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Abstract: Water stress is a limiting factor for soybean crop development, and it may increase due to
subsurface soil acidity. The use of agricultural gypsum is a way to improve the soil chemical condi-
tions at depth and mitigate the undesirable effects caused by water restriction during drought peri-
ods. This study aimed to evaluate whether gypsum application increases soybean yield in water
restriction conditions. The experiment was implemented in 2018 in a Humic Cambisol, Southern
Brazil. The treatments consisted of two gypsum management procedures (with 1.4 Mg ha' and
without application) associated with two water conditions (with and without water restriction). The
water conditions were promoted by partially covering the soil with plastic tarpaulin sheets. Soybean
was grown in the crop years 2018/19 and 2019/20 to assess root attributes and yield and were ana-
lyzed soil chemical characteristics. Water restriction reduced soybean yield by 11.4 and 36.8% in the
2018/19 and 2019/20 harvests, respectively, whereas there was no response to gypsum application.
The plants’ root system was not affected by the water conditions or gypsum management. It was
concluded that water restriction reduces soybean yield, and agricultural gypsum does not mitigate
such loss under the evaluated conditions, even though it positively changes some soil chemical pa-
rameters.
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1. Introduction

Water stress, which is caused by decreased water potential in the soil, is the main
abiotic limiting factor in annual crops. Water deficit promotes changes in plants’ biochem-
ical and physiological processes, such as photosynthesis, respiration, and nutrient absorp-
tion [1]. The magnitude of the losses caused by water deficiency during the crop cycle also
depends on the stress, the phenological stage affected, the cultivar, and management
strategies implemented to mitigate impacts [2]. Among the main dryland crops, soybean
(Glycine max) is severely affected by drought events due to the plant’s high water demand
during its cycle [3].

By adopting the no-tillage system (NT), higher soil moisture stability is observed due
to crop residues present on the soil surface [4]. However, only the physical protection of
the soil surface does not ensure yield stability in water-deficit periods. Another relevant
characteristic of soils conducted under NT is the correction of surface acidity [5]. Surface
application without limestone incorporation can hinder subsurface acidity correction;
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therefore, it is necessary to condition the soil at depth to reduce the impacts of such chem-
ical gradient [6].

Agricultural gypsum (CaSO+2H:0), a by-product of phosphate fertilizer manufac-
ture, can be an efficacious alternative to reduce susceptibility to water scarcity periods
and mitigate toxic aluminum (Al*) effects for plants [7]. From a chemical point of view,
gypsum does not generate negative electrical charges in the soil, which allows greater
calcium (Ca) migration at depth as opposed to limestone [8]. In addition to Ca, gypsum
provides sulfur (S) in the form of sulfate (SO4*) [9,10], which can decrease Al toxicity by
the formation of an ionic pair (AISOs).

The beneficial effects of gypsum in water stress conditions are directly related to sub-
surface edaphic environment improvement. Calcium supply and, consequently, Al tox-
icity reduction favor root growth at depth [7], reaching soil regions with greater water
availability [3]. Considering field research conducted in Brazil, Tiecher et al., 2018 and
Pias et al., 2020 reported that gypsum has good technical response in the presence of toxic
Al concentrations in the subsurface and water restriction. Soybean crops are more likely
to have positive responses to gypsum management when they coincide with water stress
periods in acidic subsurface soils [13,14].

However, most of the information reported in the literature on this subject comes
from studies conducted on Oxisols [12]. Therefore, there is a need for research to cover
other soil classes, making it possible to extend recommendations and confirm the response
patterns shown in the literature to other edaphoclimatic conditions.

This study hypothesizes that the use of agricultural gypsum increases soybean yield
in acidic soil during water restriction periods. In this context, the study aimed to evaluate
the chemical changes in Cambisol after agricultural gypsum application and its effect on
soybean yield under two water conditions.

2. Material and Methods

The experiment was conducted at the Experimental Farm of the for Agroveterinary
Sciences Center of Santa Catarina State University (CAV/UDESC), in the municipality of
Lages — Santa Catarina (latitude 27° 44’ 54.11” S and longitude 50° 05" 08.09” W, at 884
meters of altitude), Southern Brazil. According to the Koppen classification [15], the local
climate is classified as Cfb type (humid mesothermal, and mild summers).

The soil is classified as a Cambissolo Himico/Humic Cambisol [16,17], showing good
to moderate drainage and the following characteristics, obtained in the 0-20 cm layer be-
fore installation of the experiment: clay content: 28%; pH-H20: 4.6; SMP index: 4.9; soil
organic matter content (SOM): 5.1%; Available phosphorus (P) (by Mehlich 1): 7.9 mg dm-
3, Exchangeable potassium (K): 186.8 mg dm (by Mehlich 1); Exchangeable aluminum
(Al): 2.9 cmole dm3; Ca: 5.6 cmol. dm3; Magnesium (Mg): 3.2 cmol. dm3; Potential acidity
(H+Al): 15.6 cmole dm3; sum of bases: 9.3 cmolc dm3; CECeftective and CEC pHzr.o: 12.2 and
24.8 cmole dm3, respectively.

In 2015, soil acidity was corrected with limestone incorporation in the 0-20 cm layer,
aiming to raise pH-H20 to 5.5 by using dolomitic limestone with 90% total relative neu-
tralizing power (TRNP) and 29% and 19% CaO and MgQO, respectively. Subsequently, P
availability was corrected in the soil by applying 50 kg ha! of P20s, in the form of triple
superphosphate. Sequential crops of beans, wheat, corn, and wheat were performed in
2015/2016, 2016, 2016-2017, and 2017, respectively, with each crop receiving maintenance
fertilizer for P and K as recommended by CQFS-RS/SC (2016). After the last crop, the area
was kept fallow.
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In October 2018, the experiment was installed under a completely randomized de-
sign, in a 2x2 factorial scheme and three replications. Two gypsum management proce-
dures were tested, with and without its application, and two water conditions, absence,
and presence of water restriction in the soil. Gypsum was characterized and showed 21%
Ca, 16% sulfur (S5), and 0.9% phosphorus (P20s). The gypsum rate (GR) was calculated
according to the equation [GR (Mg ha') =50 x clay content (%)] [18], resulting in 1.4 Mg ha-
1. Gypsum was applied manually and homogeneously to the soil surface.

In November 2018, soil water control systems were implemented, using translucent
plastic tarpaulin sheets arranged in different ways in the space between the sowing rows,
remaining there throughout the study period (Figure 1). For treatments without water
restriction, the tarpaulin sheets were placed in the form of an inverse gutter (Figure 1-A
and 1-C), allowing the water from rainfall to enter and maintaining the other similar en-
vironmental conditions. In treatments with water restriction, the tarpaulins sheets were
placed on the soil surface, forming a gutter to exclude part of rainfall water (Figures 1-B
and 1-D). Such installation aimed to limit rainwater entry to 60% in the water restriction
condition. Around the plots, a plastic retainer was installed. It was buried in the ground
to spread and prevent runoff water from the environment adjacent to the experiment from
entering.

Figure 1. Layout of the soil’s water-condition control system. Images A and C illustrates the system
for maintaining rainwater in the plot, whereas images B and D show the system used to exclude part
of the rainwater.

Soybean was grown in the 2018/19 and 2019/20 harvests, using the Nidera 5909 RR
cultivar. The seeds were arranged with row spacing of 0.5 m and plant density of 300
thousand seeds ha'. Before sowing, the seeds were treated with a sodium-molybdate and
cobalt-sulfate solution to provide molybdenum and cobalt, respectively. Also, they were
treated with peat inoculant, aiming to optimize the symbiosis with N-fixing bacteria. Fer-
tilizer was applied on the surface according to the maintenance criteria for P and K, with
the expected yield of 4.0 Mg ha [9], and using triple superphosphate and potassium chlo-
ride as sources, respectively. Phytosanitary management of weeds, pests, and diseases
followed the technical criteria for soybean crops. Grain yield was obtained by harvesting
an area of 1.5 m? plot!. After harvesting, the seeds were dried in a forced ventilation oven
at 60 °C until a constant weight was achieved, with subsequent adjustment for grain mois-
ture of 13%.
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During the R2 phenological stage, in the 2018/19 harvest, roots were sampled in four
soil layers (0-10,10-20, 20-30, and 30-40 cm), using a cylindrical auger of internal diameter
4.5 cm. The samples were removed in the spacing between the plot central rows, with each
treatment represented by one repetition. Subsequently, the roots were cleaned by water
jets and a set of sieves of minimum mesh 0.5 mm to remove soil and other impurities. The
root material was placed in ethyl-alcohol solution and stored under cooling conditions at
4 °C. The surface area, volume, and root length density were determined using the
WinRHIZO software, and dry mass was obtained after oven-drying at 60 °C.

In May 2019, soil collection was performed in layers 0-10, 10-20, 20-30, and 30-40 cm,
using an auger. The samples were oven-dried at 60 °C, sieved through a 2 mm mesh sieve
and the following chemical attributes were subsequently evaluated according to the meth-
odologies proposed by Tedesco et al. (1995): pH-H20 (1:1 soil-water ratio), available P and
exchangeable K, extracted by Mehlich 1 and determined by molecular absorption spectro-
photometry [20] and flame photometry, respectively. Calcium, Mg and Al were extracted
by 1 mol L-* KCl, with Ca and Mg being determined by atomic absorption spectrophotom-
etry and Al by titration with 0.0125 M NaOH solution. Soil organic matter content was
obtained by the sulfochromic solution oxidation method, and S-SO4 was extracted by
Ca(H2PO4)2-H20 and determined by turbidimetry. Potential acidity was estimated by cor-
relation with the obtained pH value in TSM solution [21]. To calculate CECeffective, alumi-
num saturation (m%), CEC pHro, and bases saturation (V%), the equations provided by
CQFS-RS/SC (2016) were used.

To evaluate the effectiveness of the rainwater exclusion system in the experimental
plots, soil was collected from the 0-10 and 10-20 cm layers during the different phenolog-
ical stages of soybean. Sampling was performed using an auger, and the soil was packed
in plastic bags to prevent moisture loss. Gravimetric moisture was determined, and soil
density and volumetric moisture were obtained from collections using soil sample rings.
The permanent wilting point and field capacity were calculated based on the voltages of
1,500 and 10 kPa, respectively, according to the pedotransfer functions presented by [22],
which take into account the texture and SOM content.

Shapiro-Wilk test was applied to the data obtained during the experiment to evaluate
normality. Subsequently, analysis of variance (ANOVA) was performed, and the means
were compared by the Tukey test at a 5% significance level. The analyses were performed
by the SISVAR 5.6 statistical software [23], and the graphics were designed using the Sig-
maPlot 12.5 software.

3. Results and Discussion
3.1. Performance of the water exclusion system

There were significant differences in moisture content between the water conditions
implemented in the two years evaluated (Figure 2). In the 2018/19 harvest, volumetric
moisture without water restriction was 35.8, 7.4, 8.8, and 15.6% higher than that with the
restriction condition, considering the emergence, vegetative, flowering, and pod-filling
stages, respectively. However, when considering the previously mentioned stages for the
2019/20 harvest, it was found that volumetric moisture in the condition without water
restriction was 9.0, 5.2, 12.6, and 9.3% higher than with water restriction, respectively.

The field capacity and permanent wilting point estimated values for the soil were
0.53 and 0.29 m?® m=, respectively, which are within the range found in studies for the state
of Santa Catarina [22,24]. It was observed that in both years, treatment with water re-
striction approached and remained partially below permanent wilting point (Figures 2a
and b), with the 2019/20 agricultural year being more affected since its treatment without
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water restriction was compromised. Regardless of the evaluated period, the 10-20 cm layer
(Figure 2c) showed higher moisture compared to the surface layer, reinforcing that the
evapotranspiration and drying process begins in the soil topmost regions.
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Figure 2. The soil volumetric moisture (m3 m=) at different phenological stages of the soybean crop
in the agricultural years 2018/19 (a) and 2019/20 (b). The soil volumetric moisture in the 0-10 and 10-
20 cm layers during two growing periods (c). Means followed by different letters at the same pheno-
logical stage and between layers in each year show a significant difference using the Tukey test
(p<0.05). The red dashed line represents the soil volumetric moisture at the permanent wilting point
(PWP). EM: Emergence; VG: Vegetative; FL: Flowering; PD: Pod-filling.

Some physical-chemical factors, such as SOM content, are strongly associated with
water availability in the soil [22]. Because of the high specific surface of SOM concerning
other minerals, it can contribute significantly to maintaining adequate soil water condi-
tions [25] and improving the stability of soil aggregates in NT [26]. However, in this study,
the high SOM content observed on the soil surface (0-20 cm) may not have been sufficient
to assist in maintaining soil moisture due to the magnitude of the restriction promoted.
The presence of 2:1 minerals in partially developed soils, such as Cambisols, is also a factor
that improves water retention due to the expansion capacity of these minerals [27].
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Because moisture measurements were performed by periodic sampling, the values
may not represent the actual levels due to the temporal variability of soil moisture within
each cropping stage, since a constant measurement is recommended. However, when an-
alyzing the total volume precipitated in the agricultural years 2018/19 (655 mm) and
2019/20 (505 mm) (Figure 3) and considering the partial entry of 40% of water in treat-
ments with water restriction, the total amounts of 262 and 202 mm are obtained, respec-
tively. These values are lower than the water quantity necessary for the normal develop-
ment of soybeans [28].
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Figure 3. Monthly rainfall during the first (2018/19) and second (2019/20) soybean crops.

3.2. Soil chemical characteristics

Gypsum application had low influence on acidity-related soil attributes, while water
conditions did not show significant effects (Table 1). Agricultural gypsum reduced Al
content in the mean for the 0-40 cm layer and decreased Al saturation by approximately
55% in the 10-20 cm layer (Table 1). Considering the soil layers sampled regardless of
gypsum management and water conditions, when deeper areas were evaluated, reduced
values for pH-H20, V%, and SOM and increased values for H+Al, Al, and m% were ob-
served.

The lack of effects from agricultural gypsum on pH is related to its inability to gen-
erate electrical charges in the soil, unlike limestone. However, in some situations, small
variations are observed for this parameter. They are caused by exchange reactions be-
tween Ca and Al on the surface of colloids, allowing the latter to generate H* ions by the
hydrolysis reactions in the solution [10], increasing acidity or raising pH due to the effect
of SO« on displacing OH- ions from colloids to the solution [13]. The non-change in the
number of negative charges accompanied by the supply of Ca may, as observed in this
study, reduce Al saturation by the displacement of the toxic element to the solution,
caused by the divalent ion [6,13]. Hence, Al may precipitate as an AISOs+* ionic pair [8,10].
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Table 1. Changes in soil chemical attributes related to soil acidity and organic matter content due
to the management of agricultural gypsum and soil water condition in four layers evaluated in a

Cambisol.
Soil depth (cm) Soil chemical properties
pH-H20
----Gypsum---- ----Water restriction----
without with without with Mean

0-10 5.56ms 5.58 5.51ns 5.63 5.57 a
10-20 5.02ns 5.08 5.01rs 5.09 5.05b
20-30 4.35ns 4.37 4.36m 4.36 4.36 ¢
30-40 4.2]ns 4.25 4.250s 4.20 423 c
Mean 4.79ns 4.82 4.80ns 4.80

CV (%) 5.25
H+AI (cmol. dm:3)

0-10 6.69ns 7.27 7.88ns 6.38 713 d
10-20 15.10ns 12.89 14.65ns 13.35 14.00 c
20-30 28.40ns 27.92 28.58ns 27.81 28.19b
30-40 34.40rs 35.88 36.55m 33.74 3514 a
Mean 21.24ns 20.99 21.91ns 20.32

CV (%) 19.98
Al (cmol. dm-3)

0-10 0.40rs 0.19 0.25ns 0.35 0.30d
10-20 2.20ms 1.22 1.69ns 1.80 1.75¢
20-30 5.70rs 5.76 5.03ns 5.88 5.45b
30-40 7.80ns 7.23 7.35ms 7.69 7.52a
Mean 4.06 3.45 3.58ns 3.93

CV (%) 27.84
m% (0/0)

0-10 2.39ns 1.20 1.57ns 2.02 1.79d
10-20 17.29 A 7.77 B 11.25ns 13.81 12.53 ¢
20-30 52.90xs 47.03 46.361s 53.57 49.97b
30-40 72.50m0s 66.31 65.74ns 73.12 69.43 a
Mean 36.28° 30.57 31.23ns 35.63

CV (%) 24.37
V% (%)

0-10 70.39ns 6.,25 66.78ns 72.87 69.82 a
10-20 42 .56 53.27 48.93ns 46.90 4791b
20-30 15.100s 17.46 17.32ns 15.25 16.28 ¢
30-40 7.84ns 9.70 9.79ns 7.75 8.77d
Mean 33.97ns 33.42 35.70ms 35.69

CV (%) 18.07
SOM (%)

0-10 5.38ns 5.22 5.38ns 5.22 530 a
10-20 4.20rs 4.56 4.35m 4.45 440b
20-30 3.00ms 3.20 3.10ms 3.10 310 ¢
30-40 2.20ms 2.58 2.55ms 227 241d
Mean 3.90ms 3.71 3.85ms 3.76

CV (%) 10.68
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Means followed by different lower-case letters within the column and different capital letters in the
line, to the two factors, differ statistically (p<0.05). m%: aluminum saturation. V%: base saturation.
SOM: soil organic matter. *significant by the Tukey test (p<0.05); ns: non-significant. CV: Coefficient
of variation.

The changes observed along the soil profile, without any dependence on the factors
evaluated in this study, agree with reports in the literature. The higher SOM content and
the presence of higher pH and higher V% in the surface layers are due to the non-disturb-
ance of the soil and the application of soil conditioners in the surface layers [29].

There were changes in nutrient availability in the soil due to gypsum management
and soil water condition (Table 2). Agricultural gypsum increased the availability of SO4?*
(10-40 cm layer), Ca (10-20 cm layer), and P (0-10 cm layer), but did not change the ex-
changeable K and Mg contents. Interestingly, in the 0-10 cm layer, K was higher in the
condition without water deficiency, while the other nutrients were not affected by the
water condition. By considering the mean effects on the soil profile analyzed, there was a
reduction in the labile content of all nutrients, except for SO+*, whose content was higher
in the 10-40 cm layers, as compared to that in the surface layer.

Agricultural gypsum has high amounts of Ca and SO+ in its constitution, which jus-
tifies their increase in the soil [6]. Regardless of gypsum management, Ca levels were sim-
ilar in the treatments, especially in the uppermost layer, in which the high values (CQFS-
RS/SC, 2016) may reflect the residual liming effect [30,31].

Phosphorus increase resulting from gypsum application can be attributed to the pres-
ence of SO+, which, even with a low decrease in P adsorption, causes a lability increase
[32]. Also, gypsum is a residue from the manufacture of phosphate fertilizers, and, conse-
quently, the presence of small P amounts in the product is common (CQFS-RS/SC, 2016).
The high adsorption capacity of P with clay particles, associated with low mobility in the
soil, provides its greater accumulation on the surface [33]. The non-change in K and Mg
values is justified by high soil CEC, which limits these cations” displacement in the soil
profile, contrary to what is commonly observed in soils with less acidity buffering. Appli-
cations of high gypsum rates and/or in soils with low CEC can displace K and Mg from
the surface of loads and, consequently, result in vertical displacement [11].

Increased S-504* at depth is due to the association of some factors, such as the limited
ability to compete with phosphate for adsorption sites [32] and the formation of ionic pairs
with Ca and Al [30]. Many studies have observed that a reduction in SO+ availability at
depth occurs again in regions of the soil where there is a low P concentration [34]. How-
ever, in this study, S-5O4# mobility may be related to CaSOs formation when Ca increases
in the 10-20 cm layer or by AISOs* formation.

Potassium content was lower with the presence of water restriction in the soil. This
effect was pronounced in the 0-10 cm layer and can be attributed to the combination of
mineralogical and water factors. Many soils in the Southern Brazil have expressive
amounts of 2:1 clay minerals that lend the ability to fix K in the interlayers [35]. This effect
is even more pronounced in drier soil conditions, due to the lesser amount of water that
migrates inside the minerals, reducing K expansion and release capacity [36], thus result-
ing in smaller extracted quantities. It is assumed that this behavior may have occurred in
this soil, given the lower overall soil moisture in the topmost layer (Figure 2c).
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Table 2. Changes in soil nutrient availability as a function of agricultural gypsum management
and the soil water conditions in four evaluated layers of a Cambisol.

Soil depth (cm) Soil chemical properties
5-SO# (mg dm)
----Gypsum---- ----Water restriction----
without With Without With Mean

0-10 24.41rs 29.79 26.08ns 28.12 27.10b
10-20 27.70 B 46.39 A 33.14ns 40.95 37.05a
20-30 31.39B 4473 A 39.60ms 36.53 38.06 a
30-40 28.39B 45.01 A 33.21ms 40.19 36.70 a
Mean 27.97 41.48 3301rs 36.45

CV (%) 24.40
K (mg dm?)

0-10 249.20rs 233.50 276.18 A 206.50 B 24134 a
10-20 127.16" 132.12 139.80n 119.55 129.65b
20-30 91.00~s 95.15 91.41rs 94.44 93.00 bc
30-40 90.35 81.55 85.25ms 86.59 85.93 ¢
Mean 139.42ns 135.58 148.16 126.77

CV (%) 27.70
Ca (cmolc dm-)

0-10 10.09ns 10.28 9.60ms 10.77 10.18 a
10-20 6.30 B 8.34 A 8.05 6.59 7.32b
20-30 2.50ms 2.87 2.96m 2.40 2.68 ¢
30-40 1.350s 1.78 1.850 1.28 1.56 ¢
Mean 5.06 5.82 5.62ns 5.26

CV (%) 21.74
Mg (cmole dm)

0-10 5.72ns 5.36 519 A 5.88 A 5.54 a
10-20 4.61rs 5.16 501 A 476 A 4.88a
20-30 2.34ns 2.63 259 A 238 A 2.48b
30-40 1.36ms 1.76 1.82 A 1.30 A 1.56 c
Mean 3.51rs 3.72 3.66 3.58

CV (%) 18.81
P (mg dm?)

0-10 18.72 B 2261 A 20.99ns 20.33 20.66 a
10-20 6.34rs 6.76 8.18ns 4.92 6.55b
20-30 4.24rs 6.22 5.59ns 4.87 523b
30-40 2.76ns 3.94 3.64ns 3.07 3.35b
Mean 8.01 9.88" 9.60rs 8.30

CV (%) 36.67

Means followed by different lower-case letters within the column and different capital letters in the
line, to the two factors, differ statistically (p<0.05). *significant by the Tukey test (p<0.05); ns: not
significant. CV: Coefficient of variation.

3.3. Agronomic response of soybeans

Soybean yield was only affected by the soil water condition, with no effects from
gypsum or interaction between the observed factors (Figure 4). In the 2018/19, 2019/20,
and cumulative harvests, soybean yield was 11.4, 36.8, and 20.0% higher in the condition
without water restriction, respectively. Generally, the yield was severely affected in the
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2019/20 agricultural year, being lower than the national average of 3.2 Mg ha' in the
2018/19 harvest [37], even in the treatment without water restriction, caused by a drought
period in the first months of the year.

The losses caused by water deficiency to the growth and yield of plants are well
known [38] and routinely experienced by farmers. The magnitude of losses caused by wa-
ter stress is also directly related to the duration of such conditions [39].
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Figure 4. Soybean yield according to the soil water condition (a) and to gypsum application (b),
considering the 2018/19, 2019/20 harvests and the cumulative response. Means followed by the same
letter in the agricultural year do not differ (p<0.05). ns: not significant. Vertical lines represent the
standard error of the mean.

Differently from what was expected, agricultural gypsum did not influence soybean
yield, not even in the condition of water restriction. The major hypothesis in this study
was that damage to the plant would be minimized by water deficiency, according to stud-
ies conducted by Pias et al. (2020) and Tiecher et al. (2018). As reported by the authors,
soybean response to agricultural gypsum is more likely in soils showing water deficiency.
In such harmful edaphic conditions, the need for greater root expansion, in association
with the benefits provided by gypsum along the soil profile, attenuates damage to plants
[3,13,14].

With this regard, several authors emphasize the importance of soil correction in the
subsurface for Al saturation reduction and Ca content increase. The objective is to improve
soil chemical quality along its profile and enable better root development at depth, thus
meeting plants’ nutritional and water requirements, with positive yield responses
[6,11,12,14].

Among the main grain crops, soybeans are the least responsive to gypsum applica-
tion, especially compared to grasses [12]. According to current bibliographic research, Al
saturation is the main parameter related to decision-making regarding gypsum use. The
possible effects of increased yield occur mainly when the values are greater than 10% in
water stress conditions or above 43% without water stress [12]. Although Al saturation in
this study was above 50% in the 20-40 cm layer, soybean yield was not influenced. The
lack of response may be related to the high availability of Ca in the surface layers and its
content in the subsurface (>2.0 cmol. dm?). Positive responses to gypsum use for soybeans
decrease with increasing Ca levels found at depth [12,40]. This effect is related to the
greater cation exchange capacity of soybean roots, which gives it a greater ability to absorb
bivalent cations than monocots [13]; thus the technical efficiency of gypsum application is
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reduced. The lack of response may also be related to the presence of exchangeable Ca
associated with high SOM content, which can mitigate the harmful effects caused by Al
due to decreased ionic activity in the solution and complexation of the toxic element by
organic components [41].

Although gypsum applications increased S-SO4> levels in the soil, the values were
still above critical level without its application [9]. This fact indicates the contribution from
SOM and biological activity to S-5O4* availability given the SOM content found (Table 1),
which reduces the possibility of gypsum’s having responded to provide such nutrient
[42]. Also, the moderate acidity level may have contributed to the higher retention of this
ion, preventing a more intense leaching process and maintaining adequate levels for the
crop [43]. Low agronomic responses to S-SO4* supply are found when its content is above
7.6 mg dm? and in subtropical soils that provide a more gradual mineralization rate com-
pared to those in tropical regions [40].

3.4. Root system characteristics

There was no significant effect on the root system parameters (Figure 5). Although
the water restriction affected soybean yield, the effects of such conditions did not influ-
ence root development. Because the soil remains in favorable moisture conditions most of
the time, also when there is water restriction (Figure 5a), the roots were not stimulated to
increase soil exploration in the subsurface regions. On the other hand, the lack of response
to gypsum use may be related to favorable Ca content in the subsurface (20-40 cm) without
applying the conditioner. Thus, Ca was not a limiting factor to root or crop development
[43].

Some studies have shown contrasting results of root development given the soil
chemical conditions. Greater root development in the subsurface can be observed with
gypsum use without effects on yield [44], as well as stimuli caused by the presence of H*
in root growth in acidic soils where Al undergoes complexation by organic acids [45].

The results obtained in this study did not show any associated effects between agri-
cultural gypsum application and water restriction. Water restriction alone restricted soy-
bean yield, whereas gypsum resulted in the improvement in some of the soil chemical
attributes. On the other hand, none of the factors evaluated changed root growth up to
the 40 cm layer. Based on these results, it is believed that agricultural gypsum application
in highly buffered soils with high SOM content requires greater attention. Another aspect
to which researchers should pay heed is the gypsum rate applied to soils in southern Bra-
zil since they show higher acidity buffering than that observed in soils in the country’s
central region. According to Tiecher et al. (2018), the maximum economic efficiency for
gypsum remains between rates of 2 to 3 Mg ha! for crops. However, those studies were
developed in Oxisols, where, in chemical terms, acidity buffering occurs predominantly
from the clay fraction, unlike soils in high altitude regions, where SOM performs this
function more prominently, providing high buffering capacity [46].
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Figure 5. Influence of water conditions and agricultural gypsum management on the root surface
area (a), length density (b), root volume (c), and dry root mass (d) in four layers of a Cambisol eval-
uated in the 2018/2019 harvest. msd: minimum significant difference.

Agricultural gypsum did not influence root characteristics or soybean yield in water
restriction, showing lower productivity under such condition.
Gypsum use promoted chemical changes, such as an increase in calcium, sulfate, and
phosphorus in the soil, and a reduction in aluminum content and saturation in CECeftective,
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