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ABSTRACT: In Brazil, empirical models are traditionally used to determine lime 
requirement (LR), but their reliability is doubtful in most cases, since they can lead to 
under- or overestimation of LR for different soil types. In this study, the most critical 
characteristics influencing LR were selected to develop reliable models for predicting 
LR that raise soil pH to optimum values for crop production in Brazil. Soil samples 
(n = 22) with varying proportions of clay (5-88 %) and organic matter (OM) levels 
(3.78-79.35 g kg-1) were used to develop the models. Organic matter and potential 
acidity (HAl) combined with ΔpH [target pH(H2O) - initial pH(H2O)] were the best 
predictor variables for estimating LR. Four models were developed (OMpH5.8, OMpH6.0, 
HAlpH5.8, and HAlpH6.0) for estimating LR to attain target pH values of 5.8 or 6.0 with 
reasonably high prediction performance (0.758≤ R2 ≤0.886). An algorithm was further 
developed for selecting the LR to be recommended among those estimated by the 
models. The proposed algorithm enables to select the minimum LR that ensure 
the adequate supply of Ca and Mg to plants and does not exceed the levels of soil 
HAl, thus preventing excessive pH increase. The new predictive models were less 
sensitive to predict LR high enough to meet Ca2+ and Mg2+ requirements of plants in 
soils containing levels of HAl lower than 5 cmolc dm-3 and OM lower than 40 g kg-1. 
However, they ensured an adequate supply of Ca2+ and Mg2+ to plants and avoided the 
overestimation of LR for most soils used in this research. Validation via an independent 
dataset (n = 100 samples) confirmed the good predictive performance of the models 
across a wide range of soil types. In summary, the proposed models can be used as 
good alternatives to traditional methods for predicting LR for a great variety of Brazilian 
soils. Further, they are versatile and may be easily deployed in soil testing laboratories, 
since soil pH, OM, and HAl are characteristics determined in routine analysis.
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INTRODUCTION
Acidic soils comprise nearly 30 % of the world’s land area, occurring mostly in tropical 
and subtropical regions (von Uexkül and Murtert, 1995). Liming stands out as the 
most effective practice to overcome the adverse impacts of soil acidity (Fageria and 
Baligar, 2001). Liming increases soil pH, Ca2+, and Mg2+ levels, and soil base saturation 
percentage (BSP), and consequently decreases Al and Mn toxicities, resulting in 
improved crop yield (Goedert, 1983; Oliveira et al., 1997; Sumner and Noble, 2003; 
Fageria and Nascente, 2014).

The lime requirement (LR) of a soil is defined as the amount of liming material needed 
to increase the soil pH from an initial acidic condition to a value that is suitable for plant 
growth (McLean, 1973). The LR has also been regarded as the amount of lime required to 
attain the maximum economic yield of crops grown on acid soils, which corresponds to the 
lime rate estimated to achieve about 90 % of maximum yield (Fageria and Baligar, 2008). 
Various studies have shown the importance of applying adequate LR on Brazilian acidic 
soils for successful crop production (Oliveira et al., 1997; Ernani et al., 1998; Caires et al., 
2000; Campanharo et al., 2007). Empirical models have long been used to determine LR 
of acidic soils. Among these models, the base saturation method (van Raij et al., 1996) 
and the method based on the exchangeable acidity (Mx+) neutralization along with the 
increase of exchangeable Ca2+ and Mg2+ (Alvarez V and Ribeiro, 1999) are used most 
often in Brazil. However, they have been criticized for under- or overestimating the LR 
for different soil types.

The base saturation method aims to increase BSP for pre-determined values according 
to the crop nutrient requirement, taking into account the linear relationship between 
soil pH and BSP within the typical pH range of acid soils (Catani and Gallo, 1955; 
Quaggio, 1986). Nevertheless, this relationship is non-linear for some soils, mainly at 
BSP values close to 80-90 % (Nicolodi et al., 2008; Silva et al., 2008). As a result, the 
BSP achieved with liming is frequently lower than the predicted BSP, even with high 
lime rates (Oliveira et al., 1997; Weirich Neto et al., 2000; Alleoni et al., 2005; Soratto 
and Crusciol, 2008; Araújo et al., 2009). On the other hand, the method aiming to 
neutralize Mx+ and increase Ca2+ and Mg2+ has underestimated LR for soils with high 
cation exchange capacity at pH 7.0 (T >12 cmolc dm-3) and overestimated LR for soils 
with low T (<4 cmolc dm-3), which may lead to very high pH values (Sousa et al., 1989). 
Where lime is applied in excess, micronutrient deficiencies are induced and may limit 
crop growth (Fageria and Baligar, 2003). 

Due to the limitations of the above-mentioned approaches, new methods are needed 
for quantifying the actual LR for the wide range of soils occurring in Brazil. Adding 
appropriate rates of lime can cause a desired pH change in the soil thus leading to the 
maximum economic crop yields. In addition, more than two decades have elapsed since 
the last method for estimating LR was developed. Given the ongoing intensification of 
agricultural practices and resultant changes in soil pH buffering capacity (pHBC) caused 
by acid inputs, methods developed in past decades may not be efficient for assessing 
the current status of acidity and fertility of agricultural soils.

Predictions of the actual LR of soils require knowledge on the pHBC, which is strongly 
dependent on the proportion and type of clay minerals and organic matter (OM) levels, 
as these characteristics govern the cation exchange capacity (Thomas and Hargrove, 
1984; Wong et al., 2013; Wang et al., 2015). The levels of potential acidity (HAl) also 
influence the soil pHBC. As OM and HAl reflect the soil pHBC, we hypothesize that they 
are reliable predictor variables for estimating LR. As such, the objectives of this study 
were to: i) select critical soil characteristics that most influence LR predictions; and ii) 
develop reliable models for predicting LR to raise soil pH to optimum values for crop 
production in Brazil. 
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MATERIALS AND METHODS

Soil sampling and characterization

A total of 22 soil samples (calibration dataset) were collected from the topsoil layer 
(0.00-0.20 m) across the Minas Gerais State from native areas under forest and tropical 
savanna (Cerrado) that had never been limed. These samples were selected to cover 
a wide range of soil types with different physical and chemical characteristics, which 
are representative of Brazilian agricultural areas. Soils were classified according to the 
Brazilian System of Soil Classification (Santos et al., 2013) up to the 4th category level 
(sub-group) and their Soil Taxonomy (Soil Survey Staff, 2014) nearest equivalent. They 
belong to four major orders, which comprised Latossolos (Oxisols, n = 17), Argissolos 
(Ultisols, n = 2), Cambissolo (Inceptisol, n = 1), and Neossolos (Entisols, n = 2) (Figure 1).

All samples were air-dried, ground, and passed through a 2-mm sieve and analyzed 
for selected physical and chemical characteristics. Soil particle size distribution was 
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Figure 1. Study area and sampling locations at the Minas Gerais State, Brazil. The soil abbreviations 
were based on the Brazilian System of Soil Classification (Santos et al., 2013), followed by their 
Soil Taxonomy (Soil Survey Staff, 2014) nearest equivalent.
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determined by the pipette method using NaOH 0.1 mol L-1 as a dispersing agent and 
the silt + clay determination as an additional step (Ruiz, 2005). Soil chemical analyses 
were determined using methods described by Defelipo and Ribeiro (1997) and comprised 
pH(H2O), determined in a 1:2.5 (v:v) ratio; exchangeable Ca2+, Mg2+, and exchangeable 
acidity (Mx+), extracted with KCl 1 mol L-1; available K+, extracted with Mehlich-1; and 
potential acidity (HAl = H + Al), extracted with Ca(OAc)2 0.5 mol L-1 buffered at pH 7.0.  
Exchangeable Ca and Mg were determined by atomic absorption spectrometry, and Mx+ 
was determined by titration with NaOH 0.025 mol L-1. Available K+ was determined by 
flame emission spectrometry. 

The sum of exchangeable basic cations (SB = Ca2+ + Mg2+ + K+), cation exchange 
capacity at pH 7.0 (T = SB + HAl), effective cation exchange capacity at the original 
soil pH (t = SB + Mx+), base saturation [V = (SB/T) × 100], and exchangeable acidity 
saturation [m = (Mx+/t) × 100] were then estimated. Remaining P was determined in 
solution after stirring 60 mg L-1 of P in CaCl2 10 mmol L-1 for 1 h in a soil:solution ratio of 
1:10 (Alvarez V et al., 2000). Organic matter (OM) was calculated from the total carbon 
of organic compounds determined by oxidation with potassium dichromate using the 
Walkley-Black procedure (Nelson and Sommers, 1996). Soil buffer pH(SMP) was determined 
in a 10:25:5 (w:v:v) soil: CaCl2 10 mmol L-1: buffer solution ratio, as proposed by van 
Raij et al. (1979). 

Soil-lime incubations

The air-dried soils were incubated under greenhouse conditions with incremental amounts 
of a liming material for a period of 60 d. The liming material consisted of a mixture of 
reagent-grade CaCO3

 (100 % CaCO3 equivalent) and dolomitic limestone with 92 % of 
total relative neutralizing power (TRNP) to have a 4:1 molar ratio of Ca:Mg. 

The treatments were laid out in factorial arrangement [22 × (1 + 7 + 2)]. They consisted 
of 22 soil samples and 10 rates of lime, which comprised one control treatment (without 
lime), seven rates estimated by different traditional LR methods, and two additional 
rates chosen to get the rates more equally spaced. The traditional LR methods used 
in this study are described in table 1. The experiment was carried out in a randomized 
complete block design, with four replications.

The predictions of LR by the MG1 and MG2 methods (Table 1) were based on the nutritional 
requirements of corn (Zea mays L.): desired optimum base saturation (V2 = 50 %), 

Table 1. Traditional methods to determine the lime requirement (LR) used in the 60 d incubation study

Method LR(1) equations Reference
Mx+(2) LR = 1.5 Mx+ Cate and Nelson (1965)
BSAT(3) LR = (V2 - V1) T/100 van Raij et al. (1996)
MG1

(4) LR = Y Mx+ + [X - (Ca + Mg)] Lopes and Guimarães (1989)
MG2

(5) LR = Y [Mx+ - (mt t/100)] + [X - (Ca + Mg)] Alvarez V and Ribeiro (1999)

SMP(6) LR to raise the soil pH(H2O) to 6.0 using the  
SMP buffer van Raij et al. (1979)

HAl(7) LR = -0.086 + 0.7557 HAl Teixeira et al. (2014)
pHOM(8) LR = 0.16 (6 - pH) OM Defelipo et al. (1972)

(1) LR expressed as t ha-1 of pure CaCO3 or limestone with total relative neutralizing power (TRNP) 100 %; 
(2) Mx+: exchangeable acidity, in cmolc dm-3; (3) BSAT: base saturation; V2: desired optimum base saturation, 
in %; V1: existing base saturation, in %; T: cation exchange capacity at pH 7.0, in cmolc dm-3; (4) MG1: Minas 
Gerais State-method 1; Y: variable as a function of the soil pH buffering capacity; X: variable as a function of 
Ca2+ and Mg2+ requirements of the crop; (5) MG2: Minas Gerais State-method 2; mt: maximum Mx+ saturation 
tolerated by the crop, in %; (6) SMP: Shoemaker-McLean-Pratt buffer slightly altered from the one first proposed 
by Shoemaker et al. (1961) in which the ratio soil:CaCl2 10 mmol L-1: buffer solution of 10:25:5 (w:v:v) was 
used; (7) HAl: potential acidity, in cmolc dm-3; (8) pH(H2O) at 1:2.5 (v:v) ratio; OM: organic matter (Walkley-Black 
method), in g kg-1.



Teixeira et al. New methods for estimating lime requirement to attain desirable pH values...

5Rev Bras Cienc Solo 2020;44:e0200008

Ca2+ and Mg2+ requirements (X = 2 cmolc dm-3), and maximum exchangeable acidity 
saturation tolerated by the crop (mt = 15 %) (Alvarez V and Ribeiro, 1999). Nutrient 
requirements for the corn crop were used to estimate LR because this species was grown 
after the incubation period to verify the effects of LR predictions on yield responses in 
a subsequent experiment.

The experimental units consisted of 2 dm3-plastic bags containing 0.5 dm3 of the fine earth 
fraction (<2 mm) of each soil. The liming material was carefully mixed with the whole 
soil volume into the plastic bags. The treated soils were then moistened to 80 % of their 
field capacity with distilled water, as previously estimated by the moisture equivalent 
method (Ruiz et al., 2003). During the 60-d incubation period at room temperature, the 
soil moisture was kept near 80 % of the field capacity by adding distilled water at regular 
intervals, and the soils were thoroughly mixed. The plastic bags were opened for a few 
hours each day to facilitate gas exchange. 

Soil pH at a 1:2.5 soil:water ratio was measured in five different treatments, including 
the control (0 lime) at 15, 30, and 45 d after beginning the incubation period to ensure 
the equilibrium pH was reached. At 60 d of incubation, when the pH of all soils reached 
a relatively steady state, soil samples of all treatments were air-dried, ground to pass a 
2-mm sieve, and reanalyzed for soil pH, Mx+, HAl, and Ca2+ and Mg2+ using the procedures 
mentioned earlier.

Lime requirement from incubation

The soil-lime incubation was used as the standard method to determine the actual LR 
for attaining target pH values. As such, soil pH values (ŷ) measured at the end of the 
incubation period were plotted as a function of the 10 lime rates (x, t ha-1) to obtain 
soil acidity neutralization curves using linear and curvilinear regression equations. The 
LR needed to raise the initial soil pH to target values of 5.8 (LR5.8) and 6.0 (LR6.0) were 
then obtained from the soil acidity neutralization curves. These pH values were selected 
based on the optimal range of pH (5.7 to 6.0) reported in the literature for most crops 
in Brazil (Sousa et al., 2007). 

Model development and validation

The new models for predicting LR were calibrated to target pH values of 5.8 and 
6.0 using LR predicted from incubation. First, LR5.8 or LR6.0 were plotted against relevant 
soil acidity-related characteristics of unlimed soils (analyzed before incubation) using 
nonlinear regression analyses. The resultant nonlinear regression functions consisted 
of the proposed models to predict LR. 

The model performances were evaluated based on the coefficient of determination (R2). 
Thereafter, to ascertain whether LRs predicted by the models (Yj) were equivalent to the 
incubation LRs (Y1), the identity test proposed by Leite and Oliveira (2002) was used. 
The null hypothesis that the LR estimated by the models (alternative methods) and the 
incubation procedure (standard method) are not statistically different (H0: β = [0 1]) 
was evaluated. 

The identity test is based in a combination of the following parameters: (i) statistic 
F [F(H0)] as modified from Graybill (1976), which tests both hypotheses H0: β0 = 0 and 
H1: β1 = 1 simultaneously in the adjusted linear regression equation YJ = β0 + β1Y1 + ei; 
(ii) t-test for mean error (tē), which quantifies the accuracy (i.e., the bias) of LR predictions 
estimated by the new predictive models in relation to the standard incubation method by 
measuring the average mean error; and (iii) linear correlation coefficient (rY1Yj). Hence, 
after fitting the linear regression equation, the identity between Yj and Y1 is verified when: 
(i) F(H0) is not significant: F(H0) < Fα (2, n-2 d.f.); (ii) the mean error is statistically equal 
to zero: ē = 0 (non-significant); and (iii) the linear correlation coefficient is significant 
and greater than (1 - |ē|): rY1Yj  > (1 - |ē|).



Teixeira et al. New methods for estimating lime requirement to attain desirable pH values...

6Rev Bras Cienc Solo 2020;44:e0200008

An independent dataset consisting of 100 soil samples with pH(H2O) values (1:2.5 soil:water) 
lower than 6.0 was used to validate the models. These samples were originated from 
the soil library of the Minas Gerais State and were chosen for their variability in physical 
and chemical characteristics.

Algorithm to select the recommended lime requirement 

Among the LRs predicted by the proposed models, the lowest LR was considered here 
as the recommended LR as long as it is higher than the Ca2+ and Mg2+ requirements of 
the plant (X) and lower than the levels of soil potential acidity (HAl). For selecting the LR 
to be recommended (LRR), an algorithm was developed in this study, which comprised 
the following steps (Figure 2): 

a. The LR is estimated (LRE) from the predictive models.

b. The lowest LR (LRLOW) is selected among the values of LRE.

c. The LRLOW is compared with the Ca2+ and Mg2+ requirements of the plant (X).

If LRLOW ≥ X, LRLOW will be compared with the level of HAl: if LRLOW < HAl, LRLOW will be the 
LRR; otherwise, HAl will be the LRR.

If LRLOW < X, the second lowest LRE (2nd LRLOW) is compared with X.

d. The procedure described in “c” with the 2nd LRLOW is repeated until finding among 
the LRE values the one that is equal or higher than X; otherwise, X will be the LRR.

In summary, the levels of X and HAl are considered by the proposed algorithm as the 
minimum and maximum limits to the LRR, respectively. Hence, it seeks to select the 
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Figure 2. Flowchart of the proposed algorithm to select which estimated lime requirement (LRE, 
t ha-1) by the new predictive models should be recommended (LRR). X, crop nutrient requirements 
for Ca2+ and Mg2+; HAl, soil potential acidity, both in cmolc dm-3.
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minimum LR to meet the Ca2+ and Mg2+ requirements of plants while concurrently 
preventing LRE from exceeding the levels of HAl and causing an excessive increase of 
soil pH, which can create an imbalance with other nutrients and affect crop production.

The values of LRR were then used to estimate soil pH, exchangeable acidity (Mx+), potential 
acidity (HAl), and the levels of Ca2+ and Mg2+ that would be reached in soils from the 
calibration dataset. This was done by substituting the LRR in the regression equations 
relating each of these characteristics (ŷ) as a function of the lime rates (x, t ha-1). The 
same was not carried out for the validation dataset as these soils were not incubated 
with increasing lime rates and, hence, did not have regression equations relating soil 
characteristics with the lime rates applied.

Further, the recommendation frequency of LR, which is the frequency at which the 
models estimated LR following different criteria according to the proposed algorithm, 
was calculated for both calibration (n = 22) and validation (n = 100) datasets.

RESULTS

Soil characteristics and incubation lime requirement

Descriptive statistics for soil analytical results of the calibration and validation datasets 
are summarized in table 2. The soils used for calibrating (n = 22) the predictive models 
of LR showed a broad range of textures varying from sandy to loamy and clayey classes 
according to the soil particle size distribution. These soils were predominantly acidic 
[pH(H2O) = 4.12-5.26], with low base saturation (V up to 35 %), high exchangeable acidity 
saturation (m up to 96 %), and medium to high organic matter level (OM up to 79.3 g kg-1) 
as per the classes to interpret soil acidity and fertility proposed by Alvarez V et al. (1999). 

Table 2. Descriptive statistics for chemical and physical characteristics of the soils used to develop 
(calibration dataset) and validate (validation dataset) the new predictive models

Soil characteristic(1) Calibration dataset(2) Validation dataset(3)

Mean Lowest Highest Mean Lowest Highest
pH(H2O) 4.63 4.12 5.26 4.95 4.10 5.87
pH(SMP) 5.72 4.82 6.78 5.90 5.17 7.59
Ca2+ (cmolc dm-3) 0.45 0.02 1.66 0.61 0.00 3.15
Mg2+ (cmolc dm-3) 0.20 0.00 0.87 0.23 0.00 1.87
K+ (cmolc dm-3) 0.10 0.02 0.24 0.12 0.00 0.49
Mx+ (cmolc dm-3) 0.87 0.21 1.98 0.85 0.00 3.00
HAl (cmolc dm-3) 6.63 1.68 13.06 5.75 0.70 11.30
SB (cmolc dm-3) 0.77 0.04 2.04 1.09 0.07 6.55
T (cmolc dm-3) 7.40 1.72 14.06 6.84 1.68 11.90
t (cmolc dm-3) 1.64 0.50 3.02 1.93 0.07 6.55
V (%) 10.64 0.77 34.53 17.45 1.10 90.30
m (%) 57.41 9.60 95.77 51.39 0.00 94.90
P-rem (mg L-1) 18.51 5.44 60.00 26.63 0.70 57.20
OM (g kg-1) 41.87 3.78 79.35 30.17 1.30 89.00
Sand (g kg-1) 331 49 926 401 37 910
Silt (g kg-1) 74 6 230 170 10 590
Clay (g kg-1) 594 54 884 430 60 810

(1) pH(H2O) at a 1:2.5 (v:v) soil:water ratio; pH(SMP) at a 10:25:5 (w:v:v) soil:CaCl2 10 mmol L-1:buffer solution ratio; 
Mx+: exchangeable acidity extracted with KCl 1 mol L-1; HAl: potential acidity extracted with Ca(OAc)2 0.5 mol L-1 
buffered at pH 7.0; SB: sum of exchangeable basic cations; T: cation exchange capacity at pH 7.0; t: effective 
cation exchange capacity at the original soil pH; V: base saturation; m: exchangeable acidity saturation; P-rem: 
remaining P (Alvarez V et al., 2000); OM: organic matter (Walkley-Black method). (2) n = 22 soils. (3) n = 100 soils.
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The validation dataset (n = 100) also exhibited a large variability of particle size distribution 
and chemical characteristics. In general, soil texture was classified as clayey for the 
majority (75 %) of the soils. The variations in soil pH (4.10-5.87), exchangeable acidity 
saturation (m up to 95 %) and OM level (up to 89.0 g kg-1) were similar to those for 
calibration dataset, with the exception of the base saturation (V up to 90 %) that varied 
substantially across these soils.

Table 3 exhibits the LR predictions from the standard incubation method determined using 
soil acidity neutralization curves. The incubation LRs ranged from 0.57 to 6.62 t ha-1 to 
attain pH 5.8 (LR5.8), or from 0.77 to 8.72 t ha-1 to attain pH 6.0 (LR6.0). The highest LR 
values to reach pH 5.8 and 6.0 were more than 6 t ha-1 larger than the lowest, contributing 
to the high variation of LR (CV = 51 and 55 %) as determined from incubation across 
the 22 soils. Most of the high values of incubation LR were estimated for soils high in 
potential acidity and OM, characteristics associated with highly buffered soils. 

Predictive models of lime requirement

Because soil pH is an important characteristic that provides a rapid and inexpensive 
indication of the soil acidity or alkalinity, it was prioritized as a predictor variable of 
LR. For that, the combined variable ΔpH (target pH - initial pH), which consisted of the 
desired target pH values of 5.8 or 6.0 minus the initial pH measured before liming, was 
calculated. Incubation LRs to attain either pH 5.8 or 6.0 were plotted against the variables 
(5.8 - pH) or (6.0 - pH) and fitted by nonlinear regressions. Statistically significant (p<0.05) 
nonlinear relationships were observed between incubation LRs (LR5.8 and LR6.0) and ΔpH, 
but the R2 values were very low for both relationships (R2 = 0.30) (Figure 3).

Based on the influence of OM and HAl in the soil pHBC, these soil characteristics were 
considered as predictor variables of LR. New combined variables consisting in the 
desired target pH (5.8 or 6.0) minus the initial pH multiplied either by the organic 
matter level ([(5.8 - pH) OM] and [(6.0 - pH) OM] = ΔpHOM) or the potential acidity level 
([5.8 - pH) HAl] and [6.0 - pH) HAl] = ΔpHHAl) were then calculated. Incubation LRs 
to attain pH 5.8 or 6.0 were plotted against the new combined variables and fitted by 
nonlinear regressions. Five soils appeared to be outliers and so were excluded from the 
regression analysis. These soils contained medium to high levels of OM (26.5-63.3 g kg-1) 
and HAl (3.6-7.9 cmolc dm-3), but they were considerably deviated from the nonlinear 
regression line between incubation LR and the new combined variables as compared 
with the other soils.

In general, both combined predictor variables (ΔpHOM or ΔpHHAl) showed good 
relationships with incubation LRs, even though the relationships between ΔpHOM and 
incubation LR to raise soil pH to either 5.8 (R2 = 0.863) or 6.0 (R2 = 0.886) showed higher 
performance in comparison to those between ΔpHHAl and incubation LRs (R2 = 0.758 and 
0.836, respectively). 

The four power regression equations relating incubation LRs (LR5.8 or LR6.0) with ΔpHOM 
or ΔpHHAl that are shown in figure 4 consisted of the new predictive models of LR 
developed in this study. As such, LR can be predicted by the new models, here referred 
to as OMpH5.8, HAlpH5.8, OMpH6.0, and HAlpH6.0, according to equations 1, 2, 3, and 4.

OMpH5.8 = 0.0699 × [(5.8 - pH) OM]0.9225** R2 = 0.863      Eq. 1

HAlpH5.8 = 0.3750 × [(5.8 - pH) HAl]0.9127** R2 = 0.758      Eq. 2

OMpH6.0 = 0.1059 × [(6.0 - pH) OM]0.8729** R2 = 0.886      Eq. 3

HAlpH6.0 = 0.4558 × [6.0 - pH) HAl]0.9162** R2 = 0.836      Eq. 4
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in which: LR is the lime requirement of the soil expressed as t ha-1 of pure CaCO3 or 
limestone with TRNP of 100 %, pH is the initial pH of the acidic soil, OM is the organic 
matter level expressed as g kg-1, and HAl is the potential acidity level expressed 
in cmolc dm-3.

Table 3. Lime requirement estimated from the standard incubation method and from the new 
predictive models using organic matter (OMpH) and potential acidity (HAlpH) to attain pH 5.8 or 
6.0 for the soils used to develop and validate the new predictive models

Soil
Lime requirement(1)

Incubation OMpH HAlpH
X(2) HAl(3)

pH 5.8 pH 6.0 pH 5.8 pH 6.0 pH 5.8 pH 6.0
t ha-1

Calibration dataset(4)

LVAd1 4.03 5.28 3.06 4.46 2.55 3.72
LVd1 3.97 4.70 1.24 2.12 0.83 1.35
Law 3.08 3.95 2.95 4.14 2.74 3.82
LVAd2 4.32 6.15 2.00 2.88 2.57 3.60
LVAa 6.62 8.72 6.38 8.36 6.28 8.55
LVAd3 0.84 1.61 0.71 1.13 1.11 1.63 2
LVd2 4.52 5.94 2.27 3.47 2.01 3.02
LVAd4 4.54 6.99 4.53 6.07 5.24 7.16
LVAd5 3.11 4.21 4.11 5.64 3.71 5.17
LVd3 5.89 7.31 5.48 7.33 4.35 6.00
LVd4 2.54 4.50 3.47 4.93 3.15 4.49
PVAd1 0.75 1.31 1.61 2.50 1.41 2.10
CXbd 3.18 4.14 2.24 3.11 2.83 3.84
LVd5 2.45 3.68 4.84 6.48 3.52 4.81
LVw 2.91 3.65 2.92 4.04 2.75 3.78
PVAd2 2.40 3.42 1.39 2.36 1.18 1.92
LVAd6 3.38 4.14 0.89 1.51 0.76 1.21 2
LAd1 1.87 2.54 2.19 3.07 2.36 3.24
LVd6 1.08 1.64 1.16 1.73 1.59 2.24
LAd2 1.59 2.62 2.37 3.27 3.35 4.55
RQo1 1.60 2.39 1.21 1.85 1.24 1.78 2
RQo2 0.57 0.77 0.19 0.33 0.48 0.72 1.68

Lowest 0.57 0.77 0.19 0.33 0.48 0.72
Highest 6.62 8.72 6.38 8.36 6.28 8.55
Mean 2.97 4.07 2.60 3.67 2.55 3.58
CV (%) 54.81 50.54 62.89 56.96 58.45 55.35

Validation dataset(5)

Lowest 0.00 0.04 0.00 0.07
Highest 5.20 7.15 4.57 6.25
Mean 1.46 2.20 1.70 2.48
CV (%)     76.06 67.69 66.45 61.79

(1) Values in italic refer to the lowest LR, which is considered the recommended LR since it is higher than the 
Ca2+ and Mg2+ requirements of the plant (X) and lower than the levels of potential acidity of each soil sample; 
and bold values refer to the highest LR. (2) X = 2 cmolc dm-3 for corn crop. (3) Potential acidity. (4) n = 22 soils. 
(5) n = 100 soils.
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Figure 3. Relationships between lime requirement (LR) determined from the 60 d incubation to 
target pH values of 5.8 (a) or 6.0 (b) and changes in soil pH (target pH - initial pH). *: p<0.05.
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Predictive ability of the models

The models developed showed satisfying performances for predicting LR (R2 ≥0.758). 
Also, LR predicted from incubation and LR predicted by the models were highly related 
(p<0.01) (Figure 4). As can be seen in the magnitude of the correlation coefficient 
(R) values, there is a strong relationship between LR predicted from the fitted models 
and LR predicted from incubation. Among the four predictive models, the OMpH was 
more closely related to the standard incubation method than the HAlpH. As such, the 
predictive models to attain either pH 5.8 or 6.0 using OM had the highest relationships 
to the standard incubation method (R = 0.93** and 0.94**), while those using HAl had 
the lowest (R = 0.87** and 0.91**). 

For determining if there is a perfect agreement between the new predictive models and 
the standard incubation method, the identity between models was verified (Leite and 
Oliveira, 2002). According to the fitting parameters of the identity test (Table 4), the F(H0) 
values were not significant (p>0.05), indicating that the intercept (β0) and the slope (β1) 
in the adjusted linear regression model Yj = β0 + β1Y1 + ei were  not statistically different 
from 0 and 1, respectively. Therefore, the hypothesis H0: β = [0 1] was not rejected.

In the t-test for mean error (tē), the mean error values were not significant (p>0.05), 
indicating that the hypothesis H0: ē = 0 was not rejected. Hence, the differences between 
Yj and Y1 are casual, revealing the absence of a systematic error in LR estimated by the 
predictive models compared with LR estimated from incubation.

The linear correlation coefficients (rY1Yj) indicated a relatively low dispersion of the data 
between LRs estimated by the predictive models and the incubation method, since the 
rY1Yj values were equal or greater than 0.87**. Thus, the parameter rY1Yj  ≥ (1 - | ē |) was 
not satisfied, which led to the conclusion that none of the LR predictive models estimated 
equivalent amounts of lime to the standard incubation method. Hence, the alternative 
LR methods were not identical, but very close to the standard incubation method.

Predictions of lime requirement

The estimated LR using the new predictive models are presented in table 3, along with 
LR from the standard incubation method. As evidenced for the soils from the calibration 
dataset, the ranges of LR to attain pH 5.8 predicted from the models based on OM 
(OMpH5.8: 0.19-6.38 t ha-1) and HAl (HAlpH5.8: 0.48-6.28 t ha-1) were very close to the range 
of incubation LR to attain the same pH value (0.57-6.62 t ha-1). Likewise, the ranges of 
LR to achieve pH 6.0 predicted by the models based on OM (OMpH6.0: 0.33-8.36 t ha-1) 
and HAl (HAlpH6.0: 0.72-8.55 t ha-1) were very close the range of incubation LR to attain 
such pH value (0.77-8.72 t ha-1).

The ranges of LR on the validation dataset were also close to each other when comparing 
different predictive models to achieve the same pH value (Table 3). Thus, to attain 
pH 5.8, the OMpH model predicted LR ranging from 0 to 5.20 t ha-1, whereas the LR 

Table 4. Results of the identity test between the standard incubation method (Y1) and the new predictive models (Yj) of lime requirement

Method
target pH β0 β1 R2 F(H0) tē rY1Yj ≥ 

(1 - |ē|) Conclusion(2)

Standard Alternative(1)

Incubation OMpH 
5.8 0.24ns 0.8988ns 0.865 0.64ns 0.24ns No Yj ≠ Y1

6.0 0.26ns 0.9202ns 0.887 0.47ns 0.03ns No Yj ≠ Y1

Incubation HAlpH
5.8 0.60ns 0.7738ns 0.759 2.02ns 1.02ns No Yj ≠ Y1

6.0 0.55ns 0.8514ns 0.836 1.17ns 0.73ns No Yj ≠ Y1
(1) Considering 17 out of the 22 soil samples used to develop the new predictive models. (2) According to the statistical procedure proposed by Leite 
and Oliveira (2002). ns: not significant until 5 %. 
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predicted by the HAlpH model ranged from 0 to 4.57 t ha-1. On the other hand, the 
LR predictions by the OMpH and HAlpH models to attain pH 6.0 ranged from 0.04 to 
7.15 t ha-1 and from 0.07 to 6.25 t ha-1, respectively.

The results in table 3 show the recommended LR (LRR) depicted as values in italic, 
as well as the highest LR (LRH), highlighted as bold values. Looking at the 22 soils from 
the calibration dataset, the HAlpH5.8 model predicted the LRR to the largest number 
of soils (9 soils), followed by OMpH5.8 (5 soils), HAlpH6.0, and OMpH6.0 (2 soils). For the 
independent set of 100 soil samples, the LRR was predicted to the largest number of 
soils by the HAlpH6.0 (20 soils), followed by the OMpH5.8 and OMpH6.0 (19 soils), and the 
HAlpH5.8 (7 soils). With regard the LRH, both OMpH6.0 and HAlpH6.0 models predicted such 
values to most soils used to develop (n = 11) and validate (n = 48) the new predictive 
models, respectively. A large difference (>1.40 t ha-1) between LRR and LRH was observed 
for 13 out of the 22 soils used in the incubation study. As a result, the magnitude of the 
difference varied greatly (LRH/LRR = 0-92 %) across all 22 soil samples and was higher 
for the strongly buffered soils (Table 5).

Table 5. Recommended (LRR) and highest (LRH) lime requirement and selected soil characteristics 
associated with LRR for the soils used to develop the new predictive models

Soil LRR LRH LRH/LRR pH Mx+ HAl Ca2+ Mg2+

t ha-1 % cmolc dm-3

Calibration dataset(1)

LVAd1 2.55 4.46 175 5.52 0.09 5.59 1.62 0.68
LVd1 2.12 2.12 100 5.46 0.04 4.33 1.24 0.43
Law 2.74 4.14 151 5.72 0.03 4.40 1.39 0.43
LVAd2 2.00 3.60 180 5.47 0.19 5.98 1.33 0.40
LVAa 6.28 8.55 136 5.77 0.06 7.35 3.56 1.17
LVAd3 2.00 2.00 100 6.12 0.02 1.94 1.33 0.34
LVd2 2.01 3.47 172 5.59 0.04 4.96 2.73 1.08
LVAd4 4.53 7.16 158 5.80 0.18 7.73 2.72 0.79
LVAd5 3.71 5.17 139 5.91 0.02 5.60 2.07 0.75
LVd3 4.35 7.33 168 5.56 0.22 8.03 2.40 1.01
LVd4 3.15 4.93 157 5.86 0.09 6.11 2.62 0.58
PVAd1 2.10 2.50 119 6.27 0.01 2.46 1.39 0.73
CXbd 2.24 3.84 172 5.58 0.08 3.09 1.32 0.39
LVd5 3.52 6.48 184 5.97 0.09 7.04 1.77 0.66
LVw 2.75 4.04 147 5.75 0.03 3.52 1.44 0.43
PVAd2 2.36 2.36 100 5.79 0.00 3.64 2.45 1.60
LVAd6 2.00 2.00 100 5.43 0.09 3.50 1.53 0.57
LAd1 2.19 3.24 148 5.90 0.06 2.65 1.25 0.41
LVd6 2.24 2.24 100 6.21 0.01 1.78 0.95 0.39
LAd2 2.37 4.55 192 5.95 0.03 3.87 1.20 0.42
RQo1 2.00 2.00 100 5.90 0.08 2.76 1.37 0.98
RQo2 1.68 1.68 100 6.63 0.00 0.55 0.73 0.14

Lowest 1.68 1.68 100 5.43 0.00 0.55 0.73 0.14
Highest 6.28 8.55 192 6.63 0.22 8.03 3.56 1.60
Mean 2.77 3.99 141 5.83 0.07 4.40 1.75 0.65
CV (%) 40.06 49.09 23.40 5.10 92.30 47.01 40.60 52.32

(1) n: 22 soils. 
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By applying the LRR, the soils from the calibration dataset would have on average good 
pH value (5.83), very low exchangeable acidity (0.07 cmolc dm-3), and medium values 
of potential acidity (4.40 cmolc dm-3), Ca2+ (1.75 cmolc dm-3), and Mg2+ (0.65 cmolc dm-3) 
as per the rating classes suggested by Alvarez V et al. (1999).

Recommendation frequency of lime requirement

By using the proposed algorithm (Figure 2), the recommendation frequencies of LR were 
classified according to different criteria (Table 6). For the calibration dataset, none of the 
new predictive models recommended LR when liming was not needed (LR = 0). However, 
both OMpH and HAlpH models aiming to raise soil pH to 5.8 recommended LR in 3 % of 
the soils from the validation dataset even when no lime was required.

In the calibration dataset, a smaller proportion of LR recommended to attain either 
pH 5.8 (OMpH5.8: 38 %; HAlpH5.8: 42 %) or 6.0 (OMpH6.0: 25 %; HAlpH6.0: 29 %) was not 
enough to meet the Ca2+ and Mg2+ requirements of the plant (0< LR <X), whereas a 
greater proportion of LR recommended to attain either pH 5.8 (OMpH5.8: 63 %; HAlpH5.8: 
58 %) or 6.0 (OMpH6.0: 75 %; HAlpH6.0: 71 %) was classified within the preferential interval 
(X≤ LR ≤HAl).

The validation dataset exhibited a partially opposite behavior, in which a larger 
recommendation frequency of LR to attain either pH 5.8 (OMpH5.8: 74 %; HAlpH5.8: 67 %) 
or 6.0 (OMpH6.0: 47 %; HAlpH6.0: 39 %) was insufficient to supply plants with Ca2+ and 
Mg2+, whereas a smaller frequency of LR predictions to attain only pH 5.8 (OMpH5.8: 23 %; 
HAlpH5.8: 30 %) was classified within the preferential criterion. A greater recommendation 
frequency of LR for attaining pH 6.0 was hence classified within the preferential interval 
(X≤ LR ≤HAl) 

None of the models estimated LR higher than the levels of HAl (LR > HAl) for the calibration 
dataset. However, 2 % of the soils from the validation dataset received LR > HAl when 
LR was predicted by the OMpH model to attain pH 6.0. When the recommendation 
frequencies of LR were calculated considering only the recommended LR (LRR), the HAlpH 
model estimated such a LR for the majority of the soils from the calibration (47 %) and 
validation (31 %) datasets to attain pH 5.8 and 6.0, respectively.

Table 6. Recommendation frequency of lime requirement (LR) estimated by the new predictive 
models according to the algorithm criteria for the soils used to develop and validate the new 
predictive models

Criteria(1) OMpH HAlpH
pH 5.8 pH 6.0 pH 5.8 pH 6.0

%
Calibration dataset(2)

LR = 0 (non-recommended) 0.00 0.00 0.00 0.00
0 < LR < X 37.50 25.00 41.67 29.17
X ≤ LR ≤ HAl 62.50 75.00 58.33 70.83
LR > HAl 0.00 0.00 0.00 0.00
LRR

(3) 26.32 10.53 47.37 15.79
Validation dataset(4)

LR = 0 3.00 0.00 3.00 0.00
0 < LR < X 74.00 47.00 67.00 39.00
X ≤ LR ≤ HAl 23.00 51.00 30.00 61.00
LR > HAl 0.00 2.00 0.00 0.00
LRR 29.23 29.23 10.77 30.77

(1) X = 2 cmolc dm-3 (for corn crop). (2) n = 22 soils. (3) Lowest LR selected as the recommended LR for meeting 
the criterion X ≤ LR ≤ HAl. (4) n = 100 soils.
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DISCUSSION
In this study, reference LR values obtained from the standard incubation method were used 
to develop new predictive models of LR to attain desirable pH values. Lime requirements 
predicted from incubation varied widely across soils to attain either pH 5.8 (0.57 to 
6.62 t ha-1) or 6.0 (0.77 to 8.72 t ha-1) (Table 3), revealing that the calibration dataset 
showed a large variation in physical and chemical characteristics that is desirable for 
developing predictive models of LR applicable to various soil types.

The use of initial and target soil pH combined as a predictor variable (ΔpH) did not 
provide good estimates of LR. This was evidenced by the low relationships (R2 ~ 0.30) 
between the desired pH change (ΔpH) and LR predicted from incubation, implying 
very poor estimates of LR based solely on the expected variation of pH due to liming 
(Figure 3). Indeed, soil pH is not a reliable predictor of LR, but rather is just an indicator 
of the need for liming, as reported by several authors (Aitken et al., 1990; Pagani and 
Mallarino, 2012; Holland et al., 2018).

As already mentioned, predicting the actual LR of a soil relies on the knowledge of the 
pHBC (Thomas and Hargrove, 1984; Wong et al., 2013; Wang et al., 2015). The major 
soil characteristics affecting the soil pHBC that have been combined to predict LR 
include exchangeable H+ and base saturation percentage (Catani and Gallo, 1955), soil 
pH, and OM (Keeney and Corey, 1963; Defelipo et al., 1972; Edmeades et al., 1985), 
CEC, and base saturation percentage (Quaggio et al., 1985), soil pH, exchangeable Al, 
exchangeable bases, and organic carbon (Hochman et al., 1995), and more recently, level 
of total carbon and proportion of clay (Curtin and Trolove, 2013). Because HAl as well 
as OM are indicators of soil pHBC, each of these characteristics combined with ΔpH as 
predictor variables for LR resulted in highly improved LR predictions (Figure 4). No other 
combination of soil characteristics tested in this study provided better relationships 
with incubation LR. 

The four predictive models developed, namely OMpH5.8, OMpH6.0, HAlpH5.8, and HAlpH6.0, 
provided good estimates of LR, as indicated by the highly significant correlations (R: 0.87** 
- 0.94**) to the incubation LRs (Figure 4). For all relationships, a very close association 
between LR estimated by the standard incubation method and the new predictive 
models was verified. The correlation approach is often used for comparisons between 
two methods and determining which one is more reliable for predicting LR (Aitken et al., 
1990; Godsey et al., 2007; Pagani and Mallarino, 2012). In studies that aimed to compare 
methods to predict LR on tropical acid soils, alternative methods were considered suitable 
for estimating LR when their LR predictions were highly correlated to the LR predicted 
by a standard incubation method (Quaggio et al., 1985; Almeida et al., 1999). 

Although correlation analysis are frequently used for comparing predictions of LR by 
different methods, they are inappropriate for assessing agreement between two analytical 
methods (Hopkins, 2004; van Stralen et al., 2008). As an alternative, Leite and Oliveira 
(2002) suggested the identity test to assess agreement between two methods for LR 
predictions. According to these authors, for comparison between analytical methods, 
the parameters of the regression line [i.e., the intercept (β0) is not significantly different 
from zero, the slope (β1) is not significantly different from one, the mean error (ē) is 
not significant, and the correlation coefficient (rY1Yj) between LR predictions is highly 
significant] must be addressed simultaneously. 

The results from the identity test showed that none of the new predictive models were 
identical to the standard incubation method in predicting LR to attain target pH values, 
since one of the three requirements for identity [rY1Yj ≥ (1 - | ē |)] was not met (Table 4). 
Thus, agreement between the new predictive models and the standard incubation method 
was not verified, even though they are significantly associated. However, all models 
are of comparable reliability to the standard incubation method, as two out of three 
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statistical requirements of the identity test (β0 = 0 and β1 = 1; ē = 0) were simultaneously 
met (Table 4). Consistent with other findings on the effectiveness of the identity test 
(Milagres et al., 2007; Soares et al., 2010; Serra et al., 2012), this study demonstrated 
that such statistical procedure is a better approach for determining the agreement rather 
than a merely association between two distinct methods, as do the correlation analysis.

Regarding the predictive ability of the models, OMpH5.8 (R2 = 0.863) and OMpH6.0 
(R2 = 0.886) had a slightly better fit, compared with HAlpH5.8 (R2 = 0.758) and HAlpH6.0 
(R2 = 0.836) (Figure 4). This may be attributed to the greater ability of OM compared 
with HAl to explain variation in the buffering capacity of a soil and, consequently, in the 
LR prediction. Sá et al. (2006) demonstrated that the organic fraction is the primary 
source of soil acidity buffering in soils from the Cerrado region of Brazil, accounting for 
98 % of the variation in the soil buffer capacity. 

The use of soil pH along with the OM level as predictor variables of LR in Brazilian acid 
soils have been reported in previous studies. However, one of the first prediction equations 
developed in Brazil based on soil pH and OM level (Defelipo et al., 1972) was found to 
overestimate the actual LRs to attain the expected pH value of 6.0 (Alvarez V et al., 
1990a,b), whereas the other one (Alvarez V et al., 1996) was not implemented at large 
scales for predicting LR, despite its good predictive ability (R2 = 0.797). Predictions of 
LR based on OM to attain pH 6.0 (Defelipo et al., 1972) have also been reported to be 
overestimated for flooded soils and acid sulfate soils in Brazil (Borges Júnior et al., 1998; 
Caballero et al., 2019). 

In contrast, the models developed in this study are less likely to overestimate LR, since 
they were calibrated using the standard incubation method to achieve target pH values. 
The minor differences in LR predicted by the models to achieve a given pH value, 
as revealed by the closeness between LR ranges within the same dataset, emphasized 
the good agreement to one another (Table 3). Further, the validation dataset showed 
ranges of LR similar to the calibration dataset, proving the good predictive performance 
of the models for a wide range of soil types.

Predicting sufficiently lime that reflects an adequate supply of Ca and Mg to plants and 
prevents overliming of soils under field conditions is of recognized importance in the 
literature to improve crop yields (Bolan et al., 2003; Fageria and Baligar, 2008). Of the 
four models developed, the HAlpH5.8 predicted the recommended LR (LRR) (values in 
italic in table 3) to most soils in the whole dataset. The LRR, that is the LR high enough 
to meet Ca2+ and Mg2+ requirements of plants (X) but is lower than the levels of soil 
potential acidity (HAl), corresponded to raising soil pH to nearly 5.9 on average for the 
calibration dataset (Table 5), which is within the optimum pH range for many crops in 
Brazil (Fageria and Stone, 1999; Fageria and Baligar, 2001). At this pH value, much of 
the exchangeable acidity would be neutralized, and the Ca2+ and Mg2+ levels would be 
adequate to support optimum yields of most annual crops in Brazilian Oxisols (Fageria 
and Baligar, 1999; Fageria, 2008). 

Unlike the LRR, the addition of excessive lime rates may lead to negative effects on 
the plant growth, such as micronutrient deficiencies and soil structure degradation. 
On highly weathered soils, a considerable decrease in the availability of micronutrients 
has been observed as soil pH increases above 6.0 following lime (Fageria and Stone, 
2008). Excessive lime has also altered many soil physicochemical characteristics and 
promoted clay dispersion when pH was increased to values higher than 7.0 (Nunes et al., 
2017). For all but four soils, the proposed models would raise pH to values lower than 
6.0, even with the highest LR (LHH) (Table 5), indicating that LR estimates were not in 
excess to adversely affect soil structure and crop growth. Among these models, the 
OMpH6.0 and HAlpH6.0 predicted the highest LR (LRH) (bold values in table 3) to most 
of the soils, which was up to 92 % higher than the LRR (Table 5). The large difference 
between LRR and LRH predicted by the models highlights the importance of a judicious 



Teixeira et al. New methods for estimating lime requirement to attain desirable pH values...

16Rev Bras Cienc Solo 2020;44:e0200008

model selection for diminishing the risk of predicting excessive LR that may affect soil 
chemical and physical characteristics.

The recommendation frequency of LR following different criteria, according to the 
proposed algorithm, revealed that most predictions fell within the preferential criterion 
of LR (X ≤ LR ≤ HAl), mainly for the calibration dataset as well as for achieving the 
target pH of 6.0 (Table 6). However, a considerable frequency of recommendations for 
both datasets was classified into the 0 < LR < X criterion, particularly for a target pH of 
5.8 (Table 6). This may be due to the soils having low levels of HAl and OM, and thus low 
buffering capacity, being subject to insufficient LR to supply plants with Ca + Mg (X). 
For instance, most LR predictions by the OMpH5.8 model that fell within the 0 < LR < X 
criterion to the calibration (78 % of the cases) and validation (86 % of the cases) datasets 
were assigned to soils showing OM levels lower than 40 g kg-1. A similar trend was 
observed to the HAlpH5.8 model, where most of the LR predictions insufficient to meet X 
in the calibration (70 % of the cases) and validation (51 % of the cases) datasets were 
assigned to soils showing HAl lower than 5 cmolc dm-3. 

In fact, soils with lower buffer capacity need less LR to reach a given target pH than soils 
with higher buffer capacity (Cherian and Arnepalli, 2015). However, such a LR should be 
enough for meeting the Ca2+ and Mg2+ requirements of the plant (X), which is considered 
as the minimum limit to the LRR. Under this case, the new predictive models seemed to 
be less sensitive for predicting LR higher than X for soils with low levels of HAl and OM. 
Noteworthy, they have an advantage over traditional methods for estimating LR as they 
predict LR lower than the levels of soil HAl, avoiding any possibility of overliming. In a 
recent study on traditional LR methods, Guarçoni and Sobreira (2017) demonstrated that 
the method aiming to neutralize exchangeable acidity (Mx+), and increase exchangeable 
Ca2+ and Mg2+ levels predicted LR higher than HAl for almost 20 % of the soils, which can 
lead to very high soil pH in particular for soils with low T (<5 cmolc dm-3). These authors 
also showed that the base saturation method predicted LR lower than that enough to 
supply coffee plants with Ca and Mg for almost 74 % of the soils. 

Poor predictions of LR by the base saturation method were also found by many authors 
(Oliveira et al., 1997; Kaminski et al., 2002; Araújo et al., 2009; Deus et al., 2014; 
Predebon et al., 2018), which may be due to the underestimation of HAl that is used to 
determine the cation exchange capacity when calculating the base saturation percentage. 
Most often this underestimation is explained by the poor buffer capacity of the calcium 
acetate extractor (0.5 mol L-1 pH 7.0) at the pH range of 6.0-7.0 (van Raij, 1991). The 
proposed models may further help to overcome such limitations when using traditional 
methods to determine LR in tropical conditions.

CONCLUSIONS
This study presents four new predictive models of lime requirement (LR) to attain target pH 
values of 5.8 and 6.0, which are suitable for most crops in Brazil. These models can predict 
LR with reasonably high prediction performance based either on the levels of soil pH and 
organic matter (OMpH5.8 = 0.0699* [(5.8 - pH) OM]0.9225**, R2 = 0.863; OMpH6.0 = 0.1059* 
[(6.0 - pH) OM]0.8729**, R2 = 0.886), or soil pH and potential acidity (HAlpH5.8 = 0.3750* 
[(5.8 - pH) HAl]0.9127**, R2 = 0.758; HAlpH6.0 = 0.4558* [6.0 - pH) HAl]0.9162*, R2 = 0.836). 
An algorithm was further developed for selecting the LR to be recommended among 
those estimated by the models. The proposed algorithm enables to select the minimum 
LR that ensure the adequate supply of Ca and Mg to plants and does not exceed the 
levels of soil HAl, thus preventing excessive pH increase.

Overall, the new predictive models were less sensitive to predict LR high enough to meet 
Ca and Mg requirements of the plant in soils containing lower levels of HAl (<5 cmolc dm-3) 
and OM (<40 g kg-1). However, they ensured an adequate supply of Ca and Mg to plants 
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and avoided an overestimation of LR for most soils used in this research. Validation via 
an independent dataset (n = 100 samples) confirmed the good predictive performance 
of the models across a wide range of soil types. In summary, the proposed models 
can be used as good alternatives to traditional methods for predicting LR for a great 
variety of Brazilian soils. Additionally, they are versatile and may be easily deployed in 
soil testing laboratories, since soil pH, OM, and HAl are characteristics determined in 
routine analysis. The choice among the predictive models will depend on the available 
soil characteristics at the time of LR prediction. Further research under field conditions 
may help to improve the predictive ability of the models.

APPENDIX A. SUPPLEMENTARY DATA
Supplementary data to this article can be found online at https://www.rbcsjournal.org/
wp-content/uploads/articles_xml/1806-9657-rbcs-44-e0200008/1806-9657-rbcs-44-
e0200008-suppl01.pdf
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