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A B S T R A C T

Very fragile sandy soils have high erosion susceptibility, low water retention, and low nutrient and
carbon storage. In southern Brazil, substitution of native grassland by grain production in conventional
tillage has caused severe degradation, even reaching an extreme state of “sandyzation” or non-vegetated
sand. We measured indicators to assess soil quality in a Quartzipsamment (“Neossolo Quartzarênico”)
under different uses and also in extreme state of “sandyzation” or non-vegetated sand, where annual
average rainfall is 1511 mm with regular distribution throughout the year. Four land uses/conditions were
evaluated: (i) native grassland (NG) (4% clay); (ii) nine years-old eucalyptus forest (EF) (4% clay); (iii) corn
production in conventional tillage (CT) (3% clay); and (iv) extreme state of “sandyzation” or nonvegetated sand (NVS) (2% clay). Measured soil chemical properties were soil organic carbon (SOC) in
0–2.5, 2.5–5, 5–7.5, 7.5–10 and 10–20 cm soil layers, Ca, Mg, K, Al saturation, and effective cation exchange
capacity (CEC) in 0–2.5 cm layer. Measured soil physical properties were soil bulk density (BD), total
porosity (TP), macroporosity (Macro), microporosity (Micro), water retention, and saturated hydraulic
conductivity (Ks) in 0–3, 5–8, and 10–13 cm soil layers, whereas aggregate stability in water was
measured in 0–5 cm soil layer. Soil chemical and physical properties indicate an extreme state of
degradation of NVS, which had signiﬁcantly lowest SOC and thus low CEC, associated to leaching of
exchangeable bases and high aluminum saturation. CT also provided a signiﬁcant decrease in SOC in all
soil layers, and other in chemical properties in the 0–2.5 cm layer, whilst EF was the most efﬁcient system
to build up SOC compared to NG in surface layers (0–2.5 and 2.5–5 cm) and presented better chemical
conditions. In general, soil physical quality was degraded in NVS and improved in EF, whilst there were no
signiﬁcant differences in CT compared to NG for most soil physical properties. Soil physical properties
were closely related to surface SOC of the different land uses. NVS provided a signiﬁcant decrease in
Micro, whilst EF provided a signiﬁcant increase in TP and Macro in 0–3 and 5–8 cm soil layers. High TP and
Macro, low Micro, and very high Ks were observed in NVS. The CT provided signiﬁcant decrease in water
aggregate stability compared to NG and the water aggregate stability rank was EF > NG > CT, whereas NVS
soil was completely devoid of aggregation. NVS restricts plant growth, root development, plant nutrient
uptake and soil cover, thus creating an environment prone to wind erosion and soil degradation.
Management practices that include permanent soil cover, restore SOC, improve soil aggregation and
create pores for water retention and availability, increase base saturation and promote nutrient cycling
are necessary to preserve these fragile lands.
ã 2016 Elsevier B.V. All rights reserved.
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Parent material and climate conditions in the Holocene Epoch –
Cenozoic Era (Bombin and Klamt, 1974) – resulted in the genesis of
sandy sediments in the southernmost Brazilian state (Fig. 1),
bordering with Uruguay and Argentina, where sandy areas lacking
vegetation are found (Suertegaray, 1995). Under currently more
humid weather conditions, these sediments led to the formation of
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Fig. 1. Study area with sandyzation sites, in São Francisco de Assis municipality, in the southwestern region (“Campanha”) of Rio Grande do Sul State, Southern Brazil.

sandy-textured soils, highly susceptible to degradation by water
and wind erosion to such an extent that desertiﬁcation is possible.
However, these areas are of relatively high rainfall (over 1300 mm
per year), and have edaphological and geobotanic properties
distinctive from deserts.
Although associated to desertiﬁcation since the 19700 s,
sandyzation is a single phenomenon associated to hydrological
and eolian processes, and to climate regimes that are different from
those that characterize desertiﬁcation (Suertegaray and Verdu,
2008). In humid climate there is the formation of “islands” or
patches of exposed, loose sand (“areais” or sandynized soil), thus
erroneously called areas of desertiﬁcation (Suertegaray, 1995),
especially on slopes and valleys with sandstone rocks prone to
water erosion, with potential subsequent wind activity (Suertegaray, 1987).
Sediments are mobilized by water during rainy days and by
wind on dry, windy days, hindering vegetation establishment.
Reworking of these quaternary deposits resulted from morphogenetic dynamics, where surface runoff, particularly concentrated
ﬂow in gullies, expose, transport and deposit sand particles,
further enhanced by wind erosion processes. There are indications
that the sandynized areas are formed by natural or geological
erosion (Marchiori, 1995; Bellanca and Suertegaray, 2003;
Suertegaray et al., 2005) and accelerated erosion by anthropic
effects (Cordeiro and Soares, 1975; Souto, 1984; Verdum, 1997).
These “sandynized” or “non-vegetated sand” areas occupy an
estimated area of 3000 ha in ten municipalities in the Rio Grande
do Sul state, with some of them having up to 229 patches of sand
(Andrades et al., 2005), in much larger area of sandy soils highly
susceptible to erosion (around 250 thousand ha).

Prevailing agroecosystems in the region include the use of
extensive, low productivity livestock and agriculture, and minor
presence of forestry. Regional climate and sandy soils of low
natural fertility, undulated relief, with natural vegetation of grasses
and with low winter growth characterize the agroecosystem as
naturally fragile and even more when in agriculture or animal
husbandry (Souto, 1984). In the 1970’s and 80’s there was intense
agricultural use of sandy soils, where native grasslands were
replaced by conventional tillage for soybean and wheat cropping,
resulting in severe soil and ecosystem degradation.
Loss of vegetative cover, exposing sandy material to erosive
agents, is the main factor encouraging soil degradation (Souto,
1984). In a sandynized area, sand movement by wind from
September to December of 2001 was 5.05 Mg ha1, while in the
whole year of 2002 this movement was 11.08 Mg ha1. With the use
of cover plants, sand movement was, respectively, only 0.36 and
0.77 Mg ha1, which corresponds to a decrease of around 93%
(Rovedder and Eltz, 2008a). High rainfall intensity associated to
high wind intensity favors the movement of soil particles, but high
precipitation and low wind intensity may result in less sand
movement and erosion (Rovedder and Eltz, 2008a). Local rainfall
average is highest (153.6 mm) in September and October (Souto,
1984), and greatest average wind speed of 2.89 m s1 is in
September to November (Instituto Nacional de Meteorologia
(INMET), 2012).
Sandy soils are characterized by weak aggregation (Capurro
et al., 2002; Wohlenberg et al., 2004; Reichert et al., 2009a), poor
water retention properties (Tomasella and Hodnett, 1998;
Reichert et al., 2009b, 2015b; Fidalski et al., 2013), high
permeability (Bruand et al., 2005), water inﬁltration (Reichert
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and Norton, 1995, 1996), and susceptibility to compaction (Ramos
et al., 2014). Sandy soils retain little water at high water potentials
and water content decreases rapidly with decrease in water
potential (Panayiotopoulos and Mullins, 1985), and the volumetric water content retained at given matric potentials may be
greatly overestimate by pedotransfer functions developed from
temperate soils database, as observed for sandy soils of Brazilian
Amazonia (Tomasella and Hodnett, 1998). Soil saturated hydraulic
conductivity (Ks) of sandy soils in the tropics varies within a
range of values covering several orders of magnitude (107 < Ks
< 103 m s1) (Bruand et al., 2005).
Tropical sandy soils, more than other soils, require careful
management. Even if most physical degradation processes are
more easily reversible in tropical sandy soils than in other soils,
the physical fertility of these soils is low (Bruand et al., 2005).
Soils occurring in areas under ‘sandyzation’ have natural low
agricultural and ecosystem production potential, because of the
great physical limitations to water storage and plant nutrient
availability (Azevedo and Kaminski, 1995). Vegetation is savannawoody-grassy steppe vegetation with abundance of shrubs and
undergrowth (Marchiori, 1995), resulting in poor forage with low
nutritional value and deﬁcient mineral composition (Agostini and
Kaminski, 1976) and species of vegetation distributed following
soil fertility levels (Soares et al., 2015). Agricultural use in these
areas is risky because of limiting soil conditions, frequent
summer drought and occurrence of wind erosion (Scopel et al.,
2013). Nevertheless, soil quality in properly managed sandy soils
may potentially improve faster than in clayey soils (Reinert, 1998)
due to lower resilience of the latter. Although the problem is
easily identiﬁed, solutions are complex. If the aim is using
marginal, fragile, and low-productivity soils in productive system,
especial land use and management systems are required.
Degradation of fragile ecosystems is triggered when system
resistance to anthropic disturbance is surpassed. Our objective
was to assess the effect of traditional use of natural grassland,
conventional-tillage corn, and eucalyptus forest on soil physical
and chemical properties in an area with fragile sandy soil prone to
sandyzation.

2. Material and methods
2.1. Study area
The study was carried out on a farm in São Francisco de Assis
municipality in southern Brazil (Figs. 1 and 2), in “sandynized”
(6747921.30 m S, 679445.54 m W). The soil was classiﬁed as
Quartzipsament by Soil Taxonomy (Soil Survey Staff, 2014) and
“Neossolo Quartzarênico” by the Brazilian Soil Classiﬁcation
System (Embrapa, 2006) (Fig. 2a). The soil is derived from
sandstone parent material (Fig. 2b) with very high sand content
(>95%) and very low clay content, weak soil structure, and rolling
landscape. Annual rainfall is about 1511 mm, with monthly rainfall
over 95 mm, and annual evapotranspiration of about 903 mm, i.e.,
60% of total rainfall (Álvares et al., 2013).
The experiment consisted of four land uses and four replications. The studied land uses, all located on similar landscape
position and in close proximity among them, were native grassland
(NG) (4% clay); nine years-old eucalyptus forest (EF) (4% clay); nonvegetated sand (NVS) (high degraded) (2% clay); and soil under ﬁve
years of corn cropping with conventional tillage (CT) (3% clay).
2.2. Soil sampling and laboratory analysis
Disturbed soil samples were taken from 0 to 2.5, 2.5–5, 5–7.5,
7.5–10, and 10–20 cm soil layers to evaluate soil organic carbon
(SOC), from 0 to 2.5 cm soil layer to determine soil exchangeable
bases (K, Ca, Mg), aluminum saturation, and effective cation
exchange capacity (CEC). When soil is not tilled as in most of our
land uses, there is a clear gradient in SOM, which calls for sampling
of smaller depth increments (Bayer et al., 2002).
Soil organic carbon (SOC), exchangeable bases K, Ca and Mg, and
Al contents were determined following methods described in
Tedesco et al. (1985). SOC was analyzed by wet combustion
method (Nelson and Sommers, 1982) and then soil organic matter
was calculated (SOM = 1.724 SOC); available soil K was extracted
with Mehlich-I solution (0.05 mol L1 HCl + 0.0125 mol L1 H2SO4)
and measured by ﬂame photometry; and Ca, Mg and Al were
extracted by KCl 1N and measured with an atomic absorption

Fig. 2. Soil proﬁle of the studied Quartzipsament (a) and sandstone parent material (b).
Source: pictures taken by L.E.A. Suzuki.
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spectrophotometer (Tedesco et al., 1985). Aluminum saturation,
sum of the bases (SB) and effective cation exchange capacity were
calculated from the different exchangeable cations.
Undisturbed soil samples were taken from 0 to 3, 5–8, and
10–13 cm soil layers using soil cores (5.3 cm diameter by 3 cm
height), with four sample replications per layer, to evaluate total
porosity (TP), macroporosity (Macro), microporosity (Micro), bulk
density (BD), water retention and saturated hydraulic conductivity
(Ks) (Klute, 1986). These three layers were sampled since they are
the most affected when soil is not tilled (Genro Júnior et al., 2009;
Reichert et al., 2009c). Disturbed soil samples were taken from the
same soil layers to evaluate soil particle density (PD) (Gubiani et al.,
2006).
The undisturbed soil samples were capillary saturated (0 kPa)
for 48 h, and hydraulic conductivity was measured with a
constant-head permeameter (Klute, 1986). Afterwards, samples
were again capillary saturated, and then subjected to tensions of 1
and 6 kPa on a tension table (Klute, 1986). Subsequently, samples
were subjected to tensions of 33, 100, and 500 kPa in Richards
pressure plates apparatus (Klute, 1986) to determine soil water
retention. Finally, samples were oven-dried at 105  C to determine
soil bulk density (Klute, 1986). Soil total porosity was calculated
from soil bulk (BD) and particle density (PD) values
(TP = 1- (BD/PD)). Microporosity was calculated based on volumetric water retention at 6 kPa, while macroporosity is the difference
between total porosity and microporosity.
Soil samples with partially disturbed structure were taken from
0 to 5 cm layer to evaluate aggregate stability using two strategies:
(i) aggregate stability in water using the method by Kemper and
Chepil (1965) with initial aggregate sizes between 8 and 4.7 mm
and 25 g sample amount, and (ii) aggregate stability in water using
a modiﬁed method using 50 g passed through an 8 mm sieve. The
aggregate classes were 8.00–4.76; 4.76–2.00; 2.00–1.00; 1.00–0.21
and <0.21 mm. Geometric mean diameter (GMD) and mean weight
diameter (MWD) of water stable aggregates were calculated.
2.3. Statistical analysis
Soil properties data were analyzed comparing the NVS, CT and
EF with the control NG by the Dunnett test (p < 0.05), whilst the
relationship between SOM and CEC was evaluate using linear
regression analysis.
The Dunnett test is well suited for this type of experiment since
it is similar to a contrast analysis, where a Student’s t-statistic is
computed for each treatment and the statistic compares the
treatment to a single control.
We chose the native grassland land use as control, since this is
the traditional land use in the region and our aim was to compare it
with alternative uses which could potentially improve (eucalyptus
forest), reduce (conventional tillage for crop production), or
present intense damage (sandynized areas) soil quality.
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Fig. 3. Soil organic carbon in 0-2.5, 2.5-5, 5-7.5, 7.5-10, and 10–20 cm soil layers of a
Quartzipsamment soil under four different land uses.
1
NG: native grassland; NVS: extreme state of “sandyzation” or non-vegetated sand;
CT: grain production in conventional tillage; EF: nine years-old eucalyptus forest.
2
Means compared to the control NG by Dunnett test (p < 0.05): “*”: means differ
signiﬁcantly from the control NG; ns: not signiﬁcant.

soil surface to 20 cm depth. The EF had the highest SOC in the surface
layer, and the SOC abruptly decreased from the 0–2.5 cm to 2.5–5 cm
soil layers and then gradually decreased until 20 cm soil depth.
A close relationship between soil organic matter (SOM) and CEC
was observed (R2 = 0.96) (Fig. 4), as for most sandy soils a great
proportion of CEC originates from SOM. The remarkable low SOM
stock for NVS is associated with low CEC and low cation retention.
The greatest numeric difference of CEC was observed between NVS
and EF, whilst for NG and CT the CEC was similar with intermediary
values among the four land uses. The lowest CEC was observed for
NVS, followed by NG, CT and EF, respectively.
Soil exchangeable bases had similar behavior as CEC, as
expected (Fig. 5). NVS provided signiﬁcant decrease in Mg, K
and CEC, whilst the decrease in Ca, Al and SB was not statistically
different from the control NG. Aluminum saturation increased
signiﬁcantly for NVS than NG. CT was statistically different from
NG only for K and aluminum saturation. EF provided signiﬁcant

3. Results
3.1. Soil chemical properties
Soil organic carbon (SOC) was low, and changes with soil depth
were small in all land uses except for soil with eucalyptus (Fig. 3).
The SOC was statistically lower in NVS and CT and higher in EF than
in NG for 0–2.5 and 2.5–5 cm soil layers, compared to the control
NG. In the 5–7.5 and 7.5–10 cm soil layers, EF was not statistically
different from NG, while NVS and CT had signiﬁcantly lower SOC
than NG. For 10–20 cm soil layer, SOC was higher in NG then in NVS,
CT and EF.
The NVS had the lowest SOC in all ﬁve studied soil layers in the
four land uses. SOC for NVS, NG and CT was quasi constant from the

Fig. 4. Soil organic carbon (SOC) and effective cation exchange capacity (CEC) in
0–10 cm soil layer of a Quartzipsamment soil under four different land uses.
1
NG: native grassland; NVS: extreme state of “sandyzation” or non-vegetated sand;
CT: grain production in conventional tillage; EF: nine years-old eucalyptus forest.
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different for CT and NVS (Table 1). In the 10–13 cm soil layer, the BD
was not statistically different for NVS, CT and EF, when compared
to the control NG.
Soil physical indicators of NVS also reﬂect the degree of soil
degradation, based on soil water content extremely and signiﬁcantly low (Fig. 6) and signiﬁcantly low microporosity in all soil
layers (Table 1). Macro and TP were not statistically different for
NVS compared to NG in all soil layers. Micro, Macro and TP were
not statistically different in the CT compared to NG in all soil layers.
The EF provided signiﬁcant increase in Macro and TP in the 0–3 and
5–8 cm soil layers, whilst Micro was not statistically different
compared to NG. In the 10–13 cm soil layer, whilst Micro, Macro
and TP were not statistically different in EF compared to NG
(Table 1).
Fig. 5. Soil exchangeable cations (Ca, Mg, K, Al), effective cation exchange capacity
(CEC), sum of the bases (SB) and aluminum saturation (m) in 0–2.5 cm soil layer of a
Quartzipsamment soil under four different land uses.
1
NG: native grassland; NVS: extreme state of “sandyzation” or non-vegetated sand;
CT: grain production in conventional tillage; EF: nine years-old eucalyptus forest.
2
Means compared to the control NG by Dunnett test (p < 0.05): “*”: means differ
signiﬁcantly from the control NG; ns: not signiﬁcant.

increase in Ca, Mg, CEC, and SB compared to NG, whilst the increase
in K and Al and the decrease in aluminum saturation were not
statistically different from NG.
The EF provided remarkable high Ca, Mg, CEC and SB values.
Aluminum saturation was inversely proportional of exchangeable
bases, as the highest value was observed for NVS, and the lowest
for EF (Fig. 5).
3.2. Soil physical properties
The NVS provided signiﬁcant increase in soil bulk density (BD),
with the highest BD (1.52 g cm3) in the 0–3 cm layer, whilst CT
were not statistically different in this layer, compared to the
control NG. The EF provided signiﬁcant decrease in soil BD where
the lowest BD (1.09 g cm3) was observed in the 0–3 cm soil layer
(Table 1). In the 5–8 cm soil layer, the EF also provided signiﬁcant
decrease in soil BD, whilst BD was similar and not statistically

Table 1
Soil bulk density (BD), macro, micro and total porosity (TP) of a Quartzipsamment
soil, in three layers, under four different land uses.
Land usea

BDb
(g cm3)

Micro
(cm3 cm3)

Macro

TP

0–3 cm
NG
NVS
CT
EF

1.40
1.52*
1.40ns
1.09*

0.175
0.078*
0.143ns
0.209ns

0.461
0.421ns
0.459ns
0.570*

0.462
0.422ns
0.460ns
0.572*

5–8 cm
NG
NVS
CT
EF

1.54
1.55ns
1.56ns
1.44*

0.163
0.073*
0.155ns
0.169ns

0.407
0.409ns
0.398ns
0.443*

0.409
0.410ns
0.399ns
0.445*

10–13 cm
NG
NVS
CT
EF

1.54
1.54ns
1.51ns
1.47ns

0.162
0.077*
0.156ns
0.156ns

0.408
0.414ns
0.418ns
0.432ns

0.410
0.414ns
0.419ns
0.433ns

a

NG: native grassland; NVS: extreme state of “sandyzation” or non-vegetated
sand; CT: grain production in conventional tillage; EF: nine years-old eucalyptus
forest.
b
Means compared to the control NG by Dunnett test (p < 0.05): “*” means differ
signiﬁcantly from the control NG; ns: not signiﬁcant.

Fig. 6. Soil water retention in 0–3, 5–8 and 10–13 cm soil layers of a
Quartzipsamment soil under four different land uses.
1
NG: native grassland; NVS: extreme state of “sandyzation” or non-vegetated sand;
CT: grain production in conventional tillage; EF: nine years-old eucalyptus forest.
2
Means compared to the control NG by Dunnett test (p < 0.05): “*”: means differ
signiﬁcantly from the control NG; ns: not signiﬁcant.
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Land uses caused differences in microporosity, as NVS had
lowest microporosity: approximately 50% lower compared to the
other land uses in all soil layers (Table 1). Greatest microporosity
was observed for land uses with higher SOC content, namely EF.
Hence, patterns in microporosity were very similar to the behavior
of the SOC content, where the EF had higher microporosity in soil
surface and decreased with increasing soil depth. Microporosity
was higher in NG than in CT, where both land uses had similar
behavior with depth. Furthermore, microporosity in CT was greater
than in NVS.
Sharp reduction in water retained by soil pores from saturation
to tension of 33 kPa was observed in all soil layers (0–3, 5–8 and
10–13 cm) for all land uses (Fig. 6). The proportion of the various
soil pore classes were similar for all land uses, where the pores
between 288 mm (1 kPa) and 48 mm (6 kPa) were responsible for
most soil water storage (Fig. 6).
Greatest differences in water retention among land uses were
observed in the 0–3 cm soil layer, where EF had highest and NVS
had lowest water retention for all water tensions. NVS showed
always signiﬁcantly lowest water retention in all soil layers and
water tensions compared to the control NG, except for 1 kPa in the
10–13 cm soil layer.
Water retention was statistically different between CT and NG
only at 100 kPa in the 0–3 and 10–13 cm soil layers (Fig. 6). The EF
provided signiﬁcant increase in water retention in the 0–3 cm soil
layer for most water tensions, except at 6 kPa. In the 5–8 and 10–
13 cm soil layers, EF signiﬁcantly increased water retention at
saturation condition (Fig. 6).
High soil macroporosity (Table 1) was associated with high
saturated hydraulic conductivity (Ks) (Fig. 7), which was always
greater than 75 cm h1 in all land uses. The NVS provided
signiﬁcant increase in Ks in all soil layers compared to Ks in NG.
Even though Ks was high, the CT provided no signiﬁcant
differences in Ks compared to NG in all soil layers (Fig. 7). Soil
Ks was high in the 0–3 cm soil layer for EF and decreased with
increase in soil depth, where signiﬁcant differences were observed
in the 0–3 and 5–8 cm soil layers compared to NG (Fig. 7).
Water-stable soil aggregates were absent in NVS, where the soil
solid mass was formed by single grains coated with some clay and
iron oxides (visual observation). For other land uses, soil
aggregation based on GMD and MWD decreased from EF to NG
and to CT, where the decrease in CT was statistically different from
NG (Table 2).
Proportion of aggregates from 8.00 to 4.76 and 4.76 to 2.00 mm
decreased, whilst aggregates 2.00–1.00, 1.00–0.21 and <0.21 mm

Fig. 7. Soil saturated hydraulic conductivity in 0–3, 5–8 and 10–13 cm soil layers of a
Quartzipsamment soil under four different land uses.
1
NG: native grassland; NVS: extreme state of “sandyzation” or non-vegetated sand;
CT: grain production in conventional tillage; EF: nine years-old eucalyptus forest.
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signiﬁcantly increased in CT compared to NG when using the
original analysis method (Table 2).
The EF provided increase in proportion of aggregate between
8.00 to 4.76 mm, and decrease in all other aggregate classes
compared to NG when using the original analysis method, but
signiﬁcant difference was observed only for aggregate class
between 4.76 and 2.00 mm (Table 2).
When using the modiﬁed analysis method, CT provided
signiﬁcant decrease in proportion of aggregates from 8.00 to
1.00 mm, and increase in proportion of aggregates < 0.21 mm
(Table 2). However, EF had signiﬁcant increase in proportion of
aggregates from 8.00 to 4.76 mm, and increase in proportion of
aggregates from 2.00 to 1.00 mm (Table 2).
For the samples sieved to only 8.00 mm diameter, the land use
effect was more pronounced compared to those samples with
aggregates only of 4.76–8.00 mm diameter.
4. Discussion
4.1. Soil organic carbon, cation exchange capacity, and exchangeable
cations
Lowest soil organic carbon and consequently organic matter in
NVS is partially due to the low clay content that provides little
physical protection for organic matter against microbial decomposition, and high temperatures contribute further to high rates of
biological oxidation of soil organic carbon (Bayer et al., 2000). Less
protection of organic matter from microbial breakdown results in
lower soil organic matter build up (McDonough and Vadakattu,
2010). These soils strive to increase soil organic matter content
because of the sandy nature and high temperature. Rovedder
(2003) observed temperatures of up to 49  C at 3 cm depth at
exposed soil in a sandynized area, but when area was revegetated
with cover crops the soil temperature reduced by 18.6%.
Organic matter accumulation in soils with high sand content is
more important than in clayey soils, due the fragile nature and
difﬁculty in increasing organic matter in sandy soils. Debarba and
Amado (1997) studied a shallow sandy-textured Alﬁsol with 9%
clay and 73% sand, and observed that when the same soil was
maintained bare the whole year the total annual loss of organic
matter of the arable layer was equivalent to 10% of the total, so that
only after a few years farming is not sustained economically
anymore because of the reduced soil fertility and overall low soil
quality.
In conventional tillage of non-sandynized soil, SOC was lower
than in NG because of low biomass production, high biomass
exportation by crops, and intense tillage. Continuous monocropping may cause decline in soil organic carbon, and the rate of
decline depends on climate, soil and cropping systems and
rotations (Reeves, 1997). Capurro et al. (2002) did not observe
increment in organic carbon and aggregate stability in a study of a
native pasture system substituted by oats in a sandy soil with 80%
sand, although oat provided greater shoot biomass production.
In EF, the greatest accumulation of SOC compared to other land
uses, mainly at the surface but also in deeper layers, shows the
beneﬁcial effect of implementation of forest systems in areas with
potential occurrence of sandyzation. The greater SOC under
eucalyptus forest is associated to high residue input, soil
protection, and well developed root system, conditions that
may, in addition to increasing the SOM, improve the physical
quality and resistance to degradation of this type of soil that is
fragile by nature and degraded by intense use and improper
management. Twenty-nine-years of Pinus elliottii growth increased
soil fertility of a sandynized soil by means of increased soil organic
matter (Elesbão, 2011). Similarly to our study, the author observed
increase in organic matter content three times greater than the

376

J.M. Reichert et al. / Agriculture, Ecosystems and Environment 233 (2016) 370–380

Table 2
Soil aggregate stability of a Quartzipsamment soil under three different land uses.
Aggregates classes and indexes

Method of Kemper & Chepil

(mm)

NGb,c

CT

EF

NG

CT

EF

(%)
8.00–4.76
4.76–2.00
2.00–1.00
1.00–0.21
<0.21

32.5
10.2
0.9
3.4
53.0

12.0*
7.8*
2.4*
15.3*
62.5*

36.6ns
7.0*
1.3ns
2.8ns
52.4ns

12.1
12.1
6.1
12.0
57.6

6.3*
6.2*
4.6*
14.7ns
68.3*

21.4*
11.7ns
4.9*
7.0ns
55.1ns

(mm)
GMDa wet
MWD wet

0.6
2.5

0.3*
1.2*

0.7ns
2.7ns

0.5
1.4

0.3*
0.8*

0.5*
1.9*

Modiﬁed method of Kemper & Chepil

(25 g of aggregates from 4.76 to 8 mm)

(50 g of aggregates smaller than 8 mm)

Method of Kemper & Chepil (25 g of aggregates from 4.76 to 8 mm); Modiﬁed method of Kemper & Chepil (50 g of aggregates smaller than 8 mm).
a
GMD: geometric mean diameter; MWD: mean weight diameter.
b
NG: native grassland; CT: grain production in conventional tillage; EF: nine years-old eucalyptus forest.
c
Means compared to the control NG by Dunnett test (p < 0.05): “*”: means differ signiﬁcantly from the control NG; ns: not signiﬁcant.

initial value observed prior to the implementation of pines.
Neufeldt et al. (2002) also observed higher SOC in eucalyptus forest
than in grassland areas. Despite the poor soil, forest can be
established to control and to reduce the sandyzation process as
fast-growing (Rovedder and Eltz, 2008b).
In sandy soils, in addition to the organic carbon accumulation
and the promotion of greater aggregate stability, organic matter is
the main determinant of soil fertility, nutrient storage, and
microbial and enzymatic activities (Neufeldt et al., 2002; Blanchart
et al., 2004; Ashagrie et al., 2005). Low soil fertility of sandy soils
may be minimized with cover plants, crop rotation, direct seeding
systems, rotational grazing, soil mulch maintenance, split fertilization and liming, and addition of organic matter (Azevedo and
Kaminski, 1995).
Any nutrient-holding capacity they may have come from
coating of clay and organic matter on sand particles. Soil organic
matter has speciﬁc surface area varying between 800 and
900 m2 g1 (Meurer et al., 2006), and cation exchange capacity
that can reach 1400 cmolc kg1 (Canellas et al., 1999), with waterand nutrients-holding capacity much larger than sand, whose
speciﬁc surface area is less than 0.10 m2 g1 and cation exchange
capacity is practically null. Thus, the lower CEC in NVS is mostly
due to the lack of SOC, not only due to a lack of clay.
Soil nutrients, SOC and CEC had similar behavior, where the
contents of exchangeable bases were higher for EF than NG and
lower for NVS than NG. The higher concentration of nutrients in the
EF in relation to NG is presumably a consequence of the greater
accumulation of biomass, increase in SOC content and the slow
release of nutrients to the soil by the slow decomposition of SOC.
Nutrients contained in residues from secondary forest vegetation
are slowly released to soil as observed for sandy Amazon soils
(Denich et al., 2005; Reichert et al., 2015a).
Nutrient leaching in sandy soils is high, and most cations in
colloid exchange sites are occupied by aluminum, resulting in high
Al saturation, as observed in NVS. Soils in tropical regions have low
nutrient reserve, and strong acidity and aluminum toxicity
(Sanchez and Logan, 1992). Soil Al saturation is an indicator of
poor environment for plant growth, resulting in low soil surface
protection against climatic factors (wind and rain) which accelerate land degradation. In a review on aluminum toxicity in plants,
Gupta et al. (2013) state that about 50% of the arable lands in the
world are acid (pH < 5.5), in which absorbed aluminum inhibits
root elongation and affects plant growth. Aluminum toxicity
affects physical and cellular processes, inhibiting root growth and
functioning. Root damage results in a reduced and damaged root
system, thus limiting water and mineral nutrient uptake. Capurro

et al. (2002) observed partial desiccation of native grassland in
sandy soils decreased organic carbon and soil aggregation, and
increased exchangeable Al.
4.2. Soil bulk density, porosity and aggregation
Spatial arrangement of particles and pore space deﬁnes the soil
ecological environment, assessed by properties as soil density,
geometry, size and continuity of pores, inﬁltration and water
retention and aeration (Reichert et al., 2016). In our study, all bulk
density values were less than 1.75 g cm3, the value which is
considered critical for agricultural crops in sandy and sandy loam
soils (Reichert et al., 2009c).
Eucalyptus forest had lower soil BD than NG in the surface layer
(0–3 cm) and even in sub-surface layers (5–8 cm and 10–13 cm)
possibly due the effect of organic matter accumulated on the
surface during the eucalyptus growing period. The low density of
the organic materials and the soil organic matter content,
associated to their high elasticity (Braida et al., 2008), contribute
to the formation of more stable, lower density aggregates, resulting
in lower soil bulk density. The lower soil BD for EF compared to NG
is related to more organic matter accumulated during the growing
period in surface layers (0–3 cm and 5–8 cm), while in the subsurface layer (10–13 cm) the SOM was less and, consequently, soil
BD was higher. The EF and CT had similar soil bulk density and total
porosity compared to NG in deepest soil layer (10–13 cm), clearly
showing the effects of SOM accumulated mainly in the surfacemost soil layer. Similarly to our study, John et al. (2005) observed
lower BD in eucalyptus forest than in grassland and crop areas, and
the BD behavior was related to SOC. John et al. (2005) and Zinn
et al. (2011) observed lower BD in surface than in sub-surface layer
for eucalyptus forest related to SOC. In sandy Amazon soils under
secondary forest vegetation, the amplitude of soil BD was similar to
the range of our study, namely from 1.24 to 1.46 g cm3 (Reichert
et al., 2015a).
The increase in total porosity was not because of increased
macroporosity, as noted by Reichert et al. (2015a), but due to
combined changes in macro and soil microporosity. Microporosity
is inﬂuenced by soil texture and organic carbon (Guedes et al.,
2012). Soil macroporosity was greater than critical limit for plant
growth of 0.10 cm3 cm3, in all soil layers and land uses, which
maintains adequate levels of soil aeration and gas exchange
(Drewry et al., 2008). A very low degree of compactness may be an
indication of very loose soil that affects water retention and soilseed contact (Reynolds et al., 2007) and reduces crop yield, just as
does high degree of compactness (Reichert et al., 2009c).
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Nevertheless, soil gas and water ﬂow depends upon soil pore-size
distribution and pore continuity (Mentges et al., 2016), which
affect root growth, water retention and availability and temperature amplitude.
The size distribution of the aggregates was not evaluated in NVS
due to lack of soil structure, caused by the high content of sand
particles in the absence of SOC, which reduces bonds between
particles and thus has high effect on soil aggregation. Sandy soils
are characterized by weak structure or no structure (Lima et al.,
2006). This behavior shows the high natural soil fragility and the
need for strategies to increase the content of soil organic matter,
structure and aggregate stability. For other land uses, despite of
some differences, all aggregation indicators showed similar trend
and had close association with SOC stock.
Conventional soil tillage reduced larger aggregates (8.00–
4.76 mm) by decreasing their stability, and increased the amount
of small aggregates (<2.00 mm). Aggregate stability decreases in
bare soil (Wohlenberg et al., 2004; Torres et al., 2015), in tilled soil
compared to no-till (Reinert et al., 1984; Campos et al., 1995; Loss
et al., 2015), and with increase in frequency and intensity of tillage
(Da Ros et al., 1997). Even if the organic carbon content is higher in
the conventional system compared to NVS, soil tillage ruptures soil
aggregates and stimulates microbial decomposition of soil organic
matter, reducing aggregating substances and aggregate stability
(Flores et al., 2008). When compared to clay soils situated in colder
climate, organic matter decomposition rate is intensiﬁed in sandy
texture soils in warm climate regions (Six et al., 2002), as is the case
in our study especially for CT and NVS land uses. Since the main
aggregating agents iron and aluminum oxides and organic matter
are scarce in sandy soils (Reichert and Norton, 1994), conservational agriculture such as direct seeding and forest systems must
be adopted to improve soil structure.
Due to maintenance of organic material and soil moisture and
environmental conditions favorable to the development of microorganisms and plants, direct seeding or maintenance of natural
vegetation may promote microbial activity that results in water
stable aggregates (Campos et al., 1995). This behavior can be
demonstrated by comparing the stability of CT and NG aggregates,
in which similar SOC provided differences in aggregate stability.
Organic matter in various stages of decomposition, activity and
nature of microorganisms, and action of plant rooting system is
highly variable considering the various possibilities of organic
matter sources, variation of microorganisms, types of rooting
systems, and local soil and climate conditions. Hence, soil structure
is highly dynamic in the various agricultural environments and in
time (Wohlenberg et al., 2004), thus requiring continuous addition
of organic material to maintain adequate soil structure for crop
development (Campos et al., 1995). Roots of plants, although only a
small fraction of the organic constituents of soil, exert great
inﬂuence on the formation and stability of soil aggregates (Silva
and Mielniczuk, 1997). In our study, organic matter and, possibly,
roots had a signiﬁcant effect on aggregate stability in EF and NG
land uses.
Although advantageous for all soils, the positive effects of
organic matter are more pronounced in sandy soils. These soils are
more susceptible to changes in soil structure, although their
recovery is also faster compared to clay soils. Choosing crops with
large amount of biomass production and displaying vigorous root
system well distributed throughout the soil proﬁle is critical to
maintaining soil structural quality and organic matter increase
with depth (Reichert et al., 2007).
Soil quickly reconsolidates with the lack or reduced effect of
organic matter on soil structure and system equilibrium. Further,
leaving plant residues from mulching secondary vegetation on the
soil is not, by itself, an effective practice for maintaining structural
soil quality in the short term (Reichert et al., 2014), highlighting the
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importance of the introduction and maintenance of forest
components to increase soil aggregation, as observed for SOC
that provided stability of larger aggregates. Flores et al. (2008)
observed that conventional soil tillage compared to native forests
reduced the abundance of larger aggregates by decreasing their
stability and organic matter content by 60%, in a sandy loam soil.
4.3. Soil hydraulic properties: water retention and hydraulic
conductivity
Land uses provided differences in soil capacity properties
(Reichert et al., 2016) such pore size distribution and the amount of
water retention, and in soil intensity properties like water
conductivity. As organic matter has higher cation exchange
capacity than mineral fractions, organic matter retains a larger
amount of water than sand (Braida et al., 2008). Furthermore,
organic matter has higher speciﬁc surface and the ability to create
micropores and to bind other particles to create ﬁner, thus better
retaining, pores. Thus, in land use EF with greatest SOC content, the
combined effect of organic matter in improving soil structure,
aggregate stability and increased CEC provided greater soil water
retention in all studied tensions. The major difference between
land uses in soil water retention was observed in the surface layer
(0–3 cm) and decreased with depth, which is consistent with
changes in SOC.
Similarly to our study, sandy texture and high macroporosity of
a sandy Amazonian soil were responsible for high amount of
drainable water, sharp reduction in the volume of water retained in
the pores from saturation to ﬁeld capacity, from soil saturation
until ﬁeld capacity, down to 0.20 m depth in all systems (Reichert
et al., 2015b). Using a literature database for Rio Grande do Sul
soils, Reichert et al. (2009b) quantiﬁed less water retention at
10 kPa tension (ﬁeld capacity) and 1500 kPa (permanent wilting
point), and water availability to plants for sandy classes because of
their low speciﬁc surface area, as observed in our study, especially
for NVS. Furthermore, soil pores had greater diameter and that
water availability was low in sandy soil (Fidalski et al., 2013), and,
combined with low unsaturated hydraulic conductivity, thus
posing high risk also of water stress
Since pore size distribution and texture inﬂuence water
retention, the soil’s permeability for water was different among
the land uses (Fig. 7). In a sandy soil with a clay content of only
0.25% in the whole proﬁle, Prevedello et al. (1995) measured
saturated hydraulic conductivity (Ks) values from 1.1 106 to
7.5  105 m s1, compared to our slightly lower Ks values ranging
from about 2.8  105 to 7  105 m s1. Eucalyptus forest, which
had highest SOC, aggregation and possibly greater amount of
bioporos, i. e. vertical pores, and NVS showed comparable results
for Ks, which suggests high water ﬂuxes in this soil for both land
conditions, i. e., degraded and improved state compared to the
original condition (NG). High Ks was observed for NVS in all soil
layers due to the absence of soil structure, whilst for EF soil Ks was
higher in surface layer and reduces with soil depth. This behavior
was related to soil structure provided by SOC.
Our results showed that land use with higher SOC had greater
water retention and saturated hydraulic conductivity, with agrees
with Rawls et al. (2003). For low soil carbon contents, they
observed that an increase in organic matter augmented water
retention only in sandy soils; for high soil carbon content, organic
matter increase increased water retention in all soils, independently of granulometry. Although in surfacemost layers (0–3 cm
and 5–8 cm) the improved (EF) and the highly degraded (NVS) soil
condition had greater Ks than the control NG. There are two
different reasons for this behavior: for EF conductivity increased
due to soil structure improvement, whereas for NVS this increase is
probably associated to highly sandy nature of the degraded land.
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Higher Ks is not necessarily equal to an “improved” Ks. Heavy
rainfall events are surely well absorbed by a higher Ks but it means
also that water inﬁltrates fast into deeper layers, where it is
possible unavailable for the plant (roots). Conservation systems,
forest plantation or native vegetation should be adopted in an
attempt to maintain or improve soil quality, especially for intensity
properties as soil hydraulic conductivity, which is considered a
dynamic property and exhibits variations in time and space
(Reichert et al., 2016).
5. Implications of the present study on the prevention of
sandyzation
Although many conditions contribute to desertiﬁcation, these
can be determined either by climate change, mainly characterized
by an increasing deﬁciency of rainfall, and by anthropic interventions (Nimer, 1980, 1988) or by a combination of both. In
Southern Brazil, the desertiﬁcation processes are not observed, but
sandyzation process occurs in the southwestern sector of the State,
especially in the sub-region known as Campanha Gaúcha
(Suertgaray and Verdum, 2008), where sandyzation is a result
from the reworking of non-consolidated surface sands that are
constantly mobilized, which in turn hinder the vegetation from
ﬁxing itself (Suertegaray, 1987). For these surface formations,
probably quaternary, reworking of sandy deposits resulted from
morphogenetic dynamics, where surface runoff expose, transport,
and deposit sand, particularly the concentrated ﬂows in gullies.
The resulting sand formations tend to be constantly moved by
winds. Nutrient loss and mobilization make it difﬁcult for
pedogenesis and vegetation growth to progress. Sand deposits
are the ﬁnal result, locally known as “areais” (sand deposits with
no vegetation cover).
Earlier hypotheses link the origin of this soil degradation
process to anthropogenic causes. For instance, Souto (1984)
proposed that the origins of these sands are mostly linked to
grassland overgrazing and soil mismanagement. Although
acknowledging the soil as fragile, Souto (1984) considered the
phenomenon to be caused by anthropic soil misuse, proposing soil
recovery by planting exotic forests, mainly eucalyptus.
Climatic risks for agriculture in these regions are high, making
farming a high-risk activity. The “Agricultural Zoning of Climatic
Risk” (MAPA, 2015) has the goal of minimizing the climate-related
crop losses. Since clay content is usually less than 10%, most sandy
soils present are not suitable to grow most crops of economic
interest, or have a very-short period for planting, especially annual
crops like soybeans, corn and beans.
Many soils used for crop production during the summer
become bare soils in the winter. Besides the use of cover plants,
crop-livestock integration is an interesting alternative (Costa et al.,
2015; Fidalski and Alves, 2015; Cecagno et al., 2016). However,
intense care must be practiced to reduced soil structure degradation because of greater intensity of land use in crop-livestock
integration system.
Direct seeding with crop rotation and mulch supply arises as an
alternative to minimizing losses and improving the soil environment. For instance, a sandy-loam soil under direct seeding for 15
years presented the best physico-hydraulic conditions and
remained longer within the range of optimal moisture for the
growth and development of common bean and soybean, compared
to chiseling and conventional tillage (Lima et al., 2006). Direct
seeding presented the lowest maximum temperature and lower
variation of daily soil temperature, increased moisture in the
surface layer, remaining longer in the range of water available for
plants in function of soil cover, which reduced evaporation losses
when compared to conventional tillage and reduced tillage (Salton
and Mielniczuk, 1995).

For erosive processes control in sandy soils in the Campanha
region, Klamt and Schneider (1995) recommend, in addition to the
maintenance of plant cover and their establishment in NVS, the
construction of divergent channels and waterways and placement
of fences to avoid grazing and trampling by animals, one of the
causes of accelerated erosive processes. Areas already affected by
water or wind erosion must be fenced and natural vegetation
restored or forested with species adapted to conditions of soil
instability and low nutrient availability. Further, Rovedder and Eltz
(2008b) indicate the use of eucalyptus to contain the sandyzation
process, but in consortium with cover plants of fast growth to
reduce the abrasive effects of sediments in suspension due to wind
erosion and the exposure of the roots.
6. Conclusions
Eucalyptus forest was the most efﬁcient system to retain soil
total organic carbon, after the conversion of native grassland to
conventional tillage, planted forest and non-vegetated sand.
Most cation exchange capacity of the investigated sandy soils is
due to total organic carbon, thus low organic carbon of nonvegetated sand area represented a signiﬁcant loss in soil cation
exchange capacity, leaching of exchangeable bases, and high
aluminum saturation. The later restricts plant growth and reduces
soil cover, thus contributing to an environment prone to wind
erosion.
Greater soil physical changes are observed at the soil surface,
and are closely related to soil organic matter, which in turn affects
aggregate formation and stability, pore size distribution, and soil
permeability, and seems to be the driving force to resist soil
degradation. Water aggregate stability rank was eucalyptus
forest > native grassland > conventional tillage. Soil physical properties indicate an extreme state of degradation of non-vegetated
sand area with 98% of sand, where complete absence of
aggregation is observed and with very-high saturated hydraulic
conductivity.
Careful management of these sandy soils is needed and could be
met well by implementing forest stands, to avoid the devastating
effect of sandyzation.While the focus of our study was on sandy
soil from southern Brazil, similar consideration are valid for the
Cerrado region where, for instance, the Botucatu (sandstone)
formation is present, particularly for highly erodible soils such as
Quartzipsamment (“Neossolos Quartzarênicos”), with long, low
slopes, and improper land use and soil management.
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