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Abstract

Gypsum can improve the soil chemical properties; thus, affecting positively root growth and crop yield in acid soils with high
aluminum (AI*") levels. However, few studies show the relationships between nutrients leached, base balance and base saturation in
soils with high Ca®" levels at surface and subsurface. This study aimed to evaluate the effect of surface application of gypsum on the
soil chemical properties and ion mobility to increase base saturation in the subsurface of two clay Rhodic Hapludox with different
exchangeable acidity levels under continuous soybean-wheat cropping in no-tillage system. The experiments were conducted in
Guaira, Parand State, Brazil, at two different sites: Site 1 (soil with medium fertility level and with presence of exchangeable Al —
0.45 cmol, dm™) and Site 2 (soil with high fertility and absence of exchangeable Al). Treatments consisted of surface application of
six gypsum rates [0 (control), 1.0, 2.0, 3.0, 4.0, and 5.0 t ha* of CaS0,.2H,0 (17% Ca and 15% S-SO,%)] arranged in a randomized
block design with six replications. Soil chemical properties (H* and Al, K*, Ca®*, Mg*, AI*" and S-SO, ) were evaluated 6 (October
2006) and 12 months (April 2007) after the gypsum application at depths of 0.0-0.10; 0.10-0.20 and 0.20-0.40 m. The agricultural
gypsum use resulted in increase of S-SO, content, Ca?* content, Ca**/K*+Mg?" ratio, sum of exchangeable basic cations (SB) and
effective cation exchange capacity (ECEC), as well as in reduction of K*+Mg?" content and aluminum saturation (m%) in the soil
profile. The gypsum application increased soil base saturation (V%) in the 0.20-0.40 m layer at both sites. The gypsum application
improves of soil chemical properties resulting in increased grain yield of wheat crop.
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Abbreviations: pH_hydrogen potential; Al_aluminum; m%_aluminum saturation; H+Al_potential acidity; AI**_exchangeable
aluminum; Ca®"_exchangeable calcium; Mg?*_exchangeable magnesium; K*_exchangeable potassium; Na*_exchangeable sodium;
K*+Mg?_potassium plus magnesium; Ca®"/K*+Mg?"_calcium/potassium plus magnesium ratio; SB_sum of exchangeable basic
cations (Ca + Mg + K + Na); ECEC_effective cation exchange capacity; CEC_cation exchange capacity; V%_soil base saturation;
C_carbon; OM_organic matter; P_phosphorus; S-SOf‘_squate; F_fluoride; t ha"l_ton per hectare; S_South; W_West;
CD_Coodetec; m_meter; ZCP_zero charge point; N-NO; _nitrate; OH™_hydroxyl; N,_atmospheric nitrogen; ECCE_effective
calcium carbonate equivalent; F_Fischer-Snedecor.

Introduction

The gypsum or calcium sulfate dehydrate (CaSO,4.2H,0) is a quality and aggregate stability of the soils (Souza et al., 2011;
by-product of the phosphoric acid industry, which is Souza et al., 2012a; Miiller et al., 2012), improve the plant
necessary for the production of triple superphosphate and growth and therefore increase the crop yield (Sousa et al.,
ammonium phosphate [monoammonium phosphate (MAP) 1996; Caires et al., 2002; Soratto et al., 2010; Caires et al.,
and diammonium phosphate (DAP)]. The gypsum contains 2011a). Thus, the use of agricultural gypsum avoids
mainly calcium sulfate and small amounts of P (phosphorus) interruption of no-till, since after its deployment there is no
and F (fluoride), and is largely available in many parts of the soil disturbance, improving subsoil fertility in no-till system
world (Dias et al., 2010). Gypsum has been used in tropical (Dias et al., 2010). The recommendation of gypsum
and subtropical agriculture when soil acidity is an important application to mitigate the effects of subsoil acidity should be
limiting factor for crop yield (Caires et al., 2011b; Blum et performed based on soil analysis in the layer of 0.20 to 0.40
al., 2011). The agricultural gypsum may reduce the soil m, and used when the soil Al saturation is greater than 20%
exchangeable acidity (Raij, 2011), improve the soil chemical and/or when soil Ca saturation is less than 60% of the cation
properties (Souza et al., 2010), act as conditioner for acid and exchange capacity (Sousa et al., 1996). In general, the
clayed soils (Bilibio el al., 2010; Souza et al., 2012b), or as agricultural gypsum rates are of 0.7, 1.2, 2.2 and 3.2 t ha™* for
soil uncompressing agent (Raij, 2011), increase the water and sandy, medium, clayey and very clayey soils, respectively,
nutrient uptake of the plants due to improved distribution of with residual effect for five years. Studies indicate that the
roots in the soil (Sousa et al., 1996), increase the soil carbon gypsum use resulted in increase of Ca?* content and pH of the
accumulation (Ferreira et al., 2013), improve the structural soil profile, as well as in reduction of potential acidity (H* +
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Al) (Chaves et al., 1988; Ferreira et al., 2013). Moreover,
promoted the gradual percolation of sulfate (S-SO,%) and
basic cations (Raij, 2011) and subsequent development of
deep roots in annual crops (Sousa and Ritchey, 1986).
Significant increases on maize yield has been obtained with
agricultural gypsum use (Caires et al., 2011a), as well as
reduction of salinity and sodicity of saline-sodic soils,
coupled with increased of Ca®" contents and sodium (Na*)
reduction (Tavares-Filho et al., 2012), improving the soil
chemical properties (Wadt and Wadt 1999; Caires et al.,
2003; Souza et al., 2010). In this context, Nava et al. (2012)
found increased in Ca®* contents in the depth of 0.80 m in
soil with Caz"/Mg2+ ratio of 2:1; however, it was not effective
to increase the Ca concentration in the foliar tissues and fruits
of apple sensitive to Ca deficiency. Caires et al. (2011b)
reported mobility of Mg?* and K* at depths up to 0-0.10 and
0-0.20 m, respectively, and economic return of annual crops
with gypsum application in soil with sufficient levels of
exchangeable cations (2.5 cmol, dm™ of Ca®* and 2.0 cmol,
dm™ of Mg*" in the 0-0.20 m layer). Blum et al. (2011) found
that gypsum application decreased the subsoil exchangeable
Al level, increased the Ca?* and SO,%contents in the soil
profile, and caused leaching of Mg?" from the topsoil and
decreases of leaf Mg concentration and fruit production.
These authors estimated a critical level of Ca/Mg ratio in soil
as well as in leaves of 1.9 for vine.

Some studies showed the relationships between ion
mobility, base balance and soil base saturation with contents
of Ca?*, Mg? and K" in surface and subsurface soil layers
have no such limitations in deep layers. This situation could
harm the soil base balances and enhance the uptake of some
basic cations, therefore, can change the plant nutritional
balances, mainly with gypsum use resulting in increases of
Ca’* supply in the subsoil layer (Caires et al., 2011b; Blum et
al., 2011; Raij, 2011; Nava et al., 2012; Souza et al., 2012b;
Ferreira et al., 2013; Blum et al., 2013; Santos et al., 2013;
Michalovicz et al., 2014). This study aimed to evaluate the
effect of surface application of gypsum on the soil chemical
properties and ion mobility to increase base saturation in the
subsurface of two clayey Rhodic Hapludox with different
exchangeable acidity levels, under continuous soybean-wheat
cropping in no-tillage system.

Results and Discussion
Sulfate mobility in the soil

The application of gypsum rates increased the S-SO,%
content in the three soil depths (Table 1). The increase of S-
S0,* level in the soil profile was expected due to the high
solubility of gypsum, as reported by Soratto and Crusciol
(2008a), Gelain et al. (2011), Souza et al. (2012b) and
Tavares-Filho et al. (2012). Michalovicz et al. (2014) also
found that the application of gypsum rates increased S-SO, 2
content in the soil profile, as well as increased leaf S and
grain yield of barley and maize. Gypsum has higher solubility
than lime (Raij, 2011); gypsum application in an tropical soil
had a long residual effect on the S-SO,> levels, and high
sulfate concentrations in the subsoil being found eight years
after the application (Caires et al., 2011c).

The increased S-SO,* content in the subsurface layer can
reduce zero charge point (ZCP), since there is less organic
matter content in this layer (Table 1), the PCZ reduction was
due to the S-SO,* adsorption as reported by Caires et al.
(2011b) and Serafim et al. (2012). When occurs the S-S0,
adsorption in iron and aluminum oxides (Wadt and Wadt,
1999), it counteracts positive charges of the adsorbent surface
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and generates new sites for adsorption of cations, and thereby
reduces the PCZ, enabling take cations mobilized from the
upper layers. In the subsurface layer has PCZ lower than in
the top layer, which is explained by the higher ECEC coupled
to liming effect and a higher OM content, which facilitates
the cations mobility, detected at high gypsum rates (Figure
1), as well as their accumulation on subsurface layers. Thus,
when using gypsum is necessary to consider the charge
balances, as it may result in intense ion mobility in profile
(Caires et al., 2003; Caires et al., 2011b). Wadt and Wadt
(1999) observed K* mobility in soils with higher OM content
and lower pH value due to the low affinity of this cation
where there is greater encouragement to protonation of
colloids surface.

Grain yield of crops

Despite the increased S-SO,* levels with the gypsum
application, there was no response in the soybean grain yield,
achieving mean yield of 3.62 t ha™ for the Site 1 (with AI**)
and 2.93 t ha* for Site 2 (AI**-free). Similar results were also
obtained by Caires et al. (2003) and Caires et al. (2011a) for
this crop. Gelain et al. (2011) observed that soil with S-S0,%
content above 7.6 and 5.3 mg dm~ in the 0-0.20 and 0.20-
0.40 m layers, respectively, did not increased leaf N
concentration and soybean yield. On the other hand, Souza et
al. (2010) found increased plant height while Raij et al.
(2011) and Sousa et al. (1996) found increased grain yield of
soybean crop in tropical soils.

For wheat crop there was linear increase in grain yield at
Site 1, with quadratic effect for Al saturation (m%) (Table 1),
and m% values of 7.4% for the 0.20-0.40 m layer (Table 2).
These data report the interference of gypsum use in soils with
toxic Al levels. The yield response observed in wheat crop
for Site 1 (with AI**) is explained by the linear equation
(Yieldypear = 1.368 + 0.070Gypsum in t ha™). Similar results
were also observed by Caires et al. (2002) and Sousa et al.
(1996) for wheat crop, as well as in maize crop as reported by
Caires et al. (2011a). On the other hand, the Site 2 (AI**-free)
showed no effect of gypsum use on wheat crop, with mean
grain yield of 2.12 t ha™. Caires et al. (2011b) found the
following response decreasing order of crops the gypsum
application: wheat > maize > soybean, and demand for Ca®*
and S-SO,* followed the reverse order: soybean > maize >
wheat. These authors explained that wheat and maize crops
require less Ca and S-SO,% than the soybean crop, but the
response to the increase in Ca?* and S-SO,% availability is
greater. Cereal crops are less efficient in Ca*" uptake due to
lower cation exchange capacity of roots, as well as has a
lower efficiency in S-SO,> translocation (Caires et al.,
2011b; Caires et al., 2011c). However, Blum et al. (2014)
observed increase Mg concentration in the maize and wheat
leaves in study with gypsum application, and attributed this
fact to greater basic cation uptake of cereal crops in response
to gypsum application. Indeed, Blum et al. (2011) showed
positivity correlation between leaf Mg concentration and crop
yield.

Soil chemical properties

The application of agricultural gypsum significantly affected
the Ca** and K*+Mg?" content in the 0-0.10, 0.10-0.20 and
0.20-0.40 m layers, as well as influenced the levels of Al
saturation (m%), sum of basic cations (SB), effective cation
exchange capacity (ECEC), Ca®*/K*+Mg?" ratio, in addition
of base saturation (V%) in the 0.20-0.40 m layer (Table 1,
Figures 1, 2 and 3).



Table 1. Regression equations and determination coefficients for grain yield of wheat and soybean and some soil chemical properties
after 6 and 12 months from the surface application of gypsum rates in two clayey Rhodic Hapludox with different exchangeable
acidity levels, under continuous soybean-wheat cropping in no-tillage system.

Properties Units Period Depth (m) Equation R?
m® % 6 months 0-0.10 m=10.58 - 3.4 G +5x10°G*> @ 0.91**
0.10-0.20 m=11.63-4.2 G +6x10* G? 0.90*
0.20-0.40 m=16.57 — 3.4 G +7x10™ G2 0.90*
12 months 0-0.10 m = 15.80 — 3.3 G +5x10* G2 0.85*
0.10-0.20 m=19.42 - 4.3 G +7x10™* G2 0.94*
0.20-0.40 m =20.98 — 4.9 G +9x10™* G? 0.90**
S-S0, mg dm= 6 months 0-0.10 S=8.00+237G 0.93%*
0.10-0.20 S=1651+270G 0.97*
0.20-0.40 S=26.14+240G 0.98**
12 months 0-0.10 S=548+72G 0.90**
0.10-0.20 $=1287+9.0G 0.96**
0.20-0.40 $=1945+120G 0.97**
ca”* cmol, dm™ 6 months 0-0.10 Ca=5.06+03G 0.93**
0.10-0.20 Ca=4.85+03G 0.95**
0.20-0.40 Ca=4.36+02G 0.98**
12 months 0-0.10 Ca=5.13+01G 0.48*
0.10-0.20 Ca=4.10 + 0.4 G — 5x10° G2 0.90**
0.20-0.40 Ca=4.10 + 0.3 G — 2x10° G2 0.97*
K*+Mg?* cmol, dm™ 6 months 0-0.10 K+Mg=1.79-0.16 G 0.95**
0.10-0.20 K+Mg =157 -0.08 G 0.73*
0.20-0.40 K+Mg=1.43-0.04 G 0.46*
12 months 0-0.10 K+Mg=2.18-0.12 G 0.99**
0.10-0.20 K+Mg = 2.04-0.09 G 0.90**
0.20-0.40 K+Mg=1.73-0.02 G 0.60**
SB cmol, dm3 6 months 0-0.10 SB=724+02G 0.83*
0.10-0.20 SB=6.89+02G 0.85**
0.20-0.40 SB=6.09+0.2G 0.96**
12 months 0-0.10 SB =6.85 ns
0.10-0.20 SB=5.62+0.4G-6G? 0.74%*
0.20-0.40 SB=536+0.1G 0.74*
ECEC cmol, dm™ 6 months 0-0.10 ECEC=753+02G 0.76**
0.10-0.20 ECEC=7.22+02G 0.81**
0.20-0.40 ECEC=654+02G 0.98**
12 months 0-0.10 ECEC=7.14 ns
0.10-0.20 ECEC=6.13+03G 0.66*
0.20-0.40 ECEC=558+0.1G 0.89**
H +Al cmol, dm™ 6 months 0-0.10 H+Al =3.23 ns
0.10-0.20 H+Al = 3.45 ns
0.20-0.40 H+Al = 3.20 ns
12 months 0-0.10 H+Al =4.00 ns
0.10-0.20 H+Al = 4.22 ns
0.20-0.40 H+Al = 3.94 ns
Vv % 6 months 0-0.10 V% =70.22 ns
0.10-0.20 V% = 67.39 ns
0.20-0.40 V% =63.95+1.3G 0.82*
12 months 0-0.10 V% = 62.38 ns
0.10-0.20 V% = 58.03 ns
0.20-0.40 V% =55.97+1.0G 0.73*
Grain yield Unit Period Site Equation R?
Wheat kg ha™ 6 months with Al Yield = 1,368 + 0.07 G 0.70*
without Al Yield = 2,123 ns
Soybean kg ha™ 12 months with Al Yield = 3,624 ns
without Al Yield = 2,927 ns

& Al saturation only for site 1, with the presence of exchangeable Al. @ G- Gypsum rates in t ha*. ns, * and **: non-significant and significant at 5 and 1% by the F test,
respectively. Abbreviations: m- aluminum saturation; S-SO,*- sulfate; Ca®*-calcium; K* + Mg?*-potassium plus magnesium; SB-sum of exchangeable basic cations;
ECEC-effective cation exchange capacity; H* + Al-potential acidity; V%-soil
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Table 2. Soil chemical properties and particle size at 0-0.10, 0.10-0.20 and 0.20-0, 40 m depth at the beginning of the experiments
(March 2006), for the two study sites

Properties Unit Site 1 (with Al) Site 2 (without Al)
P 0-0.10 m 0.10-020m  0.20-0.40 m 0-010m  0.10-0.20m 0.20-0.40 m
HD 4.80 4.10 4.10 5.80 5.40 4.80
Al cmol, dm™® 0.20 0.35 0.45 0.00 0.00 0.00
H+AI® cmol, dm™® 461 4.28 4.96 3.40 3.60 3.90
Ca*?® cmol, dm™ 477 4.04 3.77 6.20 6.03 5.89
Mg*2®@ cmol, dm’ 1.98 1.85 1.60 1.64 1.50 1.40
K@ cmol, dm’® 0.59 0.35 0.26 0.40 0.35 0.28
SB cmol, dm™ 7.34 6.24 5.63 8.24 7.88 7.57
CEC o170 cmol, dm’® 11.95 1052 10.59 11.64 11.48 11.47
% 61.42 59.32 53.16 70.79 68.64 66.00
m % 2.65 5.31 7.40 0.00 0.00 0.00
omM® gkg? 20.00 15.00 11.00 26.00 22.00 19.00
p@ mg dm’® 12.32 7.19 3.11 15.00 12.00 8.00
5-50,© mg dm’® 11.43 18.50 21.49 9.27 9.50 12.15
Sand® gkg? 66 74 55 63 64 64
Silt? gkg? 204 129 145 190 132 133
Clay® g kg? 730 797 800 747 804 803

@ Measured in 0.01 mol L™ CaCl, suspensions (L:2.5 soil:solution ratio); @ Extracted by 1 mol L™ KCI; @ Extracted by calcium acetate (0.5 mol L™ Ca(C;H;02),; pH
7.0); @ Extracted by Mehlich-1; ® Measured by Walkley-Black method; ©® Extracted by 500 mg L™ Ca(H,PO.,), of P in 2 mol L HOAc; " Measured by densimeter
method (Embrapa, 2009). Abbreviations: pH-hydrogen potential; Al*3-exchangeable aluminum; H+Al-potential acidity; Ca?*-calcium; Mg?-magnesium; K*-potassium;
SB-sum of exchangeable basic cations (Ca?* + Mg?* + K* + Na*); CEC-cation exchange capacity; V-soil base saturation; m- aluminum saturation; OM-organic matter; P-

phosphorus; S-S0,*-sulfate.
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Fig 1. Calcium (A) and magnesium plus potassium contents (B) in the soil profile after 12 months from the surface application of
gypsum rates in two clayey Rhodic Hapludox with different exchangeable acidity levels, under continuous soybean-wheat cropping
in no-tillage system. Data refer to mean values of the two soils. *L: statistical significance at 5% by the F test, with linear regression

effect.
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Fig 2. Calcium/potassium plus magnesium ratio (Ca**/K* + Mg?") in the soil profile after 12 months from the application of gypsum
(A) and as result of the surface application of gypsum rates in the different soil layers (B). Data refer to mean values of the two
clayey Rhodic Hapludox with different exchangeable acidity levels, under continuous soybean-wheat cropping in no-tillage system.
*L: statistical significance at 5% by the F test, with linear regression effect.
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Fig 3. Soil base saturation (V%) in the soil profile after 12 months from the application of gypsum (A) and as result of the surface
application of gypsum rates in the 0.0-0.40 m layer (B). Data refer to mean values of the two clayey Rhodic Hapludox with different

exchangeable acidity levels, under continuous soybean-wheat cropping in no-tillage system.

significance at 5% by the F test, with linear regression effect.

The value of m%, SB and ECEC and V% are higher after 6
months from the surface application of gypsum rates (after
growing wheat). However, the H*+Al values are higher at 12
months in all layers of soil (Table 1). This result may be
related to the differences in the nutrient uptake of each crop,
changing the cations availability in the rhizosphere. Soybean
has the ability to fix atmospheric nitrogen (N,), and hence
taken up less N-NO;™ of rhizosphere region with lower pH
value (Maschner, 2012). Moreover, according to Haynes
(1990) the wheat crop has preferential uptake of anions,
providing greater release of OH™ in the rhizosphere, fact that
increases the availability of cations. The Al saturation at 6
months, in the absence of gypsum, was around 16.57% in the
0.20-0.40 m layer, while that the m% was around 20.98% at
12 months for Site 1 (with AI**) (Table 1), but higher than the
initial chemical analysis (Table 2). The decrease of m%
levels at Site 1 (with AI*") is consistent with Nava et al.
(2012), who found lowest m% value with the application of
3.0 t ha'. Furthermore, Maria et al. (1993) observed AI**
reduction in the surface layer. Moreover, Nava et al. (2012)
found no effect on AI®** content, even with annual
applications of 3 t ha™ of gypsum in the soil surface for eight
years in apple orchards.

The presence of AI** at Site 1 (with Al) coupled to calcium
deficiency are among the main factors inhibiting the root
growth, especially in tropical soils (Oliveira et al., 2009). In
no-till, the gypsum affects the nutrient cycling when dragging
$-S0,% and basic cations to the deeper layers (Soratto and
Crusciol 2008b; Caires et al., 2011a; Raij, 2011; Serafim et
al., 2012). Thus, the gypsum use may mobilize elements of
the surface layers and deposit them into the deeper layers,
improving the chemical conditions of subsoil (Souza et al.
1996; Souza et al., 2010). This provides favorable conditions
for root growing in depth, where, besides obtaining of
nutrients also increases the root surface area for water
absorption during the crop cycle, particularly under water
stress, as reported by Chaves et al. (1988).

Potential acidity and cation exchange capacity

The potential acidity (H*+Al) was lower in the three depths
relative to the baselines (Table 1); however, there was no
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ns.

: non-significant. *L: statistical

significant effect of the gypsum application. Soratto and
Crusciol (2008a) also found no effect on the values of H*+Al
below the surface layer after 18 months from the application
2.1 t ha of gypsum. The evaluation of potential acidity at
depths reveals that there was higher values of H*+Al in the
0.10-0.20 m layer at 6 and 12 months after gypsum
application (Table 1). The use of agricultural gypsum resulted
in increased Ca?* level in the soil (Figure 1), confirming the
results reported by Soratto and Crusciol (2008a), Bilibio et al.
(2010), Souza et al. (2012b) and Nava et al. (2012). This
increase in the Ca®" level resulted in increase of the SB and
ECEC to the 6 months at all depths analyzed (Table 1).
However, Chaves et al. (1988) reported increase in ECEC
only in the 0.20-0.40 m layer. After 12 months of gypsum
application was not detected significant change in the SB up
to 0.10 m depth; however, the amount of SB in the 0.10-0.20
m layer was affected with maximum value of 6.3 cmol, dm™
with application of 3.3 t ha™ of gypsum, as well as linear
increase to the depth of 0.20-0.40 m. The absence of change
in ECEC in the 0-0.10 m layer after 12 months of gypsum
application (Table 1) was also reported by Wadt and Wadt
(1999), who verified that gypsum reduced the AI** in the
surface layer without resulting in change in CEC. However,
the gypsum application showed linear ECEC increase in the
0.10-0.20 and 0.20-0.40 m, indicating being first necessary
the CEC increase in the subsurface for soil chemical reactions
be favorable to the AI** reduction. Santos et al. (2013) found
that gypsum application resulted in increased of the CEC
(27%) in a saline-sodic Inceptisol with high exchangeable
Ca’®" level. The CEC increase is related by Ca®* solubilized
by gypsum remain in the soil solution, acting as C pool,
consequently reduce H'+Al Although, the increase of
organic matter content may increase CEC and microbial
activity of surface layer in no-till (Caires et al., 2011b), less
in subsoil layer. Ferreira et al. (2013) observed increase of
CEC when had high exchangeable Ca®* by the gypsum
application, and detected positivity correlation between Ca?*
and C in an tropical soil; therefore, the C accumulation
resulted in increased CEC. Miller et al. (2012) verified that
gypsum application increased of soil porosity and reduction
of soil bulk density due to the increase of the carbon content



and aggregation forces enhanced by the increase of Ca®*
availability in surface layer.

Soil base saturation

Part of gypsum may be mobilized to the subsoil layer where
dissociation occurs, since there is lower pH at the depth
(Table 1), and lower values of SB and ECEC (Table 1 and 2).
This chemical conditions are favorable for dissociation,
whereas increased the SB, CEC and V%, even with the
mobility of K'+Mg?" it the 0.20-0.40 m layer (Figure 3).
Thus, the addition of Ca®* detected to the depth could reverse
the interference of mobility of K*+Mg?" with gypsum surface
application on the SB and ECEC. The SB and ECEC
remained unchanged in the 0-0.10 m and after 12 months of
gypsum surface application. In this study, the improvement
of subsoil chemical properties with gypsum use was
evidenced by the increase in the base saturation (V%) in soil
profile (Table 1). The application of gypsum rates resulted in
increased linearly the V% value in the 0.20-0.40 m layer.
This results was due to increased Ca®* content in the soil
profile (Figure 1a), resulting in higher SB value and,
consequently, in an increase of the V% (Figure 3), even with
reduction of K*+Mg?* content in the subsoil (Figure 1b). The
increase of soil base saturation after 12 months of gypsum
application was due to increased Ca®* content of soil from the
dissociation of calcium sulfate. Soratto and Crusciol (2008a)
observed increased of V% up to depth of 0.60 m, as result of
movement of Ca?* and Mg?" in the soil profile after 12
months of application of 2.1 t ha™ of gypsum. However,
Soratto and Crusciol (2008b) detected increased of V% in the
0-0.20 m layer after 6 and 18 months gypsum application. In
this study, the gypsum use was not enough to increase the
V% in the surface layers (i.e., 0-0.10 and 0.10-0.20 m), since
that there was mobility of K*+Mg?* (Figure 1b), as verified
by the higher Ca?'/K'+Mg*" ratio in the surface layers
(Figure 2). Caires et al. (2011b) verified that exchangeable K
losses by leaching were low; however, larger mobility of
exchangeable Mg in soil profile was reported with the
gypsum application in a subtropical no-till cropping system.
Blum et al. (2013) showed that the Mg ion was most
susceptible to leaching compared to K* and Ca*", resulting in
increased of Mg?" content in the 0.80-1.20 m depth.

Relationship between ions

Gypsum application resulted in reduction in K*+Mg?* content
in the 0-0.10 and 0.10-0.20 m layers (Figure 1b), similar
results were also reported by Caires et al. (2011a). These
results indicated that the K* and Mg*" ions were mobilized to
layers beyond 0.40 m, above all, with greater intensity in the
higher gypsum rates (Figure 1b). The reduction of K* in the
surface layer was also observed by Maria et al. (1993) and
Bilibio et al. (2010), while Caires et al. (2011a) observed
decrease of Mg*ion in a tropical soil. Moreover, Serafim et
al. (2012) found no change in the K content, and Nava et al.
(2012) identified no K* reduction even with applications up
to 3 t ha™ during 8 years in soil with 450 g dm™ of clay, but
found reduction of Mg?®* content in the surface layer of 0-0.20
m. Similarly, Serafim et al. (2012) found reduction in Mg?*
content in the surface layer and increase of this ion in the
subsoil layer. Gypsum may reduce the exchangeable sodium
(Na*) and K" in saline-sodic soil, because increased at Ca®*
level and provide imbalance of cations (Santos et al., 2013).
The cation imbalance in the soils is one of the most important
problem for crop development and yield (Holanda et al.,
1998).
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The Ca®*'/K*+Mg*" ratio increased progressively with
increasing of gypsum rates in all soil layers (Figure 2). In the
absence of gypsum application the Ca*"/K*+Mg?* ratio was
similar in the three soil layers. Table 2 show values of
3.77:1.60:0.26 cmol, dm™ and 5.89:1.40:0.28 cmol, dm™ for
the contents of Ca?":Mg?": K" in site 1 (with AI**) and site 2
(AI**-free), respectively, in the 0.20-0.40 m layer, similarly to
surface layers. Caires et al. (2011b) detected increase of Mg?*
and K* mobility to the topsoil layer in tropical soil with
Ca*":Mg®":K* values of 0.70:0.80:0.22 cmol, dm= in the
subsurface (0.20-0.40 m) and 2.5:2:0.36 cmol, dm™ in the
soil surface (0-0.20 m). These authors verified that this
condition result in increased grain yield of the annual crops.
In this study, the chemical conditions of subsoil were
different by show highest Ca?* levels in this layer; however,
Caires et al. (2011b) also observed low availability of others
exchangeable cations. In fact, the gypsum recommendation
necessary investigate various relationship of basic cations in
soil profile. Further, the Ca®*/K*+Mg?" ratio showed that the
mobility of K*+Mg?* (Figure 1b) occurs more intensively in
the surface layer (0-0.10 m) linked to the Ca?" addition
(Figure 1a), being evident at 5 t ha? of gypsum. Similarly,
Caires et al. (2011a) observed that the Ca®*/Mg*" ratio was
higher in the soil profile (0-0.60 m) with rates up to 12 t ha™*
of gypsum. Although, exchangeable K leaching from gypsum
use varies according to the rates, soil type and rainfall (Raij,
2011). Even in soils with low exchangeable Ca?* levels,
Caires et al. (2011b) showed that gypsum application reduced
Mg concentration of soybean leaves and did not interfere in
Mg concentration in the wheat crop, although increased
concentrations of S-SO,, Ca and K in the wheat leaves.

No-till system

Results of this study indicated the possibility of improving of
subsoil chemical properties and subsequent plant root
growing in subsurface through of gypsum use. According to
Raij (2011), the gypsum rates should be twice larger than
those recommended by Souza et al. (1996), to achieve
maximum yields. Previous research shows that gypsum
increased plant tissue concentrations of Ca and S in maize,
wheat, and soybean (Caires et al., 2011b; Blum et al., 2013).
Moreover, Elrashidi et al. (2010) observed that the
physiological effects of large amount additions of Ca* and S-
S0,% in the region of nutrient uptake by the roots may reduce
crop vyields after gypsum application. Is added to the
increased Ca*?/K*+Mg *? ratio (Figure 2), the excessive Ca*?
uptake damage the uptake of K* and Mg*? due to an
antagonistic effect, while also being constrained by the
cations mobility in the soil profile (Figure 1b). Other side,
Raij (2011) related increase K uptake by plants due to
gypsum application because increased available Ca?* in soils
with low Ca*? availability, similarly results were observed in
wheat by Caires et al. (2011b). Souza et al. (2012b) observed
that gypsum application resulted in low Mg concentration in
the soybean leaves under cropping system with low fertility
soil. These results suggest the interference of Ca®* ion in the
competitive inhibition by gypsum and Mg*" in the cation
absorption process at soil solution, damaging Mg uptake.
Reducing in content of available Mg was detected in maize
and barley with negative impact on uptake of this cation by
Ca®" uptake increase after gypsum application; therefore,
gypsum elevate Ca**/Mg?" ratio, mainly by the Ca*? increase,
Mg?* leaching, but did not affect the K* leaching in the soil
profile (Michalovicz et al. (2014), even in soil high
exchangeable K (Table 2).



The use of gypsum and lime in no-till system with the use of
green manure and pasture, improve the soil physical
properties in depths of 0 to 0.40 m (Bonini and Alves 2012),
since they provide increased soil organic matter — SOM
(Nicoloso 2008; Blainski et al. 2,012; Cavalcante et al. 2012).
This fact result in root growth in the subsoil because
improves the soil properties and, also allows initiating a
sequence of events that improve the subsurface layer
conditions over time, as observed in study conducted by 17
years by Bonini and Alves (2012) using green
manure/gypsum/pasture/lime in the production system. Thus,
green manure/brachiaria linked to lime and gypsum favor the
development of annual crops, since that there was increased
V% with the gypsum application in the layer 0.20-0.40 m
(Figure 3). This situation favors the root growth of plants in
depth such as soybean and wheat, to the point that the
gypsum can help this union the tolerance of crops to drought
periods in locations that available Ca** was equilibrate with
the others cations (i.e., Mg and K*). Other side, necessity
soil conditions when have high available Ca*® levels in
surface and subsurface. Tropical soils with low basic cation
levels, especially Ca®* and Mg?*, and with the presence of
exchangeable acidity (AI**) show low levels of crop yields,
as verified at the site 1 (Table 1), even after four decades of
soil agricultural use with annual crops and 15 years under no-
till. In this conditions, the low available Ca?* content, the
acidity and excess AI** in plants result in reduced root growth
and, consequently, exploiting low soil volume. This fact
reflect in low uptake of water and nutrients and promotes
water deficits to the crops and mineral deficiencies.
Therefore, gypsum rates enables improved conditions for the
development of roots in the subsoil layers, providing
increased S-SO,> content, decrease AI** saturation and
increased SB, ECEC and V%.

Materials and Methods
Description of study sites

The experiments were conducted in Guaira, Parana, Brazil at
two different sites: Site 1 (24° 09' 12" S and 54° 12' 23" W)
and Site 2 (24° 18' 38" S and 54° 12' 12" W). In both sites, the
soils were classified as clayey Rhodic Hapludox (Eutroferric
Red Latosol in the Brazilian classification; EMBRAPA,
2013), but fertility levels were different: one was of medium
fertility and with the presence of exchangeable Al (Site 1
with Al) and the other was of high fertility and absence of
exchangeable Al (Site 2 Al-free). Two areas have been grown
under no-till for 15 years, with soybean in the summer and
wheat or maize in the fall/winter. The regional climate is
relatively warm and wet. The 30-year mean annual
temperature is 21.4 °C with a July minimum of 14.7 °C and a
January maximum of 28.6 °C, and mean annual precipitation
of 1,500 mm. Soil particle size and chemical properties
before of the treatment application are shown in Table 2. In
October 2005, six months before starting the experiment, the
two areas received the surface application of 1.65 t ha™* of
lime (36% CaO, 12% MgO and 70% ECCE), followed by
chiseling with a maximum operating depth of 0.30 m and
subsequent soybean cultivation.

Experimental design and treatments

The experiments were arranged in a randomized block design
with six treatments and six replications. Treatments consisted
of six gypsum rates [0 (control), 1.0, 2.0, 3.0, 4.0, and 5.0 t
ha™ of CaS0,.2H,0 (17% Ca and 15% S-SO,%)] applied in
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April 2006. A total of 36 plots, 3.0 m wide x 4.0 m long,
comprised the entire study area of each experiment.

Field management and measurements

Wheat (Triticum aestivum L., cultivar CD 104) was sown on
May 8, 2006 at 0.17-m row spacing and 68 seeds-m™ rate.
This medium maturation-cycle genotype is highly demanding
for soil fertility and moderately sensitive to aluminum
toxicity. Base fertilization was carried out by applying 200 kg
ha™ 04-20-20 formulation at sowing, and 80 kg ha™ N
topdressing in the form of urea at the beginning of plant’s
tillering. Plants were harvested on September 15, 2006 and
grain yield (13% moisture content) were evaluated. Soybean
[Glycine max L. (Merrill), cultivar CD 214-RR] was sown on
October 2, 2006 at 0.45-m row spacing and 18 seeds-m* rate.
This intermediate maturation-cycled genotype has medium-
high demand for soil fertility and is tolerant to soil
exchangeable aluminum. Seeds were treated with fungicide
(vitavax+thiram - 50+50 g of the active ingredient every 100
kg of seeds) and inoculant (Bradyrhizobium japonicum).
Base fertilization was carried out by applying of 250 kg ha™®
04-20-20 formulation at sowing. Soybean plants were
harvested on March 3, 2006 and grain yield (14% moisture
content) were evaluated. The rainfall between April 2006 and
March 2007, during the experiment was 1,535 mm. Soil
samples were collected at 6 (October 2006) and 12 months
(April 2007) after the application of gypsum at depths of 0.0-
0.10; 0.10-0.20 and 0.20-0.40 m using a hole auger in three
different points per plot. These samples were air-dried,
ground to pass through a 2.0 mm mesh screen and analyzed
for contents of calcium (Ca'™), magnesium (Mg*),
exchangeable potassium (K"), sulfate (S-SO,*), potential
acidity (H* + Al) according to Embrapa (2009).
Subsequently, were calculated the values of soil base
saturation (V%), aluminum saturation (m%), sum of
exchangeable basic cations (SB), effective cation exchange
capacity (ECEC), potassium plus magnesium (K*+Mg?*) and
calcium/potassium plus magnesium ratio (Ca®"/K*+Mg?*).

Statistical analysis

Original data underwent the analysis of variance for each site
separately and the mean square values of the residues of two
sites for all variables were evaluated. The data then from both
locations were analyzed in combination due to that the ratio
of the waste mean squares of sites were lower than 7.
However, from the F test evaluation for location (with or
without AI*") in the analysis of variance was significant for
yield of both crops, fact that directed the analysis of variance
of that variable for each location. For the gypsum rates were
used regression analysis and significant equations with the
higher value of the coefficients of determination were
adjusted (p < 0.05). All analyses were performed using Saeg
8.0 software for Windows (Saeg, 1999).

Conclusions

The agricultural gypsum use resulted in increase of S-SO,2
content, Ca®* content, Ca?/K'+Mg®* ratio, sum of
exchangeable basic cations (SB) and effective cation
exchange capacity (ECEC), as well as in reduction of
K*+Mg®" content and aluminum saturation (m%) in the soil
profile. The gypsum application increased soil base saturation
(V%) in the 0.20-0.40 m layer at both sites. The gypsum use
increased grain yield of wheat due the improved of soil
chemical properties and reduction of the soil exchangeable
acidity.



Acknowledgements

To CAPES (Coordination for the Improvement of Higher
Education  Personnel), ARAUCARIA FOUNDATION
(Araucaria Foundation for the Support Scientific and
Technological Development of the State of Parand), for
financial support and providing scholarship for the first
author. To CNPg (National Council for Scientific and
Technological Development), for an award of excellence in
research to the second author.

References

Bilibio WD, Corréa GF, Borges EN (2010) Atributos fisicos
e quimicos de um Latossolo, sob diferentes sistemas de
cultivo. Ciéncia e Agrotecnologia. 34:817-822.

Blainski E, Tormena CA, Guimaraes RML, Nanni MR
(2012) Qualidade fisica de um Latossolo sob plantio direto
influenciada pela cobertura do solo. Revista Brasileira de
Ciéncia do Solo. 36:79-87.

Blum J, Caires EF, Ayub RA, Fonseca AF, Sozim M, Fauate
M (2011) Soil chemical atributes and grape yield as
affected by gypsum application in Southern Brazil.
Commun Soil Sci Plant Anal. 42: 1-13.

Blum SC, Caires EF, Alleoni LRF (2013) Lime and
phosphogypsum application and sulfate retention in
subtropical soils under no-till system. J Soil Sci Plant Nutr.
13: 279-300

Blum SC, Garbuio FJ, WOOD Joris HAW, Caires EF (2014)
Assessing available soil sulphur from phosphogypsum
applications in a no-till cropping system. Expl Agric. 50:
516-532

Bonini CSB, Alves MC (2012) Qualidade fisica de um
Latossolo Vermelho em recuperacdo ha dezessete anos.
Revista Brasileira de Engenharia Agricola e Ambiental.
16:329-336.

Caires EF, Blum J, Barth G, Garbuio FJ, Kusman MT (2003)
Alteragdes quimicas do solo e resposta da soja ao calcério e
gesso aplicados na implantagéo do sistema plantio direto R.
Bras. Ci. Solo 27:275-28.

Caires EF, Feldhaus IC, Barth G, Garbuio FJ (2002) Lime
and gypsum application on the wheat crop. Scientia
Agricola. 59:357-36.

Caires EF, Garbuio FJ, Churka S, Joris HAW (2011b) Use of
gypsum for crop grain production under a subtropical no-
till cropping system. Agron J. 103: 1-11

Caires EF, Joris HAW, Churka S (2011c) Long-term effects
of lime and gypsum additions on no-till corn and soybean
yield and soil chemical properties in southern Brazil. Soil
Use Manag. 27: 45-53.

Caires EF, Maschietto EH, Garbuio FJ, Churka S, Joris HAW
(2011a) Surface application of gypsum in low acidic Oxisol
under no-till cropping system. Scientia Agricola. 68:209-
216.

Cavalcante VS, Santos VR, Santos Neto AL, Santos MAL,
Santos CG, Costa L (2012) Biomassa e extracdo de
nutrientes por plantas de cobertura. Revista Brasileira de
Engenharia Agricola e Ambiental. 16:521-526.

Chaves JCD, Pavan MA, Miyazawa M (1988) Reducdo da
acidez subsuperficial em coluna de solo. Pesquisa
Agropecudria Brasileira. 23: 469-476.

Dias NMP, Caires EF, Pires LF, Bacchi MA, Fernandes EAN
(2010) Radiological impact of phosphogypsum surface
application in a no-till system in Southern Brazil. Pesquisa
Agropecudria Brasileira. 45: 1456-1464.

475

Elrashidi MA, West LT, Seybold CA, Beham EC,
Schorneberger PJ, Ferguson R (2010) Effects of gypsum
adition on solubility of nutrientes in soil amended with
peat. Soil Sci. 175:162-172.

Embrapa - Empresa Brasileira de Pesquisa Agropecudria
(2013) Sistema brasileiro de classificacdo de solos. 3.ed.
Brasilia, Embrapa. p 353.

Embrapa - Empresa Brasileira de Pesquisa Agropecudria.
(2009) Manual de analises quimicas de solos, plantas e
fertilizantes. 2.ed. Brasilia, Informagéo Tecnoldgica. p 628.

Ferreira AO, Amado TJC, Nora DD, Keller C, Botolotto RP
(2013) Change in carbono ad calcium contente in na Oxisol
ameliorated by lime and gypsum in Rio Grande do Sul.
Ciencia del Suelo. 31: 1-15.

Gelain E, Rosa Junior EJ, Mercannte FM, Fortes DG, Souza
FR, Rosa YBCJ (2011) Fixagdo bioldgica de nitrogénio e
teores foliares de nutrientes na soja em funcéo de doses de
molibdénio e gesso agricola. Ciéncia e Agrotecnologia.
35:259-269.

Haynes RJ (1990) Active ion uptake and maintenance of
céation-anion balance: A critical examination of their role in
regulating rhizosphere pH. Plant Soil. 126:247-264.

Holanda JS, Vitti GC, Salviano AAC, Medeiros JDF,
Amorim JRA (1998) AlteracGes nas propriedades quimicas
de um solo aluvial salino-sodico decorrentes da subsolagem
e do uso de condicionadores. R Bras Ci Solo. 22: 387-394.

Maria IC Rosseto R Ambrosano EL, Castro OM, Neptune
AML (1993) Efeito da adicéo de diferentes fontes de calcio
no movimento de cétions em colunas de solo. Scientia
Agricola. 50:87-98.

Marschner H (2012) Mineral Nutrition of Higher Plants. 3.
Ed. London: Academic Press. 651p.

Michalovicz L, Muller MML, Foloni JSS, Kawakami J,
Nascimento R, Kramer LFM (2014) Soil fertility, nutrition
and yield of maize and barley with gypsum application on
soil surface in no-till. R Bras Ci Solo. 38:1496-1505.

Muller MML, Tormena CA, Gend AM, Kramer LFM,
Michalovicz L, Caires EF (2012) Structural quality of a no-
tillage Red Latosol 50 months after gypsum application. R
Bras Ci Solo. 36: 1005-1013.

Nava G, Ernani PR, SA, AA, Pereira AJ (2012) Soil
composition and nutritional status of apple as affected by
long-term application of gypsum. R Bras Ci Solo. 36:215-
222.

Nicoloso RS (2008) Balanco do carbono orgénico no solo sob
integracdo lavoura-pecuéria no sul do Brasil. R Bras Ci
Solo. 32:2425-2433.

Oliveira IP, Costa KAP, Faquin V, Maciel GA, Neves BP,
Machado EL (2009) Efeitos de fontes de calcio no
desenvolvimento de gramineas solteiras e consorciadas.
Ciéncia e Agrotecnologia. 33:592-598.

Raij B van (2011) Melhorando o ambiente radicular em
subsuperficie. Informagdes agronémicas n. 135, IPNI —
International Plant Nutrition Institute, setembro, 2011.
Disponivel em:
<http://www.ipni.org.br/ppiweb/BRAZIL.NSF/$webindex/
03694481E509BEB98325791B005FFC99>Acess: 20 mar.
2012.

Saeg (1999) Sistema para analises estatisticas. Versao 8.0.
Universidade Federal de Vicosa.

Santos MA, Freire MBGS, Almeida BG, Lins CMT, Silva
EM (2013) Dynamics of ions in saline-sodic soil under
phytoremediation with Atriplex nummularia and gypsum
applications. Revista Brasileira de Engenharia Agricola e
Ambiental.17: 397-404.


http://www.ipni.org.br/ppiweb/BRAZIL.NSF/$webindex/03694481E509BEB98325791B005FFC99
http://www.ipni.org.br/ppiweb/BRAZIL.NSF/$webindex/03694481E509BEB98325791B005FFC99

Serafim ME, Lima JM, Lima VMP, Zeviani WM, Pessoni PT
(2012) Alteragdes fisico-quimicas e movimentacdo de ions
em Latossolo gibbsitico sob doses de gesso. Bragantia.
71:75-81.

Soratto RP Crusciol CAC, Mello FFC (2010) Componentes
da producdo e produtividade de cultivares de arroz e feijdo
em fungdo de calcario e gesso aplicados na superficie do
solo. Bragantia. 69:965-974.

Soratto RP, Crusciol CAC (2008a) Atributos quimicos do
solo decorrentes da aplicagdo em superficie de calcario e
gesso em sistema plantio direto recém-implantado. R Bras
Ci Solo. 32:675-688.

Soratto RP, Crusciol CAC (2008b) Produgdo de fitomassa e
acimulo de nutrientes pela aveia-preta em funcdo da
aplicagdo de calcario e gesso em superficie na implantagéo
do sistema plantio direto. Ciéncia Rural. 38:928-935.

Sousa DMG, Lobato E, Rein TA (1996) Uso do gesso
agricola nos solos dos Cerrados. Circular Técnica 32,
Planaltina: EMBRAPA-CPAC p 20.

Sousa DMG, Ritchey KD (1986) Uso de gesso no solo de
cerrado. In: Seminéario sobre o uso do fosfogesso na
agricultura, Brasilia Anais Brasilia: EMBRAPA/DDT p
119-144.

Souza FR, Rosa Junior EJ Fietz CR, Bergamin AC,
Venturoso LR, Rosa YBCJ (2010) Atributos fisicos e
desempenho agronémico da cultura da soja em um
Latossolo Vermelho distroférrico submetido a dois sistemas
de manejos. Ciéncia e Agrotecnologia. 34:1357-1364.

476

Souza FR, Rosa Junior EJ, Fietz CR, Pellin DMP, Bergamin
AC, Gelain E, Rosa YBCJ (2012) Morphology and stability
of aggregates of an Oxisol according to tillage system and
gypsum application. Rev Ceres. 59(6):859-866.

Souza MAS, Faquin V, Guelfi DR, Oliveira GC, Bastos CEA
(2012) Macronutrient accumulation in the soybean
influenced by prior cultivation of Marandu grass and soil
remediation and compaction. Revista Ciéncia Agrondmica.
43: 611-622.

Souza MAS, Silva DRG, Avila FW, Faquin V, Oliveira GC,
Bastos CEA (2011) Previous cultivation of palisade grass
and soil correctives: influence on growth and yield of
soybean cultivated under various soil compaction levels.
Ciénc Agrotec. 35: 1132-1140.

Tavares-Filho AN, Barros MFC, Rolim MM, Silva EF (2012)
Incorporacdo de gesso para corregdo da salinidade e
sodicidade de solos salino-sédicos. Revista Brasileira de
Engenharia Agricola e Ambiental. 16:247-252.

Wadt PGS, Wadt LHO (1999) Movimentagdo de cations em
amostras de um Latossolo Vermelho-Amarelo incubadas
com duas fontes de célcio. Scientia Agricola. 56:1157-
1164.



