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ABSTRACT

Soil amendment is an essential step toward the introduction 
or maintenance of intensified agricultural production 
systems. The aim of the present research is to assess lime’s 
response to crops rotation and sandy soil yield in Bahia’s 
Cerrado region, Brazil, under controlled conditions. The 
experiment was conducted at completely randomized 
design with four replications. The crops were grown in 
pots filled with 20 kg of Oxisol (14% of clay). Treatments 
consisted of lime rates: 0, 1, 2, and 4 Mg ha-1 (standard 
dose 1 Mg ha-1). Soybean, millet and Brachiaria crops 
grown in a crop sequence were assessed - the subsequent 
crop was grown after harvest. The aforementioned crops 
production components (mass of fresh and dry matter and 
weigh of pods), nutrients extraction and soil chemical (pH, 
P, K, Ca, Mg, H+A, SB, CEC, BS, SOM, S-SO4

2-, B, Cu, 
Fe, Mn and Zn) properties measured at 1, 2, 3, 6, and 12 
months after lime application were the measured variables. 
There was linear increase in Ca, Mg and sum of bases, as 
well as in pH, and acidity potential reduction (H+Al) and 
Mn due to the adopted lime rates. The limestone reaction 
decreased, overtime, but to a lesser extent at doses 2.0 
and 4.0 Mg ha-1 than the doses recommended in official 
handbooks (1.0 Mg ha-1). These findings pointed out sandy 
soils responsiveness to higher lime levels in comparison to 
those supported by official methods.
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INTRODUCTION
From the 1980s onwards, Brazilian agriculture 

expanded into Western Bahia sandy soils, in Northeastern 
Brazil hinterlands, where medium- and sandy-textured 
soils prevail.(1)

Lower land prices and likely mechanization boosted 
this expansion, mainly the prevailing flat terrains on 
these areas. However, according to Donagemma et al.(1), 
these soils physical (sandy soils), chemical (poor fertility) 
and biological (low concentrations of organic carbon) 
limitations derive from their high acidity and low nutrient 
concentration, clay content and, most of all, organic 
matter concentration, impacting water retention and lower 
biological activity.(2)

Accordingly, the liming technique is essential to amend 
soil acidity and to provide Ca and Mg to plants, in addition 
to improve the environment for higher microbiological 
activity and soil carbon retention.(3) However, farmers 
often adopt lime rates higher than those recommended in 
amendment and fertilization handbooks, such as those by 
Alvarez et al.(4) and Sousa et al.(5) This scenario demands 
research aimed at better understanding lime responses in 
the soil and its association with crop yield in sandy soils 
that, in their turn, have gotten little attention in comparison 
to other soil types.(6-8)

The application of higher limestone doses, mainly in 
areas converted form forest or pasture to agriculture is 
justified by the belief that doses recommended in handbooks 
do not lead to high crop yield. Additionally, reports 
indicate that the delayed response of soil amendments can 
compromise crop performance, particularly when applied 
during the dry season without rainfall. Consequently, 
limestone only begins to react with the return of the rains, 
dangerously close to the planting window for high-yielding 
crops like soybeans, where timing is critical.(9)

The application of high lime doses leads to immediate 
soil acidity amendment, and this is an essential aspect for 
the soybean culture in the first year of planting. Estimates 
show that from 20% to 40% of the managed amendment 
reacts with the soil; thus, the application of higher doses 
means facing the need for the right amount of lime to 
amend soil acidity and to meet crop demands in order to 
get higher yield rates in the first growing season.(2,9)

Balbinotti et al. (10) corroborates these reports by 
pointing out the need for applying higher limestone doses in 
order to achieve higher soybean yield. Furthermore, Barth 
et al.(11) have shown that doses recommended by the Al 

neutralization method, and increased Ca and Mg levels,(4) 
were not enough to achieve adequate Ca and Mg soil levels. 
Bossolani et al.(12) carried out a long-term experiment 
with clayey soil based on surface limestone application. 
They highlighted the need for higher amendment doses 
to ensure soil fertility maintenance at adequate levels and, 
consequently, to guarantee higher yield in soybean and 
other crops comprising the production systems.

On the other hand, some studies have shown possible 
negative effects, such as clay dispersion and lower 
micronutrient availability, among others, associated with 
the application of higher doses than the official ones.(13-15) 
Most of these studies were carried out with clayey soils, 
since studies with sandy soils remain scarce.

Accordingly, the current research aimed to assess 
limestone responsiveness and the yield of successive crops 
planted in sandy soil in Bahia’s Cerrado region, Brazil, 
under controlled conditions.

MATERIALS AND METHODS
The experiment was carried out at Embrapa Maize 

and Sorghum greenhouse, Sete Lagoas City, Minas Gerais 
State, Brazil, from November 2018 to December 2019 
within a crop succession system, under conditions similar 
to those observed in the field for sandy soils in Western 
Bahia.

The experiment consisted of four commercial 
limestone doses that corresponded to 0, 1, 2, and 4 
times the standard dose (SD) calculated based on the 
method supported by Al neutralization, and Ca and 
Mg concentration increase.(4) Limestone requirement 
(Mg ha-1) = (Y x Al3+) + (X – [Ca2+ + Mg2+]), where Ca2+ and 
Mg2+ in cmolc dm-3.(4) This process took into consideration 
the Y and X values at 76% limestone PRNT (standard 
dose = 1.0 Mg ha-1). The Y value changes depending on 
soil texture: Y = 1 for sandy soils (< 15% clay), Y = 2 for 
medium-textured soils (15 and 35% clay) and Y = 3 for 
clayey soils (> 35% clay). The X value changes based on 
the crop’s Ca and Mg requirements: X = 1 for eucalyptus; 
X = 2 for most crops, including soybean; X = 3 for coffee.(4)

Thus, the calculated limestone doses corresponded to 
0, 1, 2, and 4 Mg ha-1 limestone (standard dose = 1.0 Mg ha-1). 
Commercial limestone features expressed in percentage 
were limestone reactivity (RE Brazilian acronyms) = 85.5%, 
calcium carbonate equivalent (PN Brazilian acronyms) 
= 88.8%, effective calcium carbonate equivalent (PRNT 
Brazilian acronyms) = 76%, CaO = 27.3% and MgO = 16.1%.
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The study followed a completely randomized design 
with four repetitions, and four treatments - doses of 
limestone (main factor), specific for soil variables split-
plot analysis was used to assess soil chemical properties 
because factor time (soil collection times) was taken into 
consideration.

Pots filled with 20 kg of sandy soil, which was 
previously sieved through 2 mm mesh, were used in the 
experiment. The soil was classified as Oxisol with sandy 
texture. It was provided by Fazenda Trijunção, which is 
located in Western Bahia State Cerrado region. The soil 
was treated with limestone and gypsum at doses = 1 Mg ha-

1, 20 cm down in the soil, back in October 2013 – it had also 
been cultivated with pasture (Urochloa brizantha). The 
soil for the experiment was collected in January 2018 and 
its chemical and physical features (0-20 cm layer) before 
experiment installation were set through methodologies 
described in Teixeira et al.,(18) namely: pHH2O = 5.9, P = 2.3, 
K = 15.4, and S = 16.9 mg dm-3, Ca = 0.9, Mg = 0.3, 
Al = 0.0, H+Al = 0.7 and CEC (cation exchange capacity) = 
1.9 cmolc dm-3, BS (base saturation) = 59%, B = 0.06, Cu = 
2.6, Fe = 31.7, Mn = 0.4 and Zn = 1.1 mg dm-3, sand = 850, 
silt = 10 and clay = 140 g kg-1.

The limestone doses set for each treatment were applied 
in November 2018, as well as the reagent-form fertilizers 
(pure, per analysis), according to the soil fertility analysis 
and to recommendations for experiments conducted in 
pots, based on Novais et al.(16) The soil was irrigated with 
deionized water in order to maintain field capacity at 80% 
(0.30 cm³ cm-3) after inputs were applied. This management 
procedure lasted 1 month and featured the incubation phase. 
It was done to favor the reaction and inputs’ dissolution.

Soybean cultivar M9144 RR was sown in December 
2018 by using six seeds per pot that were treated and 
inoculated with B. japonicum. Subsequently, thinning 
was performed in order to only leave four plants per pot. 
Soybean was harvested at physiological maturity (R8), 
in March 2019. Subsequently, millet cultivar ADR 500 
was planted and five plants were left per pot; they were 
harvested at the booting stage (R2 - Panicle boot stage), in 
May 2019. Forage Urochloa brizanta cv. Piatã was planted 
in June 2019 and six plants were left per pot; they were 
harvested in October 2019. Fertigation, during the crop 
cycle, followed doses established through the soil analysis 
performed at each experiment collection, according to 
recommendations for cultivation in pots.(16)

Soybean biomass production was assessed at flowering 
and harvest; all shoot material was collected, namely: 
green and dry mass at flowering (vegetative part) (collected 
from two plants); and pods + grains green and dry mass, 
number of pods and number of grains at harvest (collected 
from the two remaining plants). Pearl millet plants at the 
booting developmental stage and forage shoot parts (the 
entire above-ground part of the Brachiaria grass) were also 
collected to assess green and dry matter production.

Subsequently, all dry plant material from the shoot of 
the three crops (soybean, millet and Brachiaria) was ground 
in Willey mill through 20-mesh sieve to extract macro 
and micronutrients based on the methodology described 
by Silva et al.(17) The plant samples were subjected to 
sulfuric digestion followed by distillation based on the 
Kjeldahl method in order to find the N concentration. 
Boron (B) concentration was set through the azomethine-H 
method after samples’ incineration in muffle furnace 
and subsequent quantification in a molecular absorption 
spectrophotometer. Ca, Mg, K, P, S, Fe, Cu, Mn, and Zn 
concentrations were analyzed through nitric–perchloric 
digestion and determined by Ca, Mg, K, Fe, Cu, Mn, and 
Zn atomic absorption spectrophotometry, P metavanadate 
colorimetry and S barium sulfate turbidimetry. Total 
nutrient content was multiplied by shoot dry mass to find 
the accumulation, which corresponds to nutrient extraction.

Assessments aimed at limestone reaction in the soil 
were also carried out based on soil collection by mini-auger 
at 1, 2, 3, 6 and 12 months after limestone application. 
Routine chemical analyses were performed based on 
the methodology by Teixeira et al.(18) Soil pH was found 
through the potentiometer method at soil:water ratio equals 
1:2.5. The available potassium (K+) and phosphorus (P) 
were extracted in Mehlich-1 solution - K+ availability was 
determined through atomic absorption spectroscopy and P 
availability was found through spectrophotometry; calcium 
(Ca2+) and magnesium (Mg2+) were determined by atomic 
absorption spectroscopy after extraction in 1 mol L-1 KCl. 
Sulfate (S-SO4

2-) was determined through turbidimetry in 
spectrophotometer after extraction in Ca(H2PO4)2 added 
with 500 mg L-1 P in HOAc 2 mol L-1. Micronutrients zinc 
(Zn), copper (Cu), iron (Fe) and manganese (Mn) were 
extracted in Mehlich-1 solution and determined through 
atomic absorption spectroscopy. Boron (B) was determined 
through spectrophotometry after applying the hot water 
extraction method. Cation exchange capacity (CEC), sum 
of bases (SB) and base saturation (BS) were also calculated.
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Data normality and homogeneity of variance were 
verified prior to analysis of variance (ANOVA). Linear and 
non-linear regression analyses were applied for significant 
effects (p < 0.05). In the presence of significant interactions, 
factor levels were partitioned and analyzed separately.

RESULTS

Plants

With respect to soybean biomass, only the green mass 
showed significant difference at the vegetative phase 
(GMV) in the F test (Table 1, Supplementary Material). 
The maximum GMV production reached 184.69 g pot-1 
and it was recorded at limestone dose equals 2.43 Mg ha-1 
(Figure 1A). In the soybean value of foliar Mn showed 
decreasing linear behavior and this finding highlighted that 
limestone dose increase reduced nutrient absorption (Figure 
1B). Boron (B) showed better fit to the quadratic model with 
maximum extraction point estimated at 16.18 mg plant-1 
at limestone dose = 1.89 Mg ha-1 (Figure 1B). The other 
nutrients did not differ in relation of limestone doses.

Millet and Piatã Brachiaria biomass production did not 
show significant differences in the F test, for any of the 
analyzed variables (Table 3, Supplementary material).

Soil

Calcium (Ca), magnesium (Mg) and sum of bases (SB) 
concentrations were significantly affected by limestone 
application rates and time (days after application (DAA), 
but they were not affected by interaction (Table 4, 
Supplementary material). Phosphorus (P) and potassium 
(K) concentrations, cation exchange capacity (CEC) 
and soil organic matter (SOM) were only influenced by 

DAA. On the other hand, pH, H+Al and base saturation 
(BS) showed significance for the rate/application time 
interactions (Table 4, Supplementary material).

The maximum pH points in the soil, at doses = 0, 1, 2 and 
4 Mg ha-1, were 5.81, 5.69, 6.04 and 6.37, at 250, 166.66, 
166.66 and 125 DAA, respectively (Figures 2A and B).

Potential acidity (H + Al) showed quadratic response 
for all used doses in relation of DAA (interaction doses of 
limestone and DAA) (Figure 2C). The lowest H + Al values 
at doses = 0, 1, 2 and 4 Mg ha-1 were 2.57, 1.98, 1.34 and 
0.82 cmolc dm-3 at 83, 149, 155 and 144 DAA, respectively. 
Responses were linear negative in the unfolding of the 
doses at each DAA (Figure 2D); the concentration of 
potential acidity decreased as limestone doses increased.

Soil P and K concentrations showed quadratic responses 
as DAA function (Figure 3A). The lowest P availability was 
recorded at 360 DAA (60.78 mg dm-3) whereas K presented 
the lowest availability at 220 DAA (54.43 mg dm-3).

The sum of bases increased under the corrective doses 
and it reached 2.63 cmolc dm-3 at the maximum dose 
(4 Mg ha-1) (Figure 3B). With respect to the DAA factor, 
SB presented negative linear response with minimum value 
equals 0.97 cmolc dm-3, at 365 days (Figure 3C). Cation 
exchange capacity (CEC) showed significant decrease with 
5.28 cmolc dm-3 at 30 DAA (Figure 3D).

The highest Ca and Mg concentrations were observed 
at 30 DAA: 1.83 and 0.99 cmolc dm-3, respectively, and 
they were followed by reduction in the other assessments 
(Figure 3E). Ca and Mg concentrations presented increase 
proportional to the amounts of applied correctives, and 
they reached 1.79 and 0.7 cmolc dm-3, respectively, at the 
highest applied limestone dose (Figure 3F).

Figure 1. A - Green mass at the vegetative phase and B - Manganese and Boron contents extracted from soybeans as limestone dose function.

https://doi.org/10.48331/SCIELODATA.0EA5N
https://doi.org/10.48331/SCIELODATA.0EA5N
https://doi.org/10.48331/SCIELODATA.0EA5N
https://doi.org/10.48331/SCIELODATA.0EA5N
https://doi.org/10.48331/SCIELODATA.0EA5N
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Base saturation (BS%) showed a decreasing linear 
response at the days after application (DAA), and this 
finding has shown reduced amendment effectiveness, 
overtime (Figure 4). The most significant decreases were 
observed at the lowest levels: 61% and 87% reduction for 0 
and 1 Mg ha-1, respectively, and it points out soil acidification 
(dose zero) and lower residual effect (dose = 1 Mg ha-1). 
However, the reductions were less significant (46% and 
42%) at the higher levels (2 and 4 Mg ha-1), and it suggests 
greater buffering effect due to the addition of doses higher 
than those recommended in the handbooks.

Table 1 makes it clear that only macronutrient sulfur (S) 
showed significant standard limestone dose/time assessment 
(DAA) interaction. Significant effect of nutrients copper 
(Cu) and boron (B) was only observed for the DAA factor. 
Manganese (Mn) showed significant differences for both 
corrective doses and DAA, but they were independent. Iron 
(Fe) and zinc (Zn) did not show significant difference.

Soil S concentration reached its maximum without 
limestone application (0 Mg ha-1) at 180 DAA, and it reached 
16.56 mg dm-3. On the other hand, 92.75% reduction in S 
concentration was observed between the lowest and highest 
applied doses at 365 DAA, which means negative linear 
response (Figure 5A).

Soil S concentrations were higher at 180 DAA than at 
365 DAA: 34.12%, 47.78% and 84.91% increase at doses 
equal to 1, 2 and 4 Mg ha-1, respectively, if the comparison 
between time assessments and each standard dose is taken 
into consideration (Figure 5B).

The minimum soil Cu concentration was observed at 
255 DAA: 1.27 mg dm-3 (Figure 5C). Mn concentration 
showed negative linear response in comparison to DAA: 
49.90% reduction from 90 to 365 DAA (Figure 5C). 
Furthermore, Mn decreased as limestone dose increased: 
4.11 and 3.47 mg dm-3 were recorded at doses equal to 
0 and 4 Mg ha-1, respectively (Figure 5D).

Figure 2. Soil pH values as A function - Days after application (DAA) interaction breakdown at each dose and B - Limestone dose 
interaction breakdown at each DAA. Potential acidity (H + Al) as C function - Days after application (DAA) interaction breakdown at 
each dose and D - doses interaction breakdown at each DAA.
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Soil organic matter (SOM) concentration reached its 
maximum value at 166 DAA: 7.08 g kg-1 (Figure 6A). Soil 
B concentration was 0.19 mg dm-3 at 180 days after lime 
application (DAA) and 0.33 mg dm-3 at 365 DAA (Figure 6B).

DISCUSSION
Low, or lack, of crop biomass production response can 

be explained by millet and Brachiaria crops’ lower soil 

fertility requirements. Another possible explanation for it 
lies on the fact that initial soil fertility levels were enough 
to meet these crops’ nutritional demands.

Soybean, in its turn, is a more demanding and responsive 
crop to fertility management. It has positive response at 
lime rates close to 2.5 Mg ha-1 recorded for green mass, at 
the vegetative phase. However, there was no difference in 
dry mass or grain yield, as expected. This finding can be 

Figure 3. A - Phosphorus (P) and potassium (K) soil levels as days after lime application (DAA) function. Sum of bases in the soil, 
B - as lime doses function and C - of DAA. D - Cation exchange capacity (CEC) as DAA function. Calcium (Ca) and magnesium (Mg) 
levels, E - as doses function and F - as DAA function.
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explained by the initial soil analysis, which highlighted this 
oilseed crop’s adequate fertility levels. Thus, Ca and Mg 
levels, and the initial soil pH value, did not limit crop yield, 
even with the recorded lime rates.

According to other studies, soybeans are responsive to 
soil amendment, including the application of doses higher 
than those recommended in handbooks available for use in 
the Brazilian Cerrado.(19)

The reduced Mn content absorbed by the soybean plant 
due to higher limestone doses is explained by the fact that 
Mn solubility decreases as limestone doses increase. This 
finding corroborates what was observed in the soil, because 
there was insoluble Mn oxides and hydroxides formation 
due to pH increase. Manganese makes the transition 
from its readily available form to plants (Mn²⁺) to its less 
soluble forms, which reduces its bioavailability in the soil. 
Therefore, less Mn will be extracted by the crop.(20)

On the other hand, boron (B) extraction showed quadratic 
response to limestone doses, and it can be explained by 
boron adsorption by soil minerals like iron and aluminum 
oxides, which are pH-dependent and reach the maximum 
value under slightly alkaline conditions. However, despite 
this optimal pH range, boron becomes less available due 
to increased adsorption and precipitation, which reduces 
its availability to plants.(21) applied 6.6 Mg ha-1 limestone 
and found the maximum B point at concentration equals 
to 0.8 mg dm-3, which was followed by decline due to 
adsorption processes.

Increasing lime rates raise soil pH. However, this effect 
tends to decrease overtime due to acidification caused by 
successive crops and nitrogen fertilization. Proton (H⁺) 
exudation by the roots, as osmotic balance mechanism 
combined to Ca and Mg absorption and N topdressing, 
helps restoring soil acidity.(22)

Studies have shown that liming does not excessively 
increase pH in sandy soils, even at high rates, unlike what 
is observed in soils with higher CEC. Classical literature 
tends to point out more significant increases, but recent 
studies highlight that pH values rarely exceed the 7.0 to 7.5 
range, even with very high lime applications.(19,23,24)

Esper Neto et al.(23) assessed different limestone doses 
(0, 2, 4 and 8 Mg ha-1) in sandy soil with 120 g kg-1 clay 
planted with soybean and observed that the maximum pH 
in H₂O (5.94) was observed at dose 5.25 Mg ha-1, in the 
0-0.1 m layer. The maximum soybean yield (2,929 kg ha-1) 
was recorded at 4.6 Mg ha-1 limestone. This behavior can 
be explained by sandy soils’ low CEC, which limits Ca and 
Mg sink, and leads to limestone reaction stabilization at a 
certain chemical equilibrium point.

Figure 4. Base saturation (BS%) as limestone doses and days 
after application (DAA) function.

Table 1. Summary of the analysis of variance for soil sulfur and micronutrient levels

SV S Cu Fe Zn Mn B

test F

SD 20,13* 2,46ns 1,59ns 0,31ns 14,69* 2,65ns

DAA 42,79* 10,45* 1,99ns 0,05ns 60,86* 147,33*

SD x DAA 5,07* 0,85ns 1,54ns 0,23ns 0,42ns 0,46ns

%

CV SD 21,93 15,11 20,11 36,11 16,57 11,87

CV DAA 21,12 12,88 22,94 17,58 37,12 16,12

mg dm-3

OM 10,96 1,52 38,24 5,97 3,77 0,26

Cu: copper, Fe: iron, Zn: zinc, SD: standard dose, DAA: days after application, SV: source of variation, CV: coefficient of variation, Mean: overall mean, 
*: significant at 5% by the F-test, and ns: not significant at 5% by the F-test.
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It is important bearing in mind that, although the lime 
reaction time often used for agricultural management is 
close to 90 days after application (DAA), there is evidence 
that soil pH maximum effect can take place over a longer 

period. These results indicate that the neutralizing effect 
of liming extends beyond the standard evaluation window, 
which must be considered when planning acidity correction 
strategies. In rainfed systems, lime reaction is governed by 

Figure 5. A - Soil sulfur (S) concentration as lime rate breakdown function at 180 and 365 days after application (DAA). B - Soil sulfur 
concentration as DAA breakdown function at 1, 2, and 4 Mg ha-1 (letters compare the rates at each DAA). C - Soil copper (Cu) and 
manganese (Mn) concentrations as DAA function. D - Soil Mn concentration as lime rate function.

Figure 6. A - Soil organic matter (SOM) concentration as function of limestone days after application (DAA). B - Soil boron (B) 
concentration as DAA function.
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soil moisture availability post-application rather than the 
application timing. This requires special attention in newly 
incorporated marginal areas, where rainfall distribution 
departs from the patterns observed in traditional agricultural 
regions of Brazil.

The present results have shown reduced availability of 
nutrients such as phosphorus (P), potassium (K), calcium 
(Ca) and magnesium (Mg) over the course of the conducted 
assessments. This finding can be associated with these 
elements’ on-going absorption by crops planted under 
sequence or rotation systems. This outcome reinforces the 
relevance of monitoring soil nutritional status throughout 
the agricultural cycle and of adopting appropriate 
replacement strategies to avoid nutritional deficiencies that 
could compromise plant development. The observed P and 
K decease can be linked to their low replacement by the 
nutrient solution. However, with respect to Ca and Mg, the 
adopted lime rates could be higher, as shown by the linear 
behavior for these features at the tested levels.

In addition to lime’s known effects on both soil 
acidity amendment and exchangeable aluminum (Al³⁺) 
neutralization, its application also acts as calcium (Ca²⁺) 
and magnesium (Mg²⁺) source. Accordingly, its increased 
levels are expected to lead to these nutrients’ higher levels 
in the soil, which reflects a positive response proportional 
to the amount of applied amendment. This behavior 
meets previous studies conducted under similar soil and 
management conditions, which have reported increased 
Ca²⁺ and Mg²⁺ levels due to liming.(24)

However, it would be necessary to increase lime rates, 
as indicated by the adjusted models and the observed 
results, to achieve higher soil Ca + Mg levels – compatible 
to the requirements of higher-yield genotypes and systems 
(ranging from 2.7 to 5.2 cmolc dm-3).(25) This aspect 
highlights the possible need for reviewing the liming 
recommendations currently used for sandy soils, as already 
suggested by Oliveira et al.(19) and Santos et al.(24)

H+Al value reductions are in compliance with limestone 
application. If one bears in mind limestone's DAA, the 
subsequent increase in potential acidity follows the soil pH 
decrease due to acidification caused by crop cultivation and 
nitrogen fertilization, as previously reported. Furthermore, 
acidity (H+) increase consequently leads to toxic aluminum 
(Al+3) level increase, and this finding corroborates the 
observed results.

Nutrients calcium (Ca+2) and (Mg+2) are the most influential 
to the sum of bases (SB) and base saturation (BS%) due to 

the significant occupation of cation exchange capacity (CEC) 
associated with these elements’ charge, mainly in comparison 
to other cationic nutrients. Therefore, the increased amount 
of applied limestone is expected to increase SB and BS%, 
because limestone is not only a Ca+2 and Mg+2 source, but it 
also corrects acidity and neutralizes aluminum (Al+3), which 
frees up the space in other cations’ CEC. However, SB and 
BS% follow a linear decrease trend over the DAA, which is 
justified by crop sequence (with consequent base extraction) 
and acidification caused by fertilization.

As observed by Santos et al.,(24) base saturation did not 
exceed 80%, even at the highest dose, due to limestone’s 
lower reaction in sandy soils caused by lower Ca and Mg 
drain. The cation exchange capacity (CEC) showed the 
same behavior.

The low copper concentration observed at 255 DAA 
(Figure 5C) is explained by soil pH increase, which reduces 
this nutrient’s availability. Holland et al.(26) assessed the 
application of 2 to 6 Mg ha-1 calcitic limestone for 365 DAA 
in sandy loam soils. They observed that liming reduced Cu 
and Mn availability, mainly at pH levels higher than 7.

Unlike many reports in the classical literature,(13,27) 
there was no decrease in iron and zinc availability due to 
liming. This finding is reinforced by Moreira et al.(28) and 
Moreira et al.(29) studies, according to which, micronutrient 
levels in the soil showed little association with plant levels. 
They also suggested that the Mehlich-1 extractor cannot 
be properly used to assess micronutrient availability in the 
soil. The study by Santos et al.(24) also found no significant 
limestone effect on micronutrient availability decrease 
in the soil by using the same extractor. The use of the 
nutrient solution added with micronutrients was another 
justification for lack of micronutrient responses (depletion) 
to lime application, except for Mn.

Assumingly, the dynamics involved in the soil/plant 
association based on rhizosphere addition, release of root 
metabolites, among others, help nutrients’ absorption by 
plants, even under higher pH conditions. Thus, the expected 
effect of reducing micronutrients availability by increasing 
soil pH is not observed in all elements.(20,30,31)

In first-crop areas of the Matopiba region, optimal 
soybean yield requires lime application rates below 10 t ha-1 
(or up to twice the rate prescribed by official recommendation 
methods). Rates exceeding 10 t ha-1 negatively impact 
soil chemical availability—specifically lowering P, K, and 
cationic micronutrient levels—which ultimately impairs 
foliar uptake of both macro- and micronutrients.(32)
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CONCLUSIONS
There was a linear increase in soil Ca, Mg, SB 

concentration and in pH, and potential acidity (H+Al) 
reduction due to the applied limestone doses. This finding 
pointed out sandy soils’ responsiveness to higher limestone 
levels in comparison to those recommended by official 
methods.

The limestone reaction decreased, overtime, but to 
a lesser extent at doses 2.0 and 4.0 times higher than the 
doses recommended in official handbooks. Higher doses 
(higher than those recommended in official handbooks) 
decreased the soil Mn concentration, but it did not happen 
with other micronutrients.
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