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ABSTRACT

High soil acidity, low cation-exchange capacity, and low fertility are the major bottlenecks in the Amazon
region's agricultural activities, making liming an essential technique for crop production. This study aimed
to assess the efficiency of two liming methods, namely broadcasting and incorporation, in meeting base
saturation (BS) requirements at different soil depths and time intervals in a Latossolo Amarelo in the
eastern Amazon. The experiment was carried out using a randomized block design arranged in a 5 x 2
factorial, with five lime doses recommended for raising the BS to 0, 40, 80, 160, and 320% and two
application methods (broadcasting and incorporation). After lime application, soil samples were collected at
three depths (0.00-0.05, 0.05-0.10, and 0.10-0.20 m) and three periods (30, 60, and 90 days after
application, DAA) for BS determination. The highest BS values were observed at 30 DAA with
incorporation. The expected BS value was obtained by incorporating the 40% dose but was limited to the
0.00-0.05 and 0.05-0.10 m layers. Lime incorporation is the most efficient method for achieving the
recommended BS levels at 30 DAA. At 90 DAA, most doses did not provide BS values equal to or greater
than the calculated values. Therefore, regression analyses are recommended in field experiments
respecting the threshold of 80% BS.
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RESUMO

Alta acidez do solo, baixa capacidade de troca catibnica e baixa fertilidade sdo os principais gargalos das
atividades agricolas na regido amazodnica, o que torna a calagem uma técnica essencial para a producéo
agricola. Este estudo teve como objetivo avaliar a eficiéncia de dois métodos de calagem, a saber, a lanco
e incorporado ao solo, para atender as exigéncias da saturacdo por bases (V%) em diferentes
profundidades e intervalos de tempo em um Latossolo Amarelo na Amazonia oriental. O experimento foi
realizado em delineamento de blocos casualizados em esquema fatorial 5 x 2, com cinco doses de
calcério recomendadas para elevar o V a 0, 40, 80, 160 e 320% e dois métodos de aplicagdo (a lango e
incorporado). Apds a aplicacdo do calcério, amostras de solo foram coletadas em trés profundidades
(0,00-0,05, 0,05-0,10 e 0,10-0,20 m) em trés periodos (30, 60 e 90 dias apds a aplicagdo, DAA) para
determinacdo do V%. Os maiores valores de V% foram observados aos 30 DAA com incorporagédo. O
valor de V% esperado foi obtido pela incorporacao da dose de 40%, mas foi limitado as camadas de 0,00-
0,05 e 0,05-0,10 m. A incorporagdo de célcario € o método mais eficiente para atingir os niveis
recomendados de V% aos 30 DAA. Aos 90 DAA, a maioria das doses néo forneceu valores de V% iguais
ou superiores aos valores calculados. Portanto, andlises de regressdo sdo recomendadas em
experimentos de campo respeitando o limite de 80% V.

PALAVRAS-CHAVE: acidez; calcario; necessidade de calcario; fertilidade; solos Amazonicos.

INTRODUCTION

Most soils are highly weathered in the Amazon region and frequently have high acidity, low cation-
exchange capacity, and low fertility. These soil properties constitute the region's main obstacles to
agricultural production (SOMBROEK et al. 1993, GLASER & BIRK 2012, CRAVO et al. 2012, SOUSA et al.
2020). Therefore, liming is essential for various agricultural systems, as it creates a favorable environment
for root development, thereby ensuring the availability of nutrients such as Ca?* and Mg?*. Furthermore,
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liming increases soil pH, resulting in Al3* neutralization (CARMO & SILVA 2016, MARASCHIN et al. 2020),
and positively influences soil microbial biomass, further enhancing nutrient availability soil structure
(VASQUES et al. 2020).

In Brazil, several methods are used to determine the need for liming, including the Shoemaker-
McLean-Pratt buffer test, carbonate or lime incubation, and base saturation (BS) assessment. The methods
take into account factors such as AI¥* neutralization and increases in Ca?* and Mg?*. The BS method is
interesting as it considers not only soil properties but also the nutritional requirements of crops.
Nevertheless, it is common that the expected values are not reached after liming (NETO et al. 2000). For
example, CAIRES & FONSECA (2000) applied lime by broadcasting and found that adequate BS levels
were only reached at the 0.00-0.05 m depth. ROSA JUNIOR et al. (2006) aimed to increase BS to 60% and
100% in a distroferric Red Latosol, but the expected values were not reached by the end of a 45-day
experimental period.

The efficiency of a lime treatment depends on the dose, particle size, application method, soil class,
climatic conditions, cropping system, and reactivity time (QUARTEZANI et al. 2015). Therefore, it is essential
to use the recommended values for Amazonian soils to obtain the adequate correction of soil acidity, thus
increasing fertilizer efficiency. Generally, the recommended values for the region are 50 to 70% BS (BRASIL
& CRAVO 2020). Therefore, this study aimed to evaluate the efficiency of the BS method in determining the
limestone requirements applied by haul and incorporated into the substrate for different periods of time in
Dystrophic Yellow Latosol in the Eastern Amazon.

MATERIAL AND METHODS

The experiment was conducted from December 27, 2019, to March 26, 2020, in a nursery under 50%
shade located at the Federal University of Western Para (UFOPA). The soil used as substrate was collected
at the UFOPA Experimental Farm (2°41'02.7"S 54°31'55.0"W) in Santarém, Para State, eastern Amazon,
Brazil. The soil was classified as an “Latossolo Amarelo Distréfico argissélico” (Oxisol), according to
ALMADA et al. (2021). The region has a humid tropical climate (Am type in the Kdppen classification
system), with average temperature and rainfall of 25.9 °C and 2150 mm, respectively (FISCH et al. 1998).
Figure 1 shows the monthly rainfall and relative moisture throughout the experimental period. Soil samples
were collected from the surface layer (0.00-0.20 m).
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Figure 1. Mean monthly rainfall and relative humidity in Santarém city, Para State, Brazil, during the
experimental period. Source: INMET (2020).

After collection, the soil was air-dried and sieved through two mm mesh sieves to obtain air-dried fine
earth, which was sent to the Soil Quality Laboratory at UFOPA for evaluation of chemical properties and
texture according to the methods described by TEIXEIRA et al. (2017) (Table 1). For incubation, soil samples
were air-dried, sieved through four mm mesh sieves, and stored in five L polyethylene pots filled to maximum
capacity (5.4 kg of soil).
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Table 1. Soil texture and chemical properties before liming in a greenhouse experiment conducted at the
Federal University of Western Para, Santarém city, Para State, Brazil.

PH H20 pH KCI Ca** Mg? AP K* Na* SB H* + ARt CEC BS P
cmole dm™3 -----m-mmmmommeee e % mgdms3
5.47 3.83 050 0.30 0.40 0.04 0.04 0.88 6.27 7.15 12 2.92
Sand Silt Clay
g kg™
634.0 86.5 279.5

SB - sum of bases; CEC - cation-exchange capacity; BS - base saturation. P was extracted with Mehlich-1. Soil texture
was determined by the pipette method.

The experiment was conducted using a randomized block design with a 2 x 5 factorial arrangement,
consisting of two methods of lime application (broadcasting and incorporation in the soil), five lime doses (0,
2.22,5.40, 11.76, and 24.47 Mg ha™%, calculated to increase BS by 0, 40, 80, 160, and 320%, respectively),
and five replications per treatment, totaling 50 plots. The lime used was dolomitic (32% CaO, 15% MgO, and
90% total neutralizing value (TNV)). Lime doses were determined on the basis of soil analysis by the BS
method, as described by the following equation: LR = CEC x (BS2 — BS1) + 100 x f, where LR is the lime
dose required to achieve the desired BS (expressed in Mg ha™! and corrected to TNV), CEC is the cation-
exchange capacity of the soil, BS1 is the current BS, BS: is the desired BS, and f is the lime correction factor
(TNV).

Evaluations were performed at 30, 60, and 90 days after application (DAA). Using a mini-Auger, two
simple samples were collected from each plot at three depths (0-0.05, 0.05-0.10, and 0.10-0.20 m) and
combined to form a composite sample. Samples were sent to the Soil Quality Laboratory of UFOPA, air
dried, and passed through a 2 mm mesh sieve to obtain air-dried fine earth for further analysis.

pH analysis was performed in H20 (1:2.5 w/v). Ca?*, Mg?*, and AI** contents were extracted using a
1 mol L™ KCI solution and quantified by titration with 0.0125 mol L~ EDTA and 0.025 mol L™ NaOH.
Available Na* and K* contents were determined using Mehlich-1 solution and flame photometry. The
extraction of H+ + Al3+ content was determined by a 0.5 mol L™! calcium acetate solution and titration with
0.0125 mol L NaOH. Subsequently, sum of bases, cation-exchange capacity, and BS were calculated. All
analyses and calculations were performed following the guidelines described by TEIXEIRA et al. (2017).

Electrical conductivity was determined in deionized water (1:2.5 w/v). Briefly, 10 g of soil was added
with 25 mL of water. The mixture was stirred and left to rest for one hour. Then, samples were homogenized
and measured using a portable conductivity meter (CARMO & SILVA 2016).

Data were tested for normal distribution and homogeneity of variance and subjected to Pearson
correlation analysis. Then, an analysis of variance was performed, and when differences were significant by
the F-test, data were subjected to regression analysis at the 5% significance level. All statistical analyses
were performed using Minitab beta version 18.

RESULTS

Lime broadcasting afforded the highest values of soil pH, electrical conductivity, Ca, Mg, and H* + Al3*
at the 0.00-0.05 m depth (Figure 2). In 0.05-0.10 and 0.10-0.20 m layers, Al** and H* + AI®* increased
gradually, even at higher lime doses and acidic pH values.

Lime incorporation resulted in a more homogeneous reactivity of attributes at all depths evaluated,
with AI* contents equal to zero (Figure 3). Application of lime at the highest doses to achieve BS values of
160 and 320% resulted in soil pH values greater than seven at 30 and 60 DAA, an effect that may reduce the
availability of certain elements. A reduction in H* + AI* content (potential acidity) occurred at 30 DAA at all
depths; potential acidity increased at 60 DAA and then decreased at 90 DAA.

Lime incorporation increased soil electrical conductivity in the 0.00-0.05 and 0.05-0.10 m layers at 90
DAA. With lime broadcasting, electrical conductivity was highest at 60 DAA in the 0.00-0.05 m layer, and low
values were observed at 30 DAA.

As depicted in the correlation matrix (Figure 4), in 0.00-0.05 m depth soil treated with broadcast lime,
there were positive correlations between pH, Ca?*, Mg?*, and electrical conductivity. Ca2* and pH negatively
influenced AI¥* and H* + AI®*, as expected given the effects of lime application. However, in the other layers,
the influence of these attributes on H* + AI®* and AlI** decreased, with only pH exerting a significant negative
effect on H* + AR+,
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Correlation analysis showed a significant negative influence on H* + Al3* at 0.05-0.10 and 0.10-0.20 m
depths for lime incorporation.
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Figure 2. Chemical properties of Dystrophic Yellow Latosol in the (a) 0.00-0.05, (b) 0.05-0.10, and (c) 0.10-
0.20 m layers at 30, 60, and 90 days after application (DAA) of different lime doses by broadcasting.
Electrical conductivity (EC) is expressed in mS cm™. Ca?*, Mg?*, AR+, K*, and H* + AI** contents are
expressed in cmolc kgt. Federal University of Western Para, Santarém, Para State, Brazil
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Figure 3. Chemical properties of Dystrophic Yellow Latosol in the (a) 0.00-0.05, (b) 0.05-0.10, and (c) 0.10-
0.20 m layers at 30, 60, and 90 days after application (DAA) of different lime doses by incorporation.
Electrical conductivity (EC) is expressed in mS cm™1. Ca?*, Mg?*, Al¥*, K*, and H* + AI** contents are
expressed in cmolc kgt. Federal University of Western Para, Santarém, Para State, Brazil.
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Figure 4. Pearson correlation matrix for the total mean values of soil chemical properties after application of
different lime doses by (a) broadcasting and (b) incorporation. An X indicates a lack of significance at
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Figure 5 shows the regression curves of applied BS as a function of calculated BS for each soil layer
at 30 DAA. Broadcasting resulted in a linear relationship between BS and dose, with greater reactivity in the
0.00-0.05 m layer (Figure 5A), although the calculated BS was not reached with any lime dose. For lime
incorporation (Figure 5B), a quadratic model showed the best fit to the data. A decreasing trend was
observed for application doses greater than 160%. For example, 40 and 80% doses showed overlapping
lines for 0.00-0.05 and 0.05-0.10 m layers, with higher BS values at 80%.
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Figure 5. Regression models for base saturation (BS) in different layers of Dystrophic Yellow Latosol at 30
days after application of different lime doses by (A) broadcasting and (B) incorporation. *Significant

at 5% probability of error, by the F test.
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A quadratic model best explained the relationship between dose and calculated BS in the 0.00-0.05 m
layer at 60 DAA (Figure 6A); BS tended toward stabilization at application doses greater than 226,7%. For
the 0.05-0.10 m layer, a linear model provided the best fit to data, and for the 0.10-0.20 m layer, no model
showed a significant fit. Lime incorporation data were best explained by a quadratic equation for all depths
(Figure 6B). An application dose of 40% resulted in BS values higher than the calculated values at depths of

0.00-0.05 and 0.05-0.10 m, although BS values were lower than those at 30 DAA (Figure 5B), as was
observed for the other doses.
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Figure 6. Regression models for base saturation (BS) in different layers of Dystrophic Yellow Latosol at 60

days after application of different lime doses by (A) broadcasting and (B) incorporation. *Significant
at 5% probability of error, by the F test.

A quadratic regression equation (Figure 7A) showed that, at 90 DAA, a liming to haul led to the
elevation of the BS in the 0.00-0.05 m layer, as also observed at 60 DAA. As a result, calculated BS was
only achieved by applying 40% via broadcasting. At depths of 0.05-0.10 and 0.10-0.20 m, a linear
relationship was observed between applied doses and calculated BS values, but with the dose of BS 320%
reaching values above 30%.

For lime incorporation (Figure 7B), a quadratic relationship was observed; BS continued to increase
with lime doses. Incorporation of lime at 40% continued to result in BS values greater than 40% at 0.00-0.05
and 0.05-0.10 m depths and close to 30% at 0.10-0.20 m depth.
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Figure 7. Regression models for base saturation (BS) in different layers of a Dystrophic Yellow Latosol at 90
days after application of different lime doses by (A) broadcasting and (B) incorporation. *Significant

at 5% probability of error by the F test.
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Lime broadcasting to achieve 40% BS resulted in a greater reactivity at 0.00-0.05 m; the expected BS
was reached at 90 DAA. The other application doses did not afford the expected BS. Broadcasting did not
lead to an increase in BS in deeper layers (0.10-0.20 m).

The incorporation of lime resulted in high reactivity for all application doses. The largest increase in BS
was observed at 30 DAA, with a dose of 40% affording BS values greater than 40%, although such an effect
was limited to 0.00-0.05 and 0.05-0.10 m layers. Doses above 40% were more reactive in the 0.10-0.20 m
layer up to 90 DAA. Doses greater than the economic level (160 and 320%) did not result in BS values
higher than 90%.

DISCUSSION

Analysis of the cation-exchange complex reflects the concentrations of dominant cations present in
soil solution, demonstrating the influence of lime or fertilizer application, which affects soil electrical
conductivity (AMARAL & ANGHINONI 2001). An increase in electrical conductivity with the lime application
was also observed by CARMO & SILVA (2016).

Broadcasting of lime increased Ca2?* + Mg?* contents from low to medium, according to the
classification of BRASIL & CRAVO (2020) for Para State. The highest values were observed at 30 DAA at all
depths. However, at 90 DAA, Ca?* + Mg?* content in the 0.10-0.20 m layer was low, demonstrating low
availability in soil. On the other hand, lime incorporation resulted in medium to high Ca?* + Mg?* contents,
with the highest values observed at 30 DAA and intermediate values at other periods in all layers.

Although liming enhanced Ca?" and Mg?* contents, this practice may negatively affect K*, leading to
potassium deficiency in plants (NOLLA et al. 2020). Excess potassium fertilization may lead to reduced Mg?*
absorption and, consequently, yield losses, as observed in maize by VELOSO et al. (2001). Thus, it is
recommended to use the proportions proposed by BEAR & TOTH (1948) for soil cation-exchange capacity to
mitigate yield losses: 65% Ca?*, 10% Mg?*, 5% K*, and 20% H*. However, as highlighted by OLIVEIRA &
PARRA (2003), the results of these relationships are contradictory and not applicable to all crops.

AR* content was more strongly influenced at increasing depths, demonstrating the higher efficiency of
lime incorporation as compared with broadcasting on neutralization of AlR* and active and potential acidity.
These findings are in agreement with those of BAMBOLIM et al. (2015).

As revealed by the correlation matrix, the greatest reactivity of broadcast lime was observed in the
0.00-0.05 m layer, largely due to the low mobility of lime in the soil. Such an effect extended to the other
layers when lime was incorporated in soil, in agreement with the results of CAIRES et al. (2004). According
to CAIRES et al. (1999), the Al3* neutralizing effect of broadcast lime is not long-lasting, limiting BS values.

Although lime incorporation increased BS to the expected value, such effects were limited to the
0.10 m layer, being also due to the low solubility of lime and also due to the increase in the buffering power
of the soil at depth. CORA & BERALDO (2006) applied liming and phosphating treatments to sugarcane
crops and found that lime dose did not increase BS to the calculated value of 70%, not even when lime was
incorporated in the soil; the final BS values were about 60%. ALLEONI et al. (2005) also did not observe an
increase in BS to the calculated value in the 0-0.20 m layer after lime incorporation.

The reactivity of lime in subsurface layers is a challenge. As observed in the current study, the effects
of liming decrease with time when applied at doses of 40 and 80% BS; at 90 DAA, BS values at the 0.10-
0.20 m depth are even lower. CAIRES et al. (2003) underscored that the downward displacement of lime
particles broadcast onto the soil surface is influenced by vegetation cover and channels made by plant roots
and soil macro-, micro-, and mesofauna. Moreover, soluble organic complexes are formed, promoting lime
reactivity in subsurface soil. However, it should be noted that the experimental site was not planted with
crops; results were determined by incubation of soil samples.

Considering the low mobility of lime, generally limited to the 0.00-0.05 m layer when broadcast on soil,
FRANCHINI et al. (2001) studied the application of water-soluble organic compounds from oat and turnip to
increase the effects of lime at greater depths. The authors observed that the combined treatment increased
pH, Ca?*, and Mg?" and reduced Al3* at the 0.25 m depth. Such a strategy seems to improve the efficiency
and reactivity of broadcast lime at depths >0.20 m.

Reactivity is influenced not only by form of application but also by the reaction speed of lime, as
discussed by NATALE et al. (2007). The authors argued that reactivity indices are overestimated to fit the
Brazilian legislation, which is of 90 days, and that buffer power and rainfall also influence reactivity.

According to CAVALCANTE et al. (2018), although lime exerts a positive influence on soil properties,
an excessively high dose can compromise crop yield, as it disrupts the balance of K*, Ca?*, and Mg?*. SILVA
CARNEIRO et al. (2018) highlighted that high lime doses increase soil pH to values that do not favor nutrient
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availability for plants, particularly that of micronutrients such as Mn and Zn (FILHO & SILVA 2000). Thus,
doses of 80% BS should be avoided because they increase soil pH to values above 6.5.

SILVA et al. (1995) found that cotton plants have a better response to liming when potassium
fertilization is performed concomitantly, using values similar to those of BS (40-60%). CAVALCANTE et al.
(2018) obtained high passion fruit yields (37.75 Mg ha™t) when potassium fertilization was carried out with
lime application. Therefore, balanced potassium fertilization may contribute to increasing BS.

Field tests, combined with regression analysis of experimental data, are needed to determine the
required lime doses to maintain Ca?* and Mg?* contents above 1 and 0.5 cmolc kg™, respectively, for 90 days
within the 80% BS threshold.

CONCLUSION

Lime incorporation was the most effective, with the highest BS values being observed at 30 DAA at all
depths evaluated. However, at 90 DAA, most doses failed to maintain BS at the expected values. Only
application of lime at 40% BS resulted in soil BS values above the calculated; and this effect was limited to
the 0.00-0.10 m layer. Therefore, regression analyses are recommended in field experiments respecting the
threshold of 80% BS.
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