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ABSTRACT: Soils of natural grasslands in the Amazon region play an essential role in
local food production and preservation of the Amazon rainforest. However, in general,
these soils have high acidity, which limits irrigated rice production. The objective of this
study was to evaluate the effect of liming and irrigation management on the dynamics of
soil reduction, nutrients in the soil solution, nutrition, and aboveground plant biomass in
natural fields soil in southern Amazonia, Brazil. The experiment evaluated the correction
factors for soil acidity and irrigation management, flooded and saturated soil. The
experiment was carried in pots in a greenhouse. Liming reduced the Eh of the soil and
had a higher influence than the soil irrigation condition. Liming also had a higher influence
on soil pH than irrigation conditions. Liming and saturated soil had the lowest Fe content
in the soil solution. Higher Ca and Mg contents were observed in the soil solution under
liming and flood irrigation. Thus, liming is an essential strategy to improve chemical
conditions for plant development in the soil of natural Amazonian grasslands and can
be used in conjunction with saturated irrigation, which is more efficient in using water
and reduces the effects of iron toxicity.
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INTRODUCTION

The Amazon is one of the biomes with the greatest biodiversity of plant and animal
species on the planet (IBGE, 2019). Its total area is 6.9 million km?, of which approximately
60 % is in Brazil (IBGE, 2019). It is an ecological heritage of humanity and its integral
preservation is essential for the full functioning of ecosystems. Also, major climate
changes in various regions of the world have been reported as resulting from changes
in this tropical forest (Arias et al., 2020). In this sense, the areas of natural fields that
occur adjacent to the forest can be used to produce food for local populations and, thus,
minimize human interventions in the Amazon forest.

Natural grasslands in the Amazon cover about 342 thousand ha (0.05 % of the Amazon
forest) and present two well-defined climatic seasons, a rainy season from October to May
and a dry season from June to September (Silva et al., 2018). The main crops produced
in this region are rice, corn and soybeans. Cultivation of irrigated rice is favored in the
natural fields of the Amazon, due to the proximity of the groundwater to the surface, which
keeps the soil with high moisture. However, there are differences in water management
depending on the season of the year. In rainy seasons, the large availability of water
reduces the need forirrigation for irrigated rice production, and the soil is normally kept
only saturated with water. In the dry season, there is a need for a higher supply of water
via irrigation, with the establishment of a continuous flood irrigation system and a water
depth on the ground, which makes the redox conditions more reduced.

Soil redox potential interferes with iron reduction and other oxidized compounds and
is conditioned by the activity of anaerobic microorganisms, which is affected by water
management (Tanner et al., 2018; Carlos et al., 2022a). Continuous flooding increases
anaerobic conditions and favors the reduction of oxidized compounds (Tanner et al.,
2018). In saturated soil, there is an alternation in the oxidation-reduction state of the
soil, decreasing the anaerobic conditions (Rothenberg et al., 2016; Maneepitak et al.,
2019) and, consequently, the reduction of oxidized compounds (Borin et al., 2016;
Carlos et al., 2021).

Under these conditions, the iron contents in the soil solution are possibly lower, and
the K, Ca and Mg contents displaced into the solution are also lower (Borin et al., 2016;
Tanner et al., 2018; Carlos et al., 2020). Soils present in this region of tropical natural
grasslands are intensely weathered and have high acidity and aluminum saturation
(AP*), low nutrient content and CEC, which makes the lime application important to
neutralize acidity and provide Ca’* and Mg** in addition to chemical fertilizers to meet
the nutritional needs of plants (Carlos et al., 2020).

Rice cultivation in a continuous flooding system can favor plant nutrition, as this system
changes soil oxidation-reduction conditions and improves fertility, mainly by increasing
the pH (Vecozzi et al., 2018; Maneepitak et al., 2019; Carlos et al., 2022b) and the
availability of nutrients (Suriyagoda et al., 2017). On the other hand, in soils rich in iron
oxide, the anaerobic environment caused by flooding can cause nutritional iron toxicity
in rice plants (Suriyagoda et al., 2017). The toxic effect of iron can be reduced by soil
liming and intermittent irrigation, which decrease iron content in the soil solution and
increase Ca’* and Mg®* (Schmidt et al., 2013; Carmona et al., 2021).

Due to the particularities, no previous studies evaluated the soils of the Amazon’s natural
fields to understand the effects of irrigation and liming management on soil solution
properties, nutrition and the development of rice plants. The objective of this study was
to evaluate the effect of liming and water management on the dynamics of soil reduction,
nutritional status and plant production of irrigated rice in a soil from natural fields in the
southern region of the state of Amazonas.
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MATERIALS AND METHODS

Site description

Soil was collected in the agricultural area of Brasilia Farm, located at BR 319 km 15, with
geographic coordinates 7° 40’ 2.74"” S and 63° 9’ 28.09” W, in the municipality of Humaita
in the state of Amazonas (Figure 1). Soil sampling was carried out in a single location
of the superficial layer (0.00-0.20 m) of a Gleissolo Haplico Alitico tipico (Campos et al.,
2012), which corresponds to a Gleysol (IUSS Working Group WRB, 2015), in an area of
native natural field that has never been cultivated. The experiment was conducted in
a greenhouse.

Experimental design

The experiment was conducted in a completely randomized design with four replications
ina 2 x 2 factorial scheme. Factor A, liming, was composed of two levels, with and without
liming; factor B, water management, was composed of flooded soil and saturated soil.
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Figure 1. Area of natural fields, in the southern Amazon, with irrigated rice, where the soil collection
was performed to conduct the experiment.
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Table 1. Soil chemical properties in the 0.00-0.20 m layer before the beginning of the experiment

pH P Kt  ca* Mg* AP* H+Al TV Ve m?® MO Fe, Zn Mn Cu
H,0 mg kg™ cmol, kg™ % gkg?t — mgkg®
4.55 0.59 0.06 0.3 0.1 2.3 7.53 8.0 6 83 23 2846 08 42 1.2

T: CTC at pH 7; ® V: base saturation; ® m: aluminum saturation.

Soil samples were air-dried, soil lumps were broken, and passed through a sieve with a 10
mm mesh opening and placed in 8-liter plastic pots, in an amount equivalent to 6.5 kg of
dry soil. Soil samples were subjected to chemical analyses according to the procedures
described in Tedesco et al. (1995). Determination of pH in water (1:1); exchangeable
cations (Ca, Mg, Mn and Al) extracted with KCI 1 mol L*; P, K and Na extracted by the
Mehlich-1; Zn and Cu extracted with HCI 0.1mol L*'; and ammonium oxalate extractable
iron (Feo) 0.2 mol L pH 3.0 (Table 1).

Limestone and fertilizer doses were calculated based on soil analysis and fertilization
recommendations (Sousa and Lobato, 2004). The acidity corrector was composed of a
mixture of calcium oxide and pure magnesium (3:1 ratio) at a dose of 2.25 Mg ha™ with
PRNT of 192 %, raising the base saturation to 60 %, corresponding to 1,125 mg kg™ of
the mixture per kg of soil. The corrective was applied individually to each pot, mixing
it evenly into the 6.5 kg soil. The soils underwent 21 days of incubation, allowing the
reactions between soil and limestone to be processed. Eleven days after the start of
incubation, the average soil pH was 6.26.

Applied doses of phosphorus and potassium corresponded to twice the fertilization
recommendation based on Sousa and Lobato (2004) (90 mg kg™ of P,0s and 45 mg kg™ of
K;0). The sources of P and K used were simple superphosphate and potassium chloride,
respectively. For the correction of zinc and copper, 3.4 mg kg™ of Zn, in the form of zinc
sulfate and 2.5 mg kg™ of Cu, in the form of copper sulfate, were applied, respectively.
Fertilization was carried out by mixing the fertilizers with the soil of each pot, two days
before rice sowing. Twelve seeds of cultivar BRS Pelota were sown manually in each pot.
The soil was kept at 18 % gravimetric moisture for seven days, when water management
related to treatments began.

In the flooded soil treatments, water was applied until a 0.05 m thick layer was formed
on the soil surface, which was kept constant until the end of the experiment through daily
irrigations with distilled water. In the saturated soil treatment, irrigation was carried out in
sufficient quantity to keep the soil saturated, and this was carried out until the beginning
of the formation of a thin (3 mm) layer of water on the soil surface. Fifteen days after
the starting water management (DAM), the plants were thinned, keeping four rice plants
until the end of the experiment. The nitrogen doses used were 100 mg kg™ in the form
of urea and potassium at a dose of 90 mg of K,0 kg™ in the form of potassium chloride.
Nitrogen dose was fractionated, being applied 50 % at phenological stage V3 and the
remainder at the end of the vegetative period, phenological stage V8 (Counce et al.,
2000; Marques Neto et al., 2023).

Soil and plant sampling

To evaluate the soil solution, soil solution extractors, similar to those developed by
Sousa et al. (2002), were placed at a depth of 0.10 m as the soil samples were placed in
the pots. Soil solution collections were carried out every seven days after the beginning
of soil flooding up to the end of the experiment. Rice was cultivated for 60 days until
reaching the phenological stage of panicle differentiation RO (Counce et al., 2000).
During this period, all the shoots were cut close to the ground, being dried in an oven
at a temperature of 60 °C, until constant weight.
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Analyses

The pH and Eh analyses of the soil solution were performed with a specific combined
electrode, connected to a potentiometer and previously installed in an electrometric cell,
built in glass, similar to the one used by Sousa et al. (2002). As the cell remained full
of solution during the readings, it was possible to minimize its contact with molecular
oxygen, reducing the risk of altering its electrochemical characteristics. After pH and Eh
determinations, the samples were filtered through a 0.45 um millipore filter, transferring
approximately 30 mL of solution to glass vials containing 1 mL of HCI 3 mol L, resulting
in the final concentration of HCI in the sample around 0.1 mol L*, which enabled, in
this way, the analysis of the chemical composition of the samples in the laboratory. In
the soil solution samples, the levels of iron, manganese, zinc, phosphorus, potassium,
calcium and magnesium were also evaluated, according to the method described in
Sousa et al. (2002).

Total number of leaves with iron toxicity symptoms was determined (dead, discolored
and tanned leaves), from which the total percentage of leaves with symptoms of iron
toxicity in relation to the total of leaves in each pot was calculated. In relation to plant
growth, shoot dry matter was determined by means of the weight of plant tissue dried
in an oven at 60 °C to constant weight. Later, the tissue was ground (2 mm), subjected
to acid digestion and the contents of N, P, K, Ca, Mg, Fe, Mn, Cu and Zn were determined
according to the methodology described in Tedesco et al. (1995).

Statistical analyses

The results were analyzed using the Shapiro Wilk test. When the assumptions of normality
were obeyed, they were subjected to analysis of variance (p=<0.05). The results of the soil
solution collected over time were analyzed using a scatter plot and with 95 % confidence
band intervals to assess the statistical difference between treatments. After ANOVA,
the rice tissue results were subjected to the Tukey test (p=0.05). Statistical analysis
calculations were performed using the SAS software.

Pearson correlation was performed to assess the degree of relationship between the
chemical properties of the soil solution. A principal component analysis was also performed
to assess the overall effect of liming and water management on the chemical properties
of the soil solution. For scatter plot synthesis, Pearson’s correlation and PCA (Principal
Component Analysis), the statistical software R was used.

RESULTS

Redox potential (Eh) and soil solution pH

The Eh decreased and pH increased during the irrigation period in all treatments. Liming
promoted the lowest Eh values and the highest pH values in both managements. The pH
values were similar between the water management. Eh values did not differ between
water management levels throughout the period in treatments without liming, but in
treatments with liming, Eh was higher in saturated soil between 25 and 46 days, not
differing at other times (Figure 2).

Manganese, iron and zinc in soil solution

Manganese contents in the soil solution were very low in all treatments (Figure 3) and
decreased over time. The lowest levels of Mn were observed when there was liming with
flooded soil at 39 DAM. The highest Mn contents were observed at 25, 32 and 46 DAM at
the level plus liming compared to minus liming, while in saturated soil, the level plus liming
was higher than the level minus liming only at 25 DAM. Regarding water management,
it was observed that the Mn content was higher at the flooded level compared to the
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Figure 2. Eh (a) and pH (b) values of the soil solution with and without liming during the saturation
and flooding period. *: significant at the 0.05 level.

saturated level in the presence of liming at 32 and 46 DAM (Figure 3). In the absence of
liming, there was no difference between water management levels.

Iron contents in the soil solution (Figure 3) increased over time in all treatments, except
for the combination of liming and saturated soil, in which the Fe contents increased only
up to 25 DAM, then decreasing until 32 DAM tending to stability after this period. Up to
15 DAM, no statistical difference between treatments was detected. In the treatments
without liming, there was no difference in the Fe content in the soil solution between the
water management treatments up to 39 days, but from 46 days onwards, the flooded
water showed higher Fe contents in the solution than the saturated management.

Zinc contents in the soil solution were affected by liming, but there was no effect of water
management on this parameter (Figure 3). In the treatment without liming, the average
levels of Zn in the soil solution were 0.9 mg L™ at the beginning of flooding, decreasing
to values below 0.1 mg L™ after 39 days. Zinc concentration in the soil solution in the
treatments minus liming was higher than those observed in the treatments plus liming
up to 25 days of flooding, and after this time, there was no significant difference between
the treatments for the contents of this element in the soil solution.

Calcium and magnesium in soil solution

The highest levels of calcium (Ca) and magnesium (Mg) were observed in soils plus
liming (Figure 4), compared to treatments without liming in most of the evaluation
period. The combination of flooded soil plus liming provided the highest values of Ca
and Mg in the soil solution, reaching an average of 410 mg L™ of Ca at 39 days and 189
mg L of Mg at 53 days. Calcium contents in the treatment with liming and flooded soil
increased between 15 and 39 DAM and later decreased to 53 DAM. In the soil with lime
and saturated, there was a small increase in Ca contents up to 25 DAM, then decreasing
to 32 DAM and then tended to stabilize.

Rev Bras Cienc Solo 2023;47:0220101 6



.‘ ) Radmann et al. Soil solution and rice nutrition under liming and water management in a...

0.4- = 250 - 1.2- =
03-. i
150 -

100 -

Mn (mg L™)
Fe (mg L")
Zn (mg L)

0 20 40 0 20 40 0 20 40
Days after starting water management

Lime+flooded —— Lime+saturated —e— Without lime+flooded —— Without lime+saturated

Figure 3. Values of Mn (a), Fe (b) and Zn (c) in the soil solution with and without liming during the saturation and flooding period.
*: significant at the 0.05 level.

The Mg contents in the soil solution with limestone and flooded increased until the end of
the experiment, while in the soil with limestone and saturated the increase occurred only
up to 25 DAM, then decreasing until 39 days. Magnesium increased to 25 DAM, followed
by a sharp decrease to 32 DAM, after which it slowly increased again. Treatments minus
liming at both management levels had higher Ca content at the beginning, decreased
and stabilized. In the absence of liming, there was no significant difference in Ca and
Mg contents between the flooded and saturated levels.

Phosphorus and potassium in the soil solution

The P contents in the soil solution were very low (Figure 5) regarding the contents
normally observed in flooded soils and presented high variability turning it not possible
to infer about the effects of the treatments. The levels of K in the soil solution decreased
in treatments without liming throughout the evaluation period, while in treatments with
liming, the decrease occurred up to 32 days, tending to stabilization. This behavior was
not influenced by water management, as they were similar to each other at each liming
level (Figure 5). The K contents in the treatments without liming were higher than those
observed in treatments with liming, both in flooded and saturated soil (Figure 5).

Principal Component Analysis and Pearson’s Correlation

The PCA confirms results already presented for the soil solution variables (Figures 2, 3,
4 and 5). The plan generated with the two main components corresponds to 68.10 %
of the information contained in the original data: 48.00 % in main component 1 (PC1)
and 20.10 % in main component 2 (PC2). It is observed that there was the formation
of two groups in the plan for the liming factor and two groups in the plan for the water
management factor (Figures 6a and 6b), thus characterizing that the variables with
each other presented a possible degree of similarity. The results reveal that there was a
greater grouping of the effect of liming than of water management (Figures 6a and 6b).
Within the liming effect grouping (Figure 6a), the group formed plus liming presents a
direct association with the variables Mn, P, Ca, Mg, pH, Fe and time. The group formed
minus liming has a direct association with the Eh and Zn variables. Within the grouping
of the water management effect (Figure 6b), the flooded and saturated soil groups both
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Figure 4. Calcium (a) and Mg (b) concentration in the soil solution with and without liming during
the saturation and flooding period. *: significant at the 0.05 level.
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Figure 5. Concentration of P (a) and K (b) in the soil solution with and without liming during the
saturation and flooding period. *: significant at the 0.05 level.
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Figure 6. Biplot plot of the first and second main components of the principal component analysis
(PCA) containing the variables of soil solution and liming factors (with liming and without liming)
(a) and water management (flooded and saturated) (b). Eh: redox potential; Zn: zinc;
Mn: manganese; P: phosphorus; Ca: Calcium; Mg: magnesium; pH: pH of the soil solution;
Fe: iron.

present an association with the soil solution variables, as the effects of both are similar
on some of the studied variables.

Pearson’s correlation reinforces the results already presented. The moderate negative
correlation between Eh and Fe (-0.62) occurs as Eh decreases and Fe contents increase.
The negative correlation between Eh and pH (-0.88) is strong because as Eh decreases,
pH increases. The moderate positive correlation between pH and Fe (0.47) occurs as
the pH increases, the Fe content in solution increases. Strong negative correlation
(-0.80) was found between pH and Zn, because as the pH increases, the Zn contents
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Figure 7. Pearson correlation between chemical properties of soil solution under liming and water
management. (X) indicates no statistical difference at the 5% level.

decrease. There was a strong negative correlation between pH and K (-0.79), when
the pH increases, the K contents decrease (Figure 7).

Tillers, symptoms of iron toxicity, shoot and leaf macronutrient contents

Analysis of variance revealed that there was an interaction effect of the factors liming
and water management for the variables number of tillers, total percentage of leaves
with iron toxicity, shoot dry matter (DM) and N, P, K and Mg contents in rice tissue. For
the variable Ca content in the aerial part of rice, there was no effect of the interaction
of the evaluated factors (Table 2).

The saturated management in the soil plus liming provided the highest number of tillers,
lower total percentage of leaves with iron toxicity, and higher dry matter of the aerial
part in relation to the flooded management. The treatments minus liming greatly limited
the growth of rice plants in the two water managements, showing the lowest number
of tillers, the highest percentage of total leaves with iron toxicity, and the lowest dry
matter of the aerial part (Table 2).

Nutrient contents in the aboveground part of rice (Tables 2 and 3) depended on the
accumulation of dry matter and the phenological phase of the plant. In the treatments
without liming, the production of DM was much lower than that observed in the treatments
with liming (Table 2), causing the plants to present higher levels of N, P, K, Fe, Mn,
Zn and Cu.

In the treatments with liming, the flooded water management provided higher levels
of N and K and lower levels of Ca and Mg in the aerial part of the rice, compared to the
saturated management. In relation to P contents, there was no significant effect of water
management in the soil plus liming (Table 2).

Leaf contents of Fe, Mn, Zn and Cu

There was an interaction effect between liming and water management factors for the
Fe and Mn variables. For the contents of Zn and Cu in the rice shoot there was no effect

Rev Bras Cienc Solo 2023;47:0220101
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Table 2. Number of tillers and total percentage of leaves with iron toxicity evaluated at 45 DAM,
shoot dry matter (DM) and tissue N, P, K, Ca and Mg contents in rice plants of the cultivar BRS
Pelota under liming and water management

Water management

Liming Average
Flooded Saturated
Tillers (n° pot™)
Lime 24 b A" 38aA 31
No lime 16aB 14aB 15
Average 20 26
CV (%) 13.1
Total leafs with iron toxicity (%)
Lime 72.5a8B 29.7bB 51.1
No lime 87.3aA 88.2aA 87.8
Average 79.9 58.9
CV (%) 4.0
Shoot dry matter (g pot™)

Lime 204bA 31.3aA 25.9
No lime 13a8B 1.7aB 1.5
Average 10.9 16.5
CV (%) 12.6

N (g kg?)
Lime 249aA 174b8B 21.1
No lime 27.3aA 27.7aA 27.5
Average 26.1 22.5
CV (%) 7.9

P(gkg™)
Lime 0.8aB 0.7aB 0.7
No lime 1.1bA 13aA 1.2
Average 0.9 1.0
CV (%) 13.0

K (g kg™)
Lime 27.3aA 16.5bB 21.9
No lime 26.4b A 34.0aA 30.2
Average 26.8 25.3
CV (%) 9.7

Ca(gkg?)
Lime 4.7 4.8 48A
No lime 2.6 3.1 298B
Average 3.7b 4.0 a
CV (%) 7.8

Mg (g kg™)
Lime 1.7bA 2.7aA 2.2
No lime 0.2aB 0.2aB 0.2
Average 1.0 1.4
CV (%) 15.7

™ Means followed by distinct letters, lowercase in the row and uppercase in the column, differ from each other
by the Tukey test at 5 % probability. CV: coefficient of variation.
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Table 3. Iron, Mn, Cu and Zn contents in the shoot tissue of rice plants of the cultivar BRS Pelota
under liming and water management

Water management

Calagem Average
Flooded Saturated

Fe (mg kg™)
Lime 216 a B! 107b B 161
No lime 1296 a A 290b A 793
Average 756 199
CV (%) 68.0

Mn (mg kg™)
Lime 9bB 38aB 24
No lime 50b A 65aA 57
Average 29 51
CV (%) 13.4

Cu (mg kg™)
Lime 6 7 6B
No lime 20 20 20A
Average 13" 13
CV (%) 38.2

Zn (mg kg™)
Lime 47 43 45 B
No lime 88 89 88 A
Average 67 ™ 66
CV (%) 10.2

™ Averages followed by distinct letters, lowercase in the row and uppercase in the column, differ by the Tukey
test of means at 5 % probability of error.

of the interaction of the evaluated factors, with significant differences occurring only
for the main effect of liming (Table 3). Iron contents in the tissue were higher in the
flooded level, compared to the saturated level, while for Mn, the highest contents in
the fabric were observed in the saturated water management treatment (Table 3). The
contents of Zn and Cu in rice tissue were higher in treatments minus liming, regardless
of water management.

DISCUSSION

Redox potential (Eh) and pH

The decrease in Eh values was observed in all treatments (Figure 2) and was attributed
to the reduction of oxidized compounds by anaerobic microorganisms (Ponnamperuma,
1972; Vecozzi et al., 2018; Gu et al., 2019), characteristic of flooded or saturated
soils. The lowest Eh values observed in the treatment with liming, for both water
managements, were due to greater microbial activity provided by liming, since the soil
without liming presented restrictive chemical conditions, mainly related to the limited
supply of Mg (Figure 4) (Madigan et al., 2010), high aluminum saturation (Jia et al.,
2015) and low pH (Figure 2) (Lauber et al., 2009; Madigan et al., 2010; Griffiths et al.,
2011). The combination of liming and saturated soil levels, presented Eh values
higher in some periods than in the limed and flooded soil. Saturated soil allows the
diffusion of small amounts of oxygen from the air in contact with the saturated soil
surface, which raises the Eh. Saturated soil and intermittent irrigation are practices
used to reoxidize the soil for a few moments, increasing the Eh (Schmidt et al., 2013;
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Borin et al., 2016), when extremely low conditions can cause nutritional toxicity to
rice, such as by iron or H,S.

Oxidation-reduction reactions of the flooded soil occur with the consumption of H*
ions, causing the pH to increase (Figure 2), a phenomenon known as “self-liming”
(Ponnamperuma, 1972). The increase in pH was enhanced by liming because the dissolution
of calcium and magnesium oxides added to the soil releases bicarbonate and OH ions
into the soil solution, neutralizing the H* ions and increasing the pH. In flooded soil, two
antagonistic effects act on pH (Vahl and Sousa, 2004): oxidation-reduction reactions
occur with the consumption of H* ions, which increases the pH; on the other hand, the
accumulation of CO, acts on the production of carbonic acid which, when dissociated,
releases H" which tends to lower the pH. The balance between these two antagonistic
effects determines the flooded soil’s pH value (Ponnamperuma, 1972).

Manganese, iron and zinc in soil solution

Low levels of Mn (<0.3 mg L") in all conditions in the soil solution were due to the low
levels of manganese oxides in the soil. The decrease in Mn contents observed over time
was due to higher absorption due to the higher demand caused by plant growth. The
opposite has been observed (Rinklebe et al., 2016), where the Mn contents in seven soils
increased over time (0.06 to 10.77 mg L*). The higher Mn content in the flooded level
compared to the saturated level in the presence of liming is explained by the greater
reduction of manganese oxides due to the more intense anaerobic microbial activity in
flooded soil, favored by liming. Norton et al. (2017) found no difference between flooded
and intermittent management. The same was observed in the treatment without liming,
which showed no difference in Mn content between water management levels.

The variation and lower Fe contents in the liming treatment in saturated soil can be
explained by the alternation of oxidation and reduction conditions due to oxygen diffusion
in the saturated soil, as discussed in relation to Eh. This behavior of Fe is characteristic
of soil subjected to intermittence in the water layer and has been observed by other
authors (Yang et al., 2019). Variations in Fe content in the treatment with flooded liming
followed the behavior of Eh, since as Eh decreased, indicating that more oxidized
compounds were reduced, the Fe content in the soil solution increased. Similarities in
the behavior of Fe** in soil solution in continuous flooding were observed in the study
by Yang et al. (2019).

The higher Fe contents from 25 DAM possibly occurred due to the greater reduction of
ferric oxides by the microbial activity favored by liming. Borges Jr et al. (1998) revealed
that liming in certain soils was more efficient in decreasing potential acidity and providing
Ca and Mg to plants, than decreasing Fe contents in the soil solution. The same authors
point out that iron toxicity is more a question of the balance of nutrients in the soil solution
than the result of high levels of reducible Fe in the soil. However, other authors have
shown that liming promoted lower Fe content in the soil solution (Dynia and Barbosa
Filho, 1993; Silva and Ranno, 2005). The lower Fe content in the saturated soil with
liming compared to the level without liming is the result of the sequence of reactions
that occurred in the soil, where a lower Eh value indicates a greater reduction in ferric
oxides, with a consequent increase in the Fe content in the solution from soil. However,
the increase in pH caused by liming precipitated this Fe and decreased its content in
the soil solution (Silva and Ranno, 2005).

Calcium and magnesium in soil solution

The highest levels of Ca and Mg over time at the treatment with liming in flooded soil
occurred as calcium and magnesium oxides dissolved in the soil, releasing Ca** and
Mg**, increasing the content of these elements in the soil solution. The increase in the
solution content is favored by the displacement provided mainly by Fe**, which occupies
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a significant part of the cation exchange capacity (CTC) due to its high concentration
(Sousa et al., 2010). The liming treatment in saturated soil had lower Ca** and Mg**
contents in solution, when compared to flooded soil, as the lower reduction and release
of Fe** in this treatment (Figure 2) decreased the amount of these elements displaced
by Fe to the soil solution, as noted by Sousa et al. (2010).

Phosphorus and potassium in the soil solution

The P contents in the soil solution were low in all treatments. With the flooding and the
hypoxic condition, there is a reduction of iron oxides (Fe’*) that release phosphorus
that was fixed in this mineral. Thus, there is an increase in phosphorus levels in the
soil solution (Cardoso et al., 2020). The decreases in K in each combination of liming
levels and water management over time were attributed to the increasing amounts of
K taken up by the plants as they developed. The lower levels observed in treatments
plus liming at both management levels were due to the greater amount of K absorbed
by the plants, which showed normal development, compared to treatments that did not
receive liming at both management levels, where plant growth was incipient, and as a
result, there was less absorption of K.

Principal Component Analysis and Pearson’s Correlation

Principal component analysis reinforces some of the results already discussed in the soil
solution nutrient topics. In the group of soils without liming, the Eh and Zn variables are
associated (Figure 6a). The Eh values were higher in soils without liming, as the absence
of liming did not favor the microbial activity and less oxides were reduced, making the Eh
values higher in the soil solution. Zinc contents were higher at lower pH in soils without
liming, as opposed to soils with liming, where Zn contents are low.

In the group of soils with liming, the variables Mn, P, Ca, Mg, pH, Fe and time are associated
(Figure 6b). Liming was essential to increase the Ca, Mg and pH of the soil solution.
As oxidized compounds were reduced, Eh values decreased and pH increased. The Fe
content in the liming treatment increased as the Eh decreased, indicating that more
oxidized compounds were reduced, mainly ferric oxides, and increasing the Fe content
in the soil solution. The moderate negative correlation between Eh and Fe occurred as
Eh decreased and Fe contents increased, and the strong negative correlation between
Eh and pH occurred as Eh decreased and pH increased.

A moderate positive correlation between pH and Fe occurs because as the pH increased,
the Fe content in solution increased. However, at higher pHs, Fe contents tend to
decrease. Liming was not enough to reduce Fe contents in the flooded soil. In saturated
soil, liming proved be efficient in relation to soil without liming, with lower Fe content.
We can state that there was a greater effect of liming to decrease iron contents in
saturated soil and less impact in flooded soil compared to soils without liming, and a
greater effect of saturated water management compared to flooded soil in liming soil.
The strong negative correlation between pH and Zn occurred as the pH increased, the
Zn contents decreased, being precipitated. The strong negative correlation between
pH and K is explained by the decrease in solution K that plants absorbed while the
solution pH increased.

Tillers, iron toxicity, shoot and leaf nutrient contents

Many authors (Bouman et al., 2005; Wang et al., 2016; Norton et al., 2017; Hamoud et al.,
2018; Sriphirom et al., 2020) report that rice has higher yield when it is cultivated
under continuous flooding, mainly due to the greater availability of water and nutrients.
However, in the present study, the Pelota rice cultivar showed symptoms of Fe toxicity,
and in this case, the maintenance of the soil only saturated without water layer and
liming are important factors to mitigate the effects of toxicity by Fe. The lowest total
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percentage of leaves with symptoms of toxicity and the highest number of tillers in
soil with liming (Table 2) were attributed to the lowest iron content in the saturated
management soil solution (Figure 3), which, in turn, presented higher production of
shoot dry matter (Table 2).

Other authors also observed a higher number of productive tillers in intermittent
management (Chu et al., 2015; Norton et al., 2017), which provided higher rice
yield when the plants are under excess Fe stress (Norton et al., 2017). According to
Schmidt et al. (2013), Fe toxicity reduces tillering, number of leaves, and DM in rice
and, with the use of alternative water management (saturated soil and/or intermittent
irrigation), the Fe contents in the soil solution and plant decreased, reducing the
negative effects of Fe. In the evaluated soil, liming was essential to ensure the effect
of chemical fertilization and provide Ca and Mg for the highest averages of DM in
soils plus liming. The deficient content of N in the fabric at the saturated level in
soil with liming (Fageria et al., 2014), was due to the higher production of DM at
the saturated level, which contributed to a dilution of N in the fabric, decreasing its
content (Table 3). Saturated soil, because it is less reduced, favors the denitrification
process in which N losses occur, which may have probably contributed to the lower
N content in the tissue.

Higher K content in the tissue at the flooded level in the soil with liming can be
explained by the higher content of Ca in the soil solution from 32 DAM at the flooded
level (Figure 4), as according to Vahl and Lopes (1998), the increased Ca content in the
solution practically eliminates the negative effect of iron on K absorption. Norton et al.
(2017) did not observe any difference between the flooded and intermittent management.
The highest contents of Ca and Mg in the fabric occurred in the combination of saturated
and liming levels. Higher contents of Ca and Mg in the tissue were also observed in the
intermittent management (Norton et al., 2017).

The higher Fe content in the solution (Figure 3) possibly contributed to the lower absorption
of Ca and Mg by plants at the flooded level. Magnesium was the only nutrient with very
low contents in the soil without liming at the flooded and saturated levels; possibly,
the low contents contributed to the lower development of the plants, associated to Fe
toxicity and high aluminum concentration in the soil. In the treatments without liming,
the lower DM production caused the plants to have higher levels of N, P, K, Fe, Mn, Zn
and Cu (Tables 2 and 3), but this does not mean that they would be better nourished in
relation to these nutrients.

Fe, Mn, Zn and Cu contents in the shoot

The highest Fe content in the tissue at the treatment without liming in both managements
was attributed to the very reduced development of rice plants, according to the shoot dry
matter values (Table 2). In the absence of liming, the plants had their growth limited due
to the low Mg contents (Figure 4), high Fe contents in the soil solution (Figure 3) and high
aluminum saturation (83 %) in the soil (Table 1). Thus, it resulted in a low production of
DM with a high concentration of Fe in the tissue, and any comparison and interpretation
of nutrient contents in that treatment should be done carefully.

In the treatments with liming, the waterlogged water management provided the highest
Fe content in the plant tissue because in this treatment there was the highest Fe content
in the soil solution (Figure 3). The liming did not allow the Fe content in the tissue to
reach values capable of causing severe toxicity to rice plants, as it increased the pH of
the soil solution, decreasing the Fe solubility. In addition, the high content of Ca in the
solution provided by liming contributed to reducing iron absorption, as verified by Vahl
and Lopes (1998).
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The lower Mn content in the tissue at the flooded level compared to the saturated level
in the soil plus liming (Table 3), also observed in the study by (Norton et al., 2017), can
be explained by the high levels of iron in the solution, which decreased absorption of
Mn by plants. There was no significant effect of water management on the contents of
Zn and Cu in the rice tissue (Table 3), which are within a range considered adequate,
according to the criteria presented by (Fageria et al., 2014). Thus, these micronutrients
did not constitute restrictive factors for plant growth in the experiment.

CONCLUSIONS

Liming associated with flooded water management promotes the highest state of
reduction shown by the lowest Eh values of a Gleysol solution. Liming provides the
highest pH values in a Gleysol solution, regardless of water management, saturated or
flooded. Liming and saturated management promote better nutritional conditions for
rice plants, reduce the effects of iron toxicity and provide higher dry matter production
of the aerial part of rice grown in a Gleysol of natural fields in the southern region of
the state of Amazonas.

Gleysol presents a strong resistance to altering the pH value in the absence of liming,
compared to what occurs with most soils cultivated with rice, mainly those in the state
of RS, which, associated with high levels of iron, provided intense iron toxicity, making
its cultivation unfeasible without liming.

ACKNOWLEDGMENT

This study was supported by the Conselho Nacional de Desenvolvimento Cientifico
e Tecnoldgico (CNPq). The Foundation for Research Support - FAPEAM, Secretariat of
Economic Development, Science, Technology and Innovation of the Government of
the State of Amazonas, for the scholarship granted to Professor Vairton Radmann to
complete his doctorate).

AUTHOR CONTRIBUTIONS

Conceptualization: Cristiano Weinert (equal), Filipe Selau Carlos (equal),
Half Weinberg Corréa Jordao (equal), Rogério Oliveira de Sousa (equal) and (2 Vairton
Radmann (equal).

Data curation: Cristiano Weinert (equal), Filipe Selau Carlos (equal), Half
Weinberg Corréa Jordao (equal), Rogério Oliveira de Sousa (equal) and Vairton
Radmann (equal).

Formal analysis: Filipe Selau Carlos (equal), Rogério Oliveira de Sousa (equal)
and Vairton Radmann (equal).

Funding acquisition: Rogério Oliveira de Sousa (lead).

Investigation: Cristiano Weinert (equal), Filipe Selau Carlos (equal), Half Weinberg
Corréa Jordao (equal), Rogério Oliveira de Sousa (equal) and Vairton Radmann
(equal).

Methodology: Cristiano Weinert (equal), Filipe Selau Carlos (equal), Half Weinberg
Corréa Jordao (equal), Rogério Oliveira de Sousa (equal) and Vairton Radmann
(equal).

Project administration: Rogério Oliveira de Sousa (equal) and (2 Vairton Radmann
(equal).

Rev Bras Cienc Solo 2023;47:0220101


https://orcid.org/0000-0001-6211-6699
https://orcid.org/0000-0002-3068-0399
https://orcid.org/0000-0002-4871-1085
https://orcid.org/0000-0001-9857-5766
https://orcid.org/0000-0002-1381-1713
https://orcid.org/0000-0001-6211-6699
https://orcid.org/0000-0002-3068-0399
https://orcid.org/0000-0002-4871-1085
https://orcid.org/0000-0001-9857-5766
https://orcid.org/0000-0002-1381-1713
https://orcid.org/0000-0002-3068-0399
https://orcid.org/0000-0001-9857-5766
https://orcid.org/0000-0002-1381-1713
https://orcid.org/0000-0001-9857-5766
https://orcid.org/0000-0001-6211-6699
https://orcid.org/0000-0002-4871-1085
https://orcid.org/0000-0001-9857-5766
https://orcid.org/0000-0002-1381-1713
https://orcid.org/0000-0001-6211-6699
https://orcid.org/0000-0002-4871-1085
https://orcid.org/0000-0001-9857-5766
https://orcid.org/0000-0002-1381-1713
https://orcid.org/0000-0001-9857-5766
https://orcid.org/0000-0002-1381-1713

’r-
‘
Y\

Radmann et al. Soil solution and rice nutrition under liming and water management in a...

Writing - original draft: Cristiano Weinert (equal), Filipe Selau Carlos (equal),
Half Weinberg Corréa Jordao (equal), Rogério Oliveira de Sousa (equal) and
Vairton Radmann (equal).

REFERENCES

Arias ME, Farinosi F, Lee E, Livino A, Briscoe J, Moorcroft PR. Impacts of climate change and
deforestation on hydropower planning in the Brazilian Amazon. Nat Sustain. 2020;3:430-6.
https://doi.org/10.1038/s41893-020-0492-y

Borges Jr M, Mello JWV, Ribeiro AC, Soares PC. Liming criteria evaluation for waterlogged rice in
greenhouse. Rev Bras Cienc Solo. 1998;22:281-9. https://doi.org/10.1590/S0100-06831998000200014

Borin JBM, Carmona FC, Anghinoni |, Martins AP, Jaeger IR, Marcolin E, Hernandes GC,
Camargo ES. Soil solution chemical attributes, rice response and water use efficiency
under different flood irrigation management methods. Agr Water Manage. 2016;176:9-17.
https://doi.org/10.1016/j.agwat.2016.05.021

Bouman BAM, Peng S, Castafieda AR, Visperas RM. Yield and water use of
irrigated tropical aerobic rice systems. Agr Water Manage. 2005;74:87-105.
https://doi.org/10.1016/j.agwat.2004.11.007

Campos MCC, Ribeiro MR, Souza Jdnior VS de, Ribeiro Filho MR, Almeida MC. Topossequéncia
de solos na transicao campos naturais-floresta na regido de Humaitd, Amazonas. Acta Amaz.
2012;42(3):387-98. https://doi.org/10.1590/S0044-59672012000300011

Cardoso EF, Wolter RC, Vecozzi TA, Teixeira JBS, Carlos FS, Sousa RO. Phosphate fertilization
for rice irrigated in soils with different phosphorus adsorption capacities. Arch Agron Soil Sci.
2020;68:89-100. https://doi.org/10.1080/03650340.2020.1827233

Carlos FS, Denardin LGO, Martins AP, Anghinoni |, Carvalho PCF, Rossi I, Buchain MP,
Cereza T, Carmona FC, Camargo FAO. Integrated crop-livestock systems in lowlands
increase the availability of nutrients to irrigated rice. Land Degrad Dev. 2020;31:2962-72.
https://doi.org/10.1002/Idr.3653

Carlos FS, Kunde R}, Sousa RO, Weinert C, Ulguim AR, Viero F, Rossi |, Buchain MP,
Boechat CL, Camargo FAO. Urease inhibitor reduces ammonia volatilization and increases
rice grain yield under irrigation delay. Nutr Cycl Agroecosystems. 2022b;122:313-24.
https://doi.org/10.1007/510705-022-10203-7

Carlos FS, Schaffer N, Marcolin E, Fernandes RS, Mariot R, Mazzurana M, Roesch LFW,
Levandoski B, Camargo FAO. A long-term no-tillage system can increase enzymatic activity
and maintain bacterial richness in paddy fields. Land Degrad Dev. 2021;32:2257-68.
https://doi.org/10.1002/Idr.3896

Carlos FS, Schaffer N, Mariot RF, Fernandes RS, Boechat CL, Roesch LFW, Camargo FAO.
Soybean crop incorporation in irrigated rice cultivation improves nitrogen availability, soil
microbial diversity and activity, and growth of ryegrass. Appl Soil Ecol. 2022a;170:104313.
https://doi.org/10.1016/).APSOIL.2021.104313

Carmona FC, Adamski JM, Wairich A, Carvalho JB, Lima GG, Anghinoni |, Jaeger
IR, Silva PRF, Terra TF, Fett JP, Carlos FS. Tolerance mechanisms and irrigation
management to reduce iron stress in irrigated rice. Plant Soil. 2021;469:173-91.
https://doi.org/10.1007/511104-021-05156-9/FIGURES/7

Chu G, Wang Z, Zhang H, Liu L, Zhang J, Yang ]. Alternate wetting and moderate drying
increases rice yield and reduces methane emission in paddy field with wheat straw residue
incorporation. Food Energy Secur. 2015;4:238-54. https://doi.org/10.1002/fes3.66

Counce PA, Keisling TC, Mitchell AJ. A uniform, objective, and adaptive system for expressing
rice development. Crop Sci. 2000;40:436-43. https://doi.org/10.2135/cropsci2000.402436x

Dynia JF, Barbosa Filho MP. Availability of micronutrients to irrigated rice in a lowland soil under
lime and rice straw treatments. Rev Bras Cienc Solo. 1993;17:67-74.

Rev Bras Cienc Solo 2023;47:20220101 17


https://orcid.org/0000-0001-6211-6699
https://orcid.org/0000-0002-3068-0399
https://orcid.org/0000-0002-4871-1085
https://orcid.org/0000-0001-9857-5766
https://orcid.org/0000-0002-1381-1713

’r-
‘
Y\

Radmann et al. Soil solution and rice nutrition under liming and water management in a...

Fageria NK, Baligar VC, Jones CA. Growth and mineral nutrition of field crops. 3rd ed. Boca
Raton: CRC Press; 2014.

Griffiths RI, Thomson BC, James P, Bell T, Bailey M, Whiteley AS.
The bacterial biogeography of British soils. Environ Microbiol. 2011;13:1642-54.
https://doi.org/10.1111/j.1462-2920.2011.02480.x

Gu S, Gruau G, Dupas R, Petitjean P, Li Q, Pinay G. Respective roles of Fe-oxyhydroxide
dissolution, pH changes and sediment inputs in dissolved phosphorus release

from wetland soils under anoxic conditions. Geoderma. 2019;338:365-74.
https://doi.org/10.1016/j.geoderma.2018.12.034

Hamoud YA, Guo X, Wang Z, Chen S, Rasool G. Effects of irrigation water regime, soil clay
content and their combination on growth , yield , and water use efficiency of rice grown in South
China. Int ) Agric Biol Eng. 2018;11:144-55. https://doi.org/10.25165/j.ijabe.20181104.3895

Instituto Brasileiro de Geografia e Estatistica - IBGE. Biomas e sistema costeiro-marinho
do Brasil: Compativel com a escala 1:250.000. Rio de Janeiro: IBGE; 2019.
(Série relatérios metodolégicos, 45).

IUSS Working Group WRB. World reference base for soil resources 2014, update 2015:
International soil classification system for naming soils and creating legends for soil maps.
Rome: Food and Agriculture Organization of the United Nations; 2015.

(World Soil Resources Reports, 106).

Jia R, Li LN, Qu D. PH shift-mediated dehydrogenation and hydrogen production are responsible
for microbial iron(lll) reduction in submerged paddy soils. ] Soils Sediments. 2015;15:1178-90.
https://doi.org/10.1007/s11368-015-1084-8

Lauber CL, Hamady M, Knight R, Fierer N. Pyrosequencing-based assessment of soil pH as a
predictor of soil bacterial community structure at the continental scale. Appl Environ Microbiol.
2009;75:5111-20. https://doi.org/10.1128/AEM.00335-09

Madigan MT, Martinko JM, Dunlap PV, Clark DP. Microbiologia de Brock. 12. ed. Porto Alegre:
Editora Artmed; 2010.

Maneepitak S, Ullah H, Datta A, Shrestha RP, Shrestha S, Kachenchart B. Effects of water
and rice straw management practices on water savings and greenhouse gas emissions
from a double-rice paddy field in the Central Plain of Thailand. Eur ) Agron. 2019;107:18-29.
https://doi.org/10.1016/j.€ja.2019.04.002

Marques Neto GC, Vahl LC, Sousa RO, Peres MM, Vale MLC, Carlos FS. Understanding the
dynamics of attributes of medium and short cycle rice cultivars under nitrogen effect. Cienc
Rural. 2023;53:€20210584. https://doi.org/10.1590/0103-8478CR20210584

Norton GJ, Shafaei M, Travis AJ, Deacon CM, Danku J, Pond D, Cochrane N, Lockhart K, Salt
D, Zhang H, Dodd IC, Hossain M, Islam MR, Price AH. Impact of alternate wetting and drying
on rice physiology, grain production, and grain quality. Field Crop Res. 2017;205:1-13.
https://doi.org/10.1016/j.fcr.2017.01.016

Ponnamperuma FN. The chemistry of submerged soils. Adv Agron. 1972;24:29-96.
https://doi.org/10.1016/50065-2113(08)60633-1

Rinklebe J, Shaheen SM, Yu K. Release of As, Ba, Cd, Cu, Pb, and Sr under pre-definite redox
conditions in different rice paddy soils originating from the U.S.A. and Asia. Geoderma.
2016;270:21-32. https://doi.org/10.1016/j.geoderma.2015.10.011

Rothenberg SE, Anders M, Ajami NJ, Petrosino JF, Balogh E. Water management impacts
rice methylmercury and the soil microbiome. Sci Total Environ. 2016;572:608-17.
https://doi.org/10.1016/j.scitotenv.2016.07.017

Schmidt F, Fortes MA, Wesz J, Buss GL, Sousa RO. The impact of water
management on iron toxicity in flooded rice. Rev Bras Cienc Solo. 2013;37:1226-35.
https://doi.org/10.1590/S0100-06832013000500012

Silva LS, Ranno SK. Liming in lowland soils and nutrient availability in soil solution after
flooding. Cienc Rural. 2005;35:1054-61. https://doi.org/10.1590/50103-84782005000500011

Rev Bras Cienc Solo 2023;47:0220101



’r-
‘
Y\

Radmann et al. Soil solution and rice nutrition under liming and water management in a...

Silva MJG, Querino CAS, Neto LA dos S, Machado NG, Militao JS, Biudes MS. Effect of land
use change on the climate of Porto Velho, Rondonia, Brazil. R Ra’ e Ga. 2018;43:232-51.
https://doi.org/10.5380/raega.v43i0.48753

Sousa DMG, Lobato E. Cerrado: correcdo do solo e adubacdo. 2. ed. Brasilia, DF: Embrapa
Informacado Tecnoldgica; 2004.

Sousa RO, Bohnen H, Meurer EJ. Composicao da solugao de um solo alagado conforme a
profundidade e o tempo de alagamento, utilizando novo método de coleta. Rev Bras Cienc Solo.
2002:343-8. https://doi.org/10.1590/5S0100-06832002000200007

Sousa RO, Camargo FAQ, Vahl LC. Solos alagados (rea¢des de redox). In: Meurer EJ, editor.
Fundamentos de quimica do solo. 4 ed. Porto Alegre: Evangraf; 2010. p. 207-236.

Sriphirom P, Chidthaisong A, Yagi K, Tripetchkul S, Towprayoon S. Evaluation of biochar
applications combined with alternate wetting and drying (AWD) water management in rice
field as a methane mitigation option for farmers’ adoption. Soil Sci Plant Nutr. 2020;66:235-46.
https://doi.org/10.1080/00380768.2019.1706431

Suriyagoda LDB, Sirisena DN, Somaweera KATN, Dissanayake A, Costa WAJM, Lambers H.
Incorporation of dolomite reduces iron toxicity, enhances growth and yield, and improves
phosphorus and potassium nutrition in lowland rice (Oryza sativa L). Plant Soil.
2017;410:299-312. https://doi.org/10.1007/s11104-016-3012-0

Tanner KC, Windham-Myers L, Marvin-DiPasquale M, Fleck JA, Linquist BA. Alternate wetting
and drying decreases methylmercury in flooded rice (Oryza sativa) systems. Soil Sci Soc Am J.
2018;82:115-25. https://doi.org/10.2136/sssaj2017.05.0158

Tedesco HJ, Volkweiss S), Bohnen H. Andlises de solo, plantas e outros materiais. Porto Alegre:
Universidade Federal do Rio Grande do Rio Grande do Sul; 1985.

Vahl LC, Lopes SI. Nutricao de plantas. In: Peske ST, Nedel JL, Barros ACSA, editors. Producao de
arroz irrigado. Pelotas: Editora Universitaria; 1998. p. 149-206.

Vahl LC, Sousa RO. Aspectos fisico-quimicos de solos alagados. In: Gomes AS, Magalhdes Jr AM,
editors. Arroz irrigado no sul do Brasil. Brasilia, DF: Embrapa; 2004. p. 97-118.

Vecgozzi TA, Sousa RO, Scivittaro WB, Weinert C, Tarrillo VRC. Soil solution and plant nitrogen
on irrigated rice under controlled release nitrogen fertilizers. Cienc Rural. 2018;48:€20170279.
https://doi.org/10.1590/0103-8478cr20170279

Wang Z, Zhang W, Beebout SS, Zhang H, Liu L, Yang J, Zhang J. Grain yield, water and nitrogen
use efficiencies of rice as influenced by irrigation regimes and their interaction with nitrogen
rates. F Crop Res. 2016;193:54-69. https://doi.org/10.1016/j.fcr.2016.03.006

Yang Y, Hu H, Fu Q, Zhu J, Huang G. Water management of alternate wetting and drying reduces
the accumulation of arsenic in brown rice - as dynamic study from rhizosphere soil to rice.
Ecotox Environ Safe. 2019;185:109711. https://doi.org/10.1016/j.ecoenv.2019.109711

Rev Bras Cienc Solo 2023;47:0220101



