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Abstract

Cerrado soils generally have low levels of exchangeable bases and high aluminum toxicity. These conditions can limit crop
development. In view of the expansion of sugarcane cultivation in the Cerrado region, technologies that allow higher yields are
required. Therefore, the objective of this study was to evaluate the influence of gypsum on sugarcane yield and soil chemical
properties. The experiment was carried out in a randomized block design with four replications and two treatments: control without
gypsum (0 Mg ha®) and application of the recommended dose (5 Mg ha™*) for sugarcane. Cane and sugar yield were evaluated in four
cuts. Seven soil layers (0-5; 5-10; 10-20; 20-40; 40-60; 60-80, and 80-100 cm) were sampled after harvesting the third ratoon crop,
50 months after gypsum application, to determine pH in H,0 and CaCl,; aluminum (AI*") exchangeable cations (Ca®*, Mg®* and K*),
potential acidity (H + Al); sulfur (5-50,2). Gypsum application increased cane and sugar yield in all four cuts, and resulted in higher
Ca?", Mg?" and SO,* levels and lower aluminum saturation in the 20-100, 40-100, 0-100, and 40-100 cm layers, respectively. In
addition, the application of gypsum provided an increase in cation exchange capacity in the 40-100 cm layer. Therefore, gypsum
application is recommended to improve the chemical conditions of the soil and to increase sugarcane productivity in the Cerrado.

Keywords: aluminum saturation; Saccharum spp.; sugarcane productivity; subsoil acidity; sugar yield.
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Introduction

In the 2015/16 growing season, Brazil is expected to produce levels in the soil profile (Caires et al., 2002; Pauletti et al.,
sugarcane on about nine million hectares (CONAB, 2015). 2014). Gypsum can promote changes to chemical properties
The national mean yield expected for this harvest is around of deeper soil layers and this ability is due to its higher
73.2 Mg ha™, although the yield potential can exceed 200 Mg solubility compared to lime and the effect of the
ha® (Waclawovsky et al., 2010). In addition to the plant accompanying anion. During the reaction of soil acidity
physiological traits, the crop contributes to a reduction in correction by the use of lime the carbonate is consumed and
greenhouse gas emissions, since one of the products resulting becomes unavailable to accompany calcium to the deeper soil
from processing is ethanol, which is an important component layers, while for gypsum the sulfate remains available
of the Brazilian energy matrix (Macedo et al., 2008). (Ritchey et al., 1980). These benefits can reduce the adverse
One of the main limiting factors of sugarcane productivity effects of drought periods, and consequently yield losses,
is water stress (Basnayake et al., 2012). The impacts caused consolidating the stability of agricultural production of
by rainless periods in the Cerrado may be intensified by Brazil, especially in the Cerrado region. Sugarcane requires
aluminum toxicity and calcium deficiency in the subsurface high water availability (1100 - 1300 mm in the Central-West
soil layers (Ritchey et al., 1982). Under these conditions, root region) with regular distribution throughout the cycle
growth is restricted and thus limiting the access to water and (Hernandes et al., 2014). Nevertheless, the subsurface
nutrients available in the soil profile (Sousa and Lobato, chemical traits of the Oxisols can influence sugarcane
2004; Caires et al., 2006; Almeida et al., 2015). Agricultural productivity due to variation in the sum of bases and contents
or mineral gypsum (CaS0,.2H,0) is being widely used as of calcium and organic matter (Landell et al., 2003). These
source of nutrients such as calcium and sulfur and to adjust characteristics, particularly in view of the expansion of the
aluminum toxicity in the deeper soil layers (Caires et al., crop into the Cerrado (Adami et al., 2012), calls for
2006; Nora and Amado, 2013), after correction of the pH in technologies that minimize the risk of yield losses.
the surface layer by liming. Some studies have indicated that Since gypsum application may be a viable solution for the
gypsum is an important complement to liming in the presence reduction of these potential losses, this technology should be
of high AI* levels in the subsoil (Soratto and Crusciol, 2008; investigated in more detail in the Cerrado. Thus, the purpose
Caires et al., 2010; Crusciol et al., 2016). Thus, gypsum is of this study was to evaluate the influence of gypsum
considered a subsurface amendment for root growth, application on the cane and sugar yield and also on the
reducing toxic levels of aluminum and increasing calcium chemical properties of an Oxisol in the Cerrado.
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Results and discussion
Sugarcane and sugar yield

Gypsum application increased cane and sugar yield. This
higher yield occurred along the four sugarcane crop cycles, in
which cane yield ranged between 69 and 143 t ha! (Fig 1a)
and sugar yield ranged between 13 and 25 t ha* (Fig 1b). The
treatment of plant cane under gypsum application produced a
74, 42 and 23% higher cane yield than the first, second and
third ratoon crop, respectively. The higher cane plant yield
was associated with stronger growth and greater branching of
the root system, compared with the ratoon crop (Smith et al.,
2005; Battie-Laclau and Laclau, 2009). The increases in cane
yield under gypsum applications increased from the
sugarcane plant to the three evaluated ratoons in relation to
non-gypsum application, with observed values of 10, 19, 20,
and 21% for cane plant, and the first, second and third ratoon,
respectively.

The increasing productivity gains observed from the
sugarcane plant after gypsum application were associated
with sulfur (S-S0472) supply, which is among the five most
required nutrients of sugarcane. In the mean, 0.37 kg of S is
exported by the production of one ton of cane (Thangavelu
and Rao, 2006) and continuous sugarcane cultivation results
in a greater export of this nutrient, increasing the magnitude
in the response of ratoon crops, compared to non-application
of S in the treatment without gypsum. Another factor
favoring the trend of increasing increments in sugarcane
productivity is the increase in calcium levels in the deeper
soil layers due to the movement of S-SO,2 (Lima et al.,
2013).

Soil pH

Gypsum application raised the pH values in H,O in the 60-
100 cm layer and pH in CaCl, in the 40-100 cm layer, 50
months after application (Fig 2a, 2b). However, for the 0-40
cm layer this effect was not observed, probably due to
incorporation of 7 t ha™ lime in the two treatments, the
recommended dose to raise soil base saturation to 50% in that
layer. The pH values in H,0 ranged from 4.5 to 5.9, while
lower values were observed for pH in CaCl, (4.1 - 5.0) in all
layers, regardless of gypsum application, confirming the
predominance of negative charges in the soil profile. Unlike
for pH in CaCl,, the presence of soluble salts can interfere
with the determination of pH in H,O, due to the electrolytes
contained in the solution (Schofield and Taylor, 1955). This
condition may have been one of the reasons that the increase
in pH in response to gypsum application in the 40-60 cm
layer was only detected in CaCl,.

The pH increase in the deeper layers resulting from gypsum
application is associated to the displacement of hydroxyl
(OH-) from the surfaces of iron and aluminum oxides and
hydroxides by sulfate ions (50,72), when dissociated from
calcium (Ca?"), an effect known as self-liming (Reeve and
Summer, 1972; Caires et al., 2006). Although the adsorption
sites on the clay surfaces have less preference for SO, than
OH-, the displacement is promoted by the effect of the higher
SO,2 concentration in the soil profile after gypsum
application.

Aluminum toxicity

The exchangeable aluminum content (AI**) was reduced by

gypsum application in the 20-40 and 60-80 cm layers and
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unchanged in the other layers (Fig 2c). For aluminum
saturation (m), reductions of 12, 29 and 28% were found in
the 40-60; 60-80 and 80-100 cm layers, respectively, in
response to gypsum application (Fig 2d). The reduction in
exchangeable AI** and aluminum saturation (m) is related
with hydrolysis and AI** precipitation caused by the increase
in pH in response to gypsum application and increases in
Ca®*, and Mg*" contents (Fig 2e, 2f). In addition, ion pair
formation of Al with SO, (AISO,") in the soil solution,
which is a major mechanism for reducing the activity of
aluminum (AI** species). The formation of AISO,* ions,
which have a lower valence than Al*3, increases the mobility
in the soil profile and reduces aluminum saturation (Nora and
Amado, 2013).

The toxicity of AP' in the subsurface soil layers
compromises root growth which reduces nutrient and water
uptake, thus affecting productivity (Pavan et al., 1982). In a
study with sugarcane clones, Landell et al. (2003)
demonstrated an inverse relationship between the
exchangeable AI** content and mean yield of the third ratoon
crop. In this study, gypsum application was effective in
reducing aluminum saturation to less than 18% (Fig 2d).

Exchangeable cations

The exchangeable calcium content (Ca*) in the soil layers
without gypsum application varied from 0.1 to 2.4 cmol, dm’
3 while under gypsum application, the levels varied from 0.8
to 3.0 cmol, dm™. Thus, gypsum application increased Ca®*
content throughout the evaluated soil profile, with no
significant effect only for the top soil layer (0-20 cm) (Fig
2e). The Ca?* deficiency in the subsurface layers of Cerrado
soils limits root growth of agricultural crops (Ritchey et al.,
1982). The increase in Ca*" exchangeable content in the soil
profile after gypsum application was reported in many studies
(Caires et al., 2006; Pauletti et al., 2014), mainly due to Ca?*
supply in the subsurface layers (below 20 cm). Gypsum
application favored higher contents than 0.8 cmol, dm®
throughout the evaluated soil profile (Fig 2e).

In view of the low levels of Ca®* in Cerrado soils and the
recent expansion of sugarcane in this region, raising the
levels of this nutrient by gypsum represents an important
strategy for the sustainability of this crop under the soil and
climatic conditions of the Cerrado. Calcium ions play an
important role in root growth and cell wall stability
(Marschner, 2012). In addition, studies conducted by Tuteja
and Mahajan (2007) demonstrated an important function of
this nutrient in the recognition of and adaptation to stress
conditions such as extreme temperatures, water stress and
salinity.

Gypsum increased the exchangeable magnesium (Mg®")
contents in the deepest three studied soil layers (40-60, 60-80
and 80-100 cm) (Fig 2f). This was probably related to the
reaction of cation exchange favored by gypsum application,
after adjusting the acidity of the surface layers with dolomitic
limestone. The supply of Ca?* by gypsum solubilization
provides the substitution of Mg?* from the exchange complex
to the soil solution, and consequently the formation of the ion
pair MgS0,°, promoting the movement of this nutrient in the
soil profile.

Recent research (Cakmak, 2013) pointed out the important
function of Mg®" in the development of wheat roots, where
restrictions and decline of the root surface were induced by
the deficiency of this nutrient, causing negative impacts on
water uptake by the roots, especially under water stress and
nutrient deficiency in the soil.



Table 1. Soil chemical properties of the experimental area prior to liming and fertilization®.

Layer pH AlF* Ca™" Mg™* K* CEC m° V° om‘ S-S0~ P
L — cmol, dm™ % ----- gkg? -——--mg dm? ----
0-20 4.9 1.16 0.19 0.06 0.09 8.6 77 4 2.4 4.4 0.8
20 -40 5.0 0.93 0.27 0.02 0.05 6.9 73 5 1.8 3.4 0.6
40 - 60 5.0 0.61 0.16 0.01 0.03 55 75 4 14 2.8 0.5

3According to the methods described by Embrapa (1997), mean values, n = 4; °m: aluminum saturation; °V: base saturation; SOM: organic matter.
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Fig 1. Cane yield (Mg ha™) (a) and sugar yield (Mg ha™) (b) in the plant cane cycle (2009-10), and the first ratoon
(2010-11), second ratoon (2011-12) and third ratoon crop (2012-13) in response to gypsum rates applied at sugarcane
planting. * Significant by the t test (p<0.05). Bars indicate standard errors (n=4).

Unlike the behavior observed for Ca*" and Mg®*, gypsum
application does not alter the K* content in the soil (Fig 29).
Thus, no K* leaching caused by gypsum was observed in the
0-100 cm soil layer, even after 50 months of gypsum
application, which is probably associated with the application
of the appropriate dose recommended for this soil. Similar
results were reported by Caires et al. (2006) after 55 months
of gypsum application.

Sulfur

Of the soil nutrients, sulfur was most increased by gypsum
application. This treatment increased S-S0, levels in all soil
layers (Fig 2h). The largest increase in S-SO,> was found in
the 40-60 cm layer (1 cmol, dm™) with contents seven and
four times higher than in the 0-20 and 20-40 cm layers,
respectively, in the gypsum treatment. This shows the
movement of S-S0, in the soil profile after 50 months, with
a total of 5535 mm precipitation (514 mm in the form of
supplemental irrigation and 5021 mm as rainfall). A similar
S0,% movement was described by Ritchey et al. (1995) after
precipitation of 4577 mm.

Changes in S-SO,~ were probably favored by pH
correction with limestone and phosphate fertilization in the 0-
40 cm layer. The reason is that the retention of S-SO,2 is
reduced after correction of soil acidity and repulsion of this
anion by phosphate (Caires et al. 2006). On the other hand, in
the layers with higher acidity (40-100 cm) S-SO,? is retained
with greater intensity, which favors the long-term residual
effect of this input, when applied to Cerrado soil (Fig 2h).
This movement confirms the action of gypsum as conditioner
of the root environment, promoting Ca** and Mg
displacement in the deeper layers and a reduction in AI**
toxicity (Fig 2e, 2f and 2d).

The increase in SO,> content in the 20-100 cm layer, and
with greater intensity between 20 and 80 cm (Fig 2h), is in
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line with the assumption of gypsum recommendation for
perennial crops, based to adjust the 20-80 cm layer to a better
development of the root system of perennial species (Sousa
and Lobato, 2004).

Cation exchange capacity

Another important consequence of the increase in basic
cations such as Ca®** and Mg?", resulting from gypsum
application, observed in the 40-60, 60-80 and 80-100 cm
layers was the rise of the cation exchange capacity at pH 7
(CEC pH 7), with significant increases of 17, 25 and 22%,
respectively (Fig 3). This represented an increase of 3.28
cmol, dm™ in CEC pH 7 in the 40-100 cm layer, in the
treatment with gypsum compared to that without gypsum.
This fact of generation of negative charges in the Cerrado
soil, especially in deeper layers, is highly relevant for cation
retention, since the mineral fraction of these soils contributes
slightly to CEC pH 7, for being low-activity clays.

Materials and methods
Description and management of the experimental area

The experiment was conducted in an experimental area of
Embrapa Cerrados, in Planaltina, Federal District, Brazil
(latitude 15° 36’ S, longitude 47° 42’ W; altitude 1014 m
asl). According to the Kdppen classification, the climate is
Cwa, with a mean annual rainfall of 1,500 mm and mean
annual temperature of 21.3°C. The original vegetation was
Cerrado sensu stricto and the soil was classified as an Oxisol
(Rhodic Haplustox), (Soil Survey Staff, 1998), or Latossolo
Vermelho distréfico, according to the Brazilian Soil
Classification (Embrapa, 2013), or Rhodic Ferralsol (FAO,
IUSS Working Group WRB, 2006). The mineralogical
composition of the clay fraction of the diagnostic horizon of
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Fig 2. pH in H,0 (@), pH in CaCl, (b), aluminum content (AI**) (c), aluminum saturation (m%) (d), exchangeable calcium (Ca?") (e),
exchangeable magnesium (Mg?") (f), exchangeable potassium (K*) (g) and sulfate content (S-SO,%) (h), in five layers (0-20; 20-40;
40- 60, 60-80, and 80-100 cm) of an Oxisol after the third ratoon crop in response to gypsum rates applied at sugarcane planting (50
months after application). * Significant by the t test (p<0.05).
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the studied soil consisted of: kaolinite (634 g kg™); gibbsite
(195 g kg™); hematite (108 g kg%); and goethite (61 g kg™®).
The experimental area had been deforested nearly 35 years
before, and was maintained under spontaneous vegetation
with predominance of grasses (Brachiaria decumbens and
Andropogon gayanus) with no grazing animals. In October
2008, the area was divided into four plots and sampled at
depths of 0-20, 20-40 and 40-60 cm for the determination of
soil chemical properties (Table 1).

In February 2009, the lime and fertilizer rates were
calculated as described by Sousa and Lobato (2004).
Dolomitic lime (CaO 36% and MgO 17%) was manually
applied at a rate of 7.08 t ha™ to raise base saturation in the 0-
40 cm layer to 50%. The lime was incorporated with a disc
harrow to a depth of about 20 cm, followed by plowing with
a moldboard plow to a depth of about 40 cm. Thereafter, 240
kg ha* P,0s, 120 kg ha™ K,0 and a source of micronutrients
(100 kg ha™* fritted trace elements (FTE BR 10)) were applied
as corrective fertilization and incorporated into the soil with a
harrow to a depth of 20 cm.

In March 2009, Crotalaria juncea was sown in the
experimental area (20 seeds per meter, rows spaced 45 cm
apart), a common practice in the South Central region when
sugarcane is replanted. The green manure was cut with a crop
chopper in the flowering stage.

Sugarcane characteristics

The sugarcane (Saccharum spp.) variety RB867515 was
planted in the dry season, in July 2009. Furrows were drawn
(depth ~ 40 cm), in which fertilization was applied: urea (42
kg ha N) and triple superphosphate (183 kg ha™* P,Os). The
nine-month-old plant cane seedlings had been propagated in
the experimental area of Embrapa Cerrado. Then, three
parallel stalk segments were planted to ensure the sprouting
of at least 12 buds per meter.

Four sprinkle irrigations (4, 14 and 17 August and 17
September 2009) with 25 mm each were applied to promote
bud sprouting after planting. During the experiment, weeds
were controlled with herbicide spraying and hand weeding. In
November 2009, urea (60 kg ha™ N) and potassium chloride
(150 kg ha* K,0) were top-dressed.

The cane was harvested manually, without burning the
trash, in August 2010. To induce intensive ratoon regrowth,
supplementary irrigation was applied twice, at a level of 57.4
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mm each, one and two weeks after harvest. Maintenance
fertilization of the first ratoon crop and ammonium nitrate
(120 kg ha® N) and potassium chloride (150 kg ha® K,0)
was applied in November 2010, at the beginning of the rainy
season. The harvest of the first ratoon occurred in August
2011, shortly after which the straw was chopped by a
crushing machine Triton® straw residue chopper. In
November 2011, sidedress fertilization of the second ratoon
was held by applying 120 kg ha™ N, 50 kg ha™ P,Og and 150
kg K,O ha. The second ratoon was harvested in August
2012. Maintenance fertilization of the third ratoon consisted
of the same amounts and N, P and K sources as for the
second ratoon, and harvest took place in August, 2013. The
crop practices were applied by the same methodology as for
the first and second ratoon. The gypsum treatment
(CaS0,4.2H,0) was applied in July 2009 by broadcasting over
the soil surface after planting sugarcane. The gypsum dose
was calculated by the expression [Y=75X], where Y is the
gypsum rate (base of 15% sulfur), expressed in kg ha, and X
the clay content (%) in the 40-60 cm layer, as described by
Sousa and Lobato (2004).

Treatments and experimental design

Two treatments were used: a control with 0 Mg ha™ and a
dose of 5 Mg ha™ gypsum, as recommended for the studied
soil. The experiment was arranged in a randomized block
design with four replications. The experimental plots
consisted of five 8-m long rows of (60 m?), spaced 1.5 m
apart.

Soil sampling and determination of chemical attributes

Soil samples were collected in September 2013, a month after
harvesting the third ratoon crop. In the 0-5 and 5-10 c¢m
layers, sampling was done with a volumetric ring (100 cm™
and diameter 5 cm) and in the other layers (10-20; 20-40; 40-
60; 60-80, and 80-100 cm), with a Dutch auger. One
composite sample per experimental plot was blended. These
composite samples consisted of six equidistant sub-samples,
one from the row and five from the interrow. Sub-samples
were collected to represent the heterogeneous system in and
between the rows (Fig 4).

For the chemical analyses, the soil samples were ground,
air-dried and sieved (2 mm mesh). Then the pH of water and



calcium chloride (CaCl,) were determined, as well as
exchangeable potassium (K*) by flame photometry; potential
acidity (H + Al) and exchangeable aluminum (AP*) by
titration; calcium (Ca2*) and magnesium (Mg*") by atomic
absorption spectrophotometry. Sulfur (SO,*) was extracted
with monobasic calcium phosphate and quantified by
inductively coupled argon plasma for optical emission
spectroscopy (ICP-OES). Based on these analyses, we
calculated the cation exchange capacity (CEC) at soil pH =7
and aluminum saturation (m). All chemical analyses were
carried out as described by Embrapa (1997).

The plant and ratoon cane crops were harvested by hand
without straw removal by burning (green cane). The
harvested area consisted of 5 m of the three central rows per
plot, disregarding 1.5 m at either end, totaling 22.5 m?. We
evaluated the cane and sugar yield, according to the protocols
of the council of sugarcane, sugar and alcohol producers of
the State of S8o Paulo (CONSECANA).

Statistical analysis

The following model was used for analysis of variance of
cane and sugar yield: Yj; = 1 + B; + T; + error (ij).

For analysis of variance of the chemical properties in the soil
layers we used: Y, = W + Bj + T; + error (ij) + Cp, + TCj +
error (ijm), where p = overall data mean; B = block (i =
1,2,3,4); T = treatment (j = 1,2); C = layer (m = 1,2,3,4,5).
The 0-20 cm layer was considered as the weighted mean of
the layers 0-5, 5-10 and 10-20 c¢m; error = experimental error.
Analysis of variance was performed using PROC MIXED of
software SAS 9.1 (Statistical Analysis System), and in case
of significance, the t test (p <0.05) was applied for mean
comparison.

Conclusion

Gypsum application induced an increase in cane and sugar
yield in four successive cycles. In the deeper soil layers,
gypsum application increased the pH values in H,O (60-100
cm) and pH in CaCl, (40-100 cm) and reduced AI®*
saturation in sugarcane. Gypsum application resulted in
higher Ca®*, Mg®" and SO,* concentrations in the soil profile
(0-100 cm) at higher proportions in the 20-100 cm layer for
Ca®* and SO,*. In addition, gypsum promoted increase in
cation exchange capacity in the subsurface layers (40-100
cm). Therefore, gypsum application can improve the
chemical conditions of the soil to increase sugarcane
productivity in the Cerrado.
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