exp (a x bBd) yc

PR = dqeBdf

qres
qsat

CT

CNF

NF

NA

0.06
0.21

0.14
0.31

0.15
0.37

0.11
0.33

α

0.12

0.26

0.01

0.01

m
n

0.21
2.25

3.35
3.18

5.02
3.20

1.71
6.24

a

-2.63

-1.66

-1.03

-0.93

b

0.12

-0.19

-0.52

-0.64

c

-0.17

-0.14

-0.14

-0.13

d
e
f

0.00
-1.36
8.90

0.05
-1.38
4.47

0.21
-1.03
3.44

0.39
-0.67
2.67

CT = soil with corn crop after tobacco crop under a conventional system;
CNF = soil with corn crop after native field under a conventional system; NF
= native field soil and NA = native area. qres, qsat = residual and saturated
soil volumetric water content (θ) (m3 m–3); ψ = matric suction (kPa); PR =
penetration resistance (kPa); Bd = bulk density (Mg m–3).

Table 3 – Mean values of bulk density (Bd), total porosity (Tp), soil
water content at field capacity (θFC) and at permanent wilting point
(θPWP), available water (AW) and S-index of an Udalf under different
management systems.
Bd
Management
systems1
Mg m–3

Tp

θFC

θPWP

AW

S

---------------------- m m ----------------------

-

3

–3

CT
Δref. NF (%)

1.65 a 0.35 c 0.19 b 0.10 c
0.09 ns 0.036 ns
+17.9
-20.5
-36.7 -54.5
+12.5
-64.7

Δref. NA (%)

+15.4

CNF

1.50 b

-14.6
0.40 b

-34.5

-37.5

0.26 a 0.18 ab

Δref. NF (%)

+7.1

-9.1

-13.3

-18.2

Δref. NA (%)

+4.9

-2.4

-10.3

+12.5

NF
NA

1.40 c 0.44 a 0.30 a 0.22 a
1.43 bc 0.41 ab 0.29 a 0.16 b

-30.8
0.08 ns

-50.0
0.082 ns

0.0

-19.6

-38.5

+13.9

0.08 ns
0.13 ns

0.102 ns
0.072 ns

1
CT = soil with corn crop after tobacco crop under a conventional system;
CNF = soil with corn crop after native field under a conventional system; NF =
native field soil and NA = native area. ∆ref. (%) = increase (+) or decrease (-) as
a percentage of NF. Means followed by the same small letter in the column, did
not differ from each other in the LSD test at the 5 % level.
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(2009). The highest absolute values suggesting the most
suitable physical conditions were observed in NF (Table
3) presenting better soil quality (Dexter, 2004a). However, only CT was considered to be likely to signalize
structural degradation problems (Table 3), by presenting
a value close to 0.035, which is considered by Dexter
(2004a) to restrict crop development.
Considering the mean bulk density, the LLWR was
similar in all evaluated management systems. All areas
presented critical values for the development of plants
with low aeration porosity and high resistance to penetration (Figure 2).
The LLWR under CT was defined at the top limit
by qFC and at the bottom limit by qPR (Figure 2A). Under
CNF, it was defined by qFC (top limit) and in values over
1.25 Mg m–3 the qPWP was substituted by qPR (bottom limit) (Figure 2B). In the soil under NF, the LLWR was defined by qFC at the top limit and the qPR substituted qPWP
at the bottom limit when the Bd was higher than 1.18
Mg m–3 (Figure 2C). The LLWR in the soil under NA was
defined by qFC at the top limit and qPR substituted qPWP at
the bottom limit when the Bd was higher than 1.20 Mg
m–3 (Figure 2D). Under all systems the Bd was positively
related to the qPR but negatively related to qAP.
The Bdc values where the LLWR was considered
zero and the limitations converged were 1.64 Mg m–3,
1.51 Mg m–3, 1.38 Mg m–3 and 1.36 Mg m–3 for the CT,
CNF, NF and NA systems, respectively (Figure 2). Considering the mean bulk density, the LLWR was similar
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under all the evaluated management systems. All areas presented low aeration porosity, high resistance to
penetration and critical values for the development of
plants (Table 3 and Figure 2). The occurrence of Bd >
Bdc signals the soil structural degradation, which can
also reduce plant growth and productivity. With the exception of the CT management system, where the results between the S index and the LLWR are corroborative, the other systems, contradict each other as per two
soil quality indexes. According to the S index, the soil
structural condition is favorable to the growth of roots,
considering the Bdc determined by the LLWR. Although
these indices are determined in different ways, which
can justify this behavior, both have the same purpose
of indicating the soil structural quality. This divergence
may suggest higher or lower efficiency of these tools for
this function. However, it is worth mentioning that they
are already highly respected and used in countless studies that evaluate soil quality. It is likely that these indices
can be aligned for a more concise result by matching the
critical values taken

as a reference. Leão et al. (2005)
argued that for the definition of the LLWR’s upper and
lower limits, it is recommended that critical limits be established according to experimental conditions. Among
the soil attributes used to determine the LLWR, it is
possible to highlight the PR value adopted in this study
(2000 kPa or 2.0 MPa) as being restrictive to root growth.
This is because the PR had the greatest influence on the
amplitude of this index, which corroborates with Tor-

Figure 2 – Least limiting water range values (shaded area) of an Udalf under different management systems: A) CT, B) CNF, C) NF and D) NA. θPR
= soil water content at penetration resistance value of 2000 kPa; θFC = soil water content at field capacity; θPWP = soil water content at wilting
point; θAP = soil water content at 10 % aeration porosity. CT = soil with corn crop after tobacco crop under a conventional system; CNF = soil
with corn crop after native field under a conventional system; NF = native field soil and NA = native area.
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The soil susceptibility to compaction (CI) decreased with the increase in the initial Bd, confirming
the results presented by Imhoff et al. (2004). Lower
compaction susceptibility might be associated with an
increased compaction state, which results in smaller
deformations when high pressures are applied, due to
the increase in the number of contact points between
the soil particles and aggregates. All the management
systems presented lower Bd values in relation to those
obtained by σp (Table 4). Bd mean values did not reveal
additional soil compaction. However, these values were
similar values to the critical Bd according to the LLWR.
Regardless of the degree of soil compactness (CD),
the pressures established (200 kPa, 1,600 kPa and preconsolidation pressure) presented similar behavior, differing from each other in the three areas under evaluation, with the highest value being attained under CT.
The CD followed the order CT>CNF>NF, obeying the
highest degradation imposed by the effect of management systems on the soil structure (Table 4).

mena et al. (2007), who state that PR is the variable that
most often reduces the LLWR. The impact of the PR
on the LLWR depends on the critical PR value adopted.
Thus, the lower the critical RP value adopted, the lower
the Bdc value. Although the value of PR = 2000 kPa
(2.0 MPa) is suggested as being critical to root growth
by Taylor et al. (1966), other research suggests higher
values of
 2,500, 3,000 and up to 3,500 kPa (Tormena
et al., 2007). As an example, Merotto and Mundstock
(1999) suggest that severe growth limitation occurs from
3.5 MPa (3,500 kPa). This adaptation of the plants to the
high PR occurs mainly in field conditions, where the biopores act as alternative routes for root growth (Ehlers et
al., 1983). Thus, the use of the critical PR value higher
than the one used (2,000 kPa) might result in Bdc values, which would allow for a superior evaluation of the
structural quality of these soils by the LLWR.
The normalized compression curves, for each
management system indicate a similar compression
behavior (Figure 3). The NF and CT, in general presented, respectively, the highest and lowest deformations with the loads applied. The highest initial Bd
(Table 3) and consequently, the lowest deformation
(Figure 3) in the soil under CT are the result of agricultural operations and accumulation of soil pressures. Areas with higher initial compaction (higher
Bd) or with a background of pressure accumulation
might present lower deformation, higher capacity to
support the load and lower susceptibility to compaction (CI) with a higher percentage of differences between the native field, Dref (Table 4). For this reason, it
is relevant to know the level of pressure supported by
the soil in the past so that additional compaction can
be prevented through the knowledge of the capacity
to support load values (Table 4).
The σp reductions as a function of Bd were reported by Rücknagel et al. (2007), and were ascribed
to lower cohesion forces and friction between the soil
particles. The σp has proved an effective alternative for
assessing and identifying soil compaction and can be
prevented with superior soil management (Neiva Júnior
et al., 2015).

Figure 3 – Normalized compression curves of bulk density (Bd)
versus applied loads (σ) of an Udalf under different management
systems. CT = soil with corn crop after tobacco crop under a
conventional system; CNF = soil with corn crop after native field a
conventional system and NF = native field.

Table 4 – Mean values of pre-consolidation pressure (σp), compression index (CI), bulk density obtained with the pre-consolidation pressure
(Bdσp), compactness-degree on the 200 kPa (CD200kPa), 1600 (CD1600kPa) and with pre-consolidation pressure (CDσp) of an Udalf under different
management systems.
Systems of use1

σp

CT

kPa
315.90 a

Δref. NF (%)

+86.5

CNF

173.30 b

Δref. NF (%)
NF

+2.30
169.40 b

CI

Bdσp

--------------------------------- Mg m ---------------------------------0.15 c
1.75 a
–3

-57.14
0.26 b
-25.71
0.35 a

+15.13
1.60 b
+5.26
1.52 b

CD200kPa

CD1600kPa

CDσp

------------------------------------------------------------ % -----------------------------------------------------------97.33 a
92.12 a
96.83 a
+9.23

+21.57

+4.89

92.15 b

81.79 b

94.86 b

+3.42

+7.94

+2.76

89.10 c

75.77 c

92.31 c

CT = soil with corn crop after tobacco crop under a conventional system; CNF = soil with corn crop after native field under a conventional system; NF = native field.
Δref. (%): increase (+) or decrease (-) as a percentage of NF. Means followed by the same small letter in the column, did not differ from each other in the LSD test at
the 5 % level.
1
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In general, soil with higher Bd presented increase
in the preconsolidation pressure and, consequently, a
high CD. The high CD might not be favorable to plant
development, since favors increased penetration resistance, altering the root system distribution and reducing
the plant growth (Silva et al., 2016).
The TOC was higher, around 45 % and 65 %
under the NF and NA, compared to CT (Table 5). The
greater efficiency of vegetable cover and biological
activity increases organic matter content, and, consequently TOC (Salvo et al., 2014). The soil under
CT presented the lowest TOC concentration ascribed
to conventional management and crop succession
(strawberry, tobacco and corn) for at least five years in
a row. The reduction in TOC results from the decrease
in organic matter physical protection, due mainly to
the rupture of aggregates and consequently increase
in erosion, accelerated processes of organic matter
mineralization and lower organic input in conventional management systems.
According to the statistical test, the highest CFC
values were generated under the NA and NF systems
(Table 5). The highest CFC in NA is related to the plant
root development and residue additions. The systems
featuring use with crops (CT and CNF) presented the
lower CFC values, which might be justified by the conventional management, which promotes higher exposure of the organic matter to the decomposing agents
since it is less protected by stabilization mechanisms.
The agricultural areas cause considerable losses to
the coarse fraction of organic matter, mainly ina crop’s
first years. Carbon associated to the minerals (CAM) is
usually less modified by the different management systems, mainly in the short term. However, differences
were seen in the CAM regarding soil uses (Table 5), with
the greatest values appearing in NA and NF, decreasing
in the following sequence: NA=NF>CNF>CT (Table

5). The maintenance of organic matter protected in the
soil aggregates increases the period of interaction of the
particulate material with clay minerals due to the organic matter of the aggregates longer cycling time, which
allows for the complexation reactions to occur more effectively (Six et al., 1998).
The WRC, LLWR, compressibility and organic
matter have been acknowledged to establish suitable
conditions for plant development, monitoring of management systems and/or conservationist practices are
recommended for ensuring the soil structural quality
and agricultural yield. Soil physical parameters evaluated in this study may be important to definitions of soil
quality under different management systems. However,
further investigation of different uses and types of soils
are still required to complement the studies carried out
up to now.

Conclusions
The soil water content at field capacity and penetration resistance were the most limiting factors in the
definition of the least limiting water, considering bulk
density values and all management system evaluated.
The initial mean bulk density value was similar to
the critical bulk density obtained by the least limiting
water range.
The least limiting water range and the compression parameters indicated negative alterations in the soil
structural quality in the CT and CNF systems.
Total organic carbon and the carbon associated to
the coarse fraction and carbon associated to the minerals fraction were influenced negatively by the conventional system.
The soils with corn after tobacco and corn after
native field were shown to suffer more degradation in
comparison to the native field areas.
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2.4 b
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Δref. NF (%)

-64.0
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-72.1

CNF
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Δref. NA (%)

-46.7
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-47.9

NF
NA

17.5 a
18.2 a

3.7 a
4.2 a

13.7 a
14.0 a

CT = soil with corn crop after tobacco crop under a conventional system;
CNF = soil with corn crop after native field under a conventional system; NF
= native field soil and NA = native area. ∆ref. (%): increase (+) or decrease (-)
as a percentage of NF and NA. Means followed by the same small letter in the
column did not differ from each other in the LSD test at the 5 % level
1
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