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A B S T R A C T   

Subsurface soil acidity and nitrogen (N) shortage are challenging for wheat (Triticum aestivum L.) and soybean 
(Glycine max L.) crops under no-tillage system. The aim of this study was to evaluate the yield of soybean-wheat 
succession in no-tillage system and soil chemical properties affected by liming, aluminum (Al) tolerance of wheat 
cultivar (WC), and N fertilization in southern Brazil. A 2 × 2 × 4 factorial arrangement was used: two liming 
rates (0 and 2 Mg ha− 1 – applied at the beginning of trial installation), two WC (CD 150: Al-sensitive; and BRS 
Gralha-Azul: Al-tolerant), and four N rates (0, 40, 80, and 120 kg ha− 1 N as NH4NO3, applied annually to wheat). 
Soil chemical analysis (at 0.00–0.10, 0.10–0.20, and 0.20–0.40 m layers) including pH, H+Al, Al3+, P, K+, Ca2+, 
Mg2+, soil organic matter (SOM), and base saturation (V) were performed 24 months after liming, in addition to 
evaluation of wheat and soybean grain yields at each growth season. Liming increased Ca2+, Mg2+, and V up to 
0.40 m depth; increased pH and decreased H+Al only at the topsoil; and had no effect on K+, P, and SOM. 
Compared with Al-sensitive WC, Al-tolerant WC decreased Al3+ up to 0.40 m soil depth. Al-sensitive WC pre-
ceding soybean decreased the relative soybean grain yield, particularly without liming, regardless of the N rates. 
Nitrogen fertilization decreased K+ at 0.00–0.10 and 0.10–0.20 m soil layers, and Mg2+ at topsoil (without 
liming), increased Al3+ at all soil layers, but did not change soil pH. There were several interactive effects be-
tween liming, WC, and N rates. For instance, the increase of Al3+ due to N fertilization was intensified when 
combined with no lime application or with Al-sensitive WC. Despite soybean crop being generally non-responsive 
to N fertilization, N rates applied to the previous wheat crop increased soybean yield in the first two crop seasons. 
The different pattern of response related to soil properties is mainly attributed to the particular mobility or 
solubility of each element into the soil, which is influenced by the soil pH, accompanying anion during leaching 
process, among other factors. The role of genotype tolerance to acidic soils as complementary strategy to liming 
brings benefits to the agricultural system by improving the soil chemical quality.   

1. Introduction 

Soil acidity [i.e. low soil pH and aluminum (Al) toxicity] and low 
nutrient availability are main limitations in Brazilian soils for grain 
crops in successional systems under no-tillage (NT), such as soybean 
(Glycine max L.) and wheat (Triticum aestivum L.) (Fageria and Nascente, 

2014; Caires and Guimarães, 2018; Fontoura et al., 2019; Silva et al., 
2022). In this context, acidic soils (pH < 5.5) represent approximately 
57 % of arable lands in South America and 78 % of potentially arable 
lands worldwide (Von Uexküll and Mutert, 1995). 

Aluminum toxicity is one of the main factors reducing crop yields in 
acidic soils, particularly those with pH below 5.5 (Fageria and Nascente, 

Abbreviations: CEC, cation exchangeable capacity; CS, crop season; H+Al, soil potential acidity; NT, no-tillage; RSGY, relative soybean grain yield; RWGY, relative 
wheat grain yield; SOM, soil organic matter; V, base saturation; WC, wheat cultivar; 

∑
GY, sum of grain yields from all crop seasons. 
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2014; Zhao et al., 2014; Kochian et al., 2015; Lollato et al., 2019). The 
main mechanisms of Al toxicity in plants are: disturbances of plasma 
membrane surface charge and H+-ATPase activity, lipid peroxidation of 
membranes, respiratory dysfunction, production of reactive oxygen 
species in cytosol, collapsing of inner mitochondrial membrane poten-
tial, and induction of nuclear apoptosis, resulting ultimately in pro-
grammed cell death (Panda and Matsumoto, 2007). Further, Al 
interferes with signal transduction pathways, cytoplasm calcium (Ca) 
homeostasis, magnesium (Mg) uptake, and auxin polar transport (Ma, 
2007). Aluminum ions are also highly toxic to plant roots, and this 
negative effect on crops is directly aggravated with the intensity of soil 
drought and with low availability of nutrients [e.g. Ca, Mg, phosphorus 
(P), and nitrogen (N)] in low-fertility soils prevailing in tropical and 
subtropical zones (Zhao et al., 2014; Kochian et al., 2015; Caires and 
Guimarães, 2018; Fontoura et al., 2019; Lollato et al., 2019). 

Liming has been the main agronomic practice to manage acidic soils 
in Brazil, including areas under NT system (Costa and Rosolem, 2007; 
Fageria and Nascente, 2014; Tiritan et al., 2016; Pauletti and Motta, 
2017; Fontoura et al., 2019). In the last years, Brazilian farmers have 
used NT system in the vast majority of areas destined to production of 
the main grain crops [i.e. soybean, wheat, corn (Zea mays L.), and bean 
(Phaseolus vulgaris L.)]. The long-term NT system has increased the soil 
organic matter (SOM) and reduced the soil acidity in the topsoil, with 
positive effects on crop yield, in addition to other agronomic and envi-
ronmental benefits such as soil and water conservation (Pauletti and 
Motta, 2017; Caires and Guimarães, 2018; Fontoura et al., 2019). 

Long-term NT system causes chemical stratification in soil profile, 
such as higher pH levels in the upper first centimeters, because lime is 
applied on the soil surface (over mulching) without mechanical incor-
poration (Costa and Rosolem, 2007; Tiritan et al., 2016; Caires and 
Guimarães, 2018; Fontoura et al., 2019). On the other hand, layers 
below 0.20 m depth in acidic soils frequently have lower contents of 
nutrients, particularly Ca and Mg, what is per se limiting to root growth. 
In addition, high levels of available Al in deeper soil layers can impair 
root growth even more and reduce crop capacity to access water and 
nutrients, and thus reducing yield potential (Kochian et al., 2015; Caires 
and Guimarães, 2018; Lollato et al., 2019). 

Soil acidification can be intensified by some sources of N fertilizers 
containing ammonium (NH4

+) because the conversion of NH4
+ to nitrate 

(NO3
− ) by nitrification produces protons (H+), resulting in soil acidifi-

cation (Zhou et al., 2014; Cai et al., 2015; Dal Molin et al., 2020). 
Moreover, the degree of soil acidification depends on the N source, 
environmental conditions, and other factors such as soil buffering ca-
pacity (or cation exchangeable capacity – CEC), N fertilization rate and 
frequency (Hinsinger et al., 2003; Fageria and Nascente, 2014; Cai et al., 
2015; Goulding, 2016; Dal Molin et al., 2020; Ferreira et al., 2021). 

Especially in breeding programs for tropical and subtropical regions 
such as Brazil, some strategies have explored genetic diversity for Al 
tolerance in some crops (e.g. wheat and corn), which goal is to expand 
genetic adaptation of crops to acidic soils considering the efficiencies of 
uptake and utilization of nutrients such as N (Kochian et al., 2015; 
Todeschini et al., 2016; Marinho et al., 2022). Al-tolerant wheat culti-
vars (WC), that better endure the negative effects of Al toxicity, have 
been used in Al-rich soils (Johnson Jr. et al., 1997; Aguilera et al., 2016; 
Boff et al., 2019). However, even Al-tolerant genotype can be negatively 
affected by high levels of available Al in the soil. The saturation of Al 
above 30 % of CEC led to total wheat crop failure for Al-sensitive cul-
tivars and reduced grain yield by 12–52 % for Al-tolerant cultivars 
compared with growth in soil with Al saturation below 30 % (Kariuki 
et al., 2007). 

Although soil acidification derived from N fertilizers has been mostly 
attributed to nitrification, the prevalence of ionic forms (i.e. cationic or 
anionic) in which nutrients are taken up by plants may also affect soil pH 
in the rhizosphere, a strategy to compensate the unbalance of charges in 
the cell generated by the cation/anion uptake (Haynes, 1990; Hinsinger 
et al., 2003; Zhao and Shen, 2018). The acidification of rhizosphere may 

increase the availability of some forms of toxic metals such as trivalent 
Al (Al3+) and divalent manganese (Mn2+), which impairs plant growth 
(Fageria and Nascente, 2014). In this context, plant tolerance to Al3+ has 
been explained mainly by exudation of Al-chelating organic compounds, 
especially organic acids such as malate (Sasaki et al., 2004; Kochian 
et al., 2015; Yan et al., 2021). In addition, further mechanisms collab-
orate for wheat tolerance to Al3+, such as cell wall immobilization, se-
lective permeability of the plasma membrane, and pH-induced changes 
in the rhizosphere (Kochian et al., 2015). These mechanisms may have 
effect not only on Al3+ availability, but also on other traits of the soil 
chemical complex. We hypothesized that WC with different tolerance to 
Al3+ may have different effects on soil chemical properties depending on 
the N rate applied to the crop, combined or not with liming, and may 
affect the soybean crop grown thereafter. 

Thus, considering that there is still a knowledge gap about the 
interactive effects of liming, wheat genotype and N fertilization, and 
that studies of this nature are fundamental for suitable agronomic 
management of crops, the aim of this study was to evaluate the yield of 
soybean-wheat succession in NT system and soil chemical properties 
affected by liming, Al tolerance of WC, and N fertilization, as well as 
possible interactions among these factors. 

2. Materials and methods 

2.1. Site description 

The study was carried out during four crop seasons (CS: 2012/13, 
2013/14, 2014/15, and 2015/2016) in an experimental farm at the 
Brazilian Agricultural Research Corporation (Empresa Brasileira de Pes-
quisa Agropecuária – Embrapa) in the National Soybean Research Center 
(Embrapa Soja; 23◦11’44.4" S, 51◦10’57.8" W, and 628 m above sea 
level) located in Londrina, state of Paraná, southern Brazil. 

The landscape is slightly undulated, and the experimental area had 
been under a continuous succession of wheat (winter)/soybean (sum-
mer) production under NT system for at least 10 years prior to the 
establishment of the experiment. The soil at the experimental field, ac-
cording to USDA Soil Taxonomy (Soil Survey Staff, 2010), is a clayey 
Rhodic Eutrudox [i.e. Latossolo Vermelho eutroférrico, in the Brazilian 
Soil Classification System (Santos et al., 2018)]. The soil had the 
following properties at the 0.00–0.20 m layer: pH (CaCl2) of 4.9, 28 g 
dm− 3 of SOM, 14.5 mg dm− 3 of available P (Mehlich-1), 5.1 mmolc 
dm− 3 of exchangeable K+, 2.1 mmolc dm− 3 of exchangeable Al3+, 38 
mmolc dm− 3 of exchangeable Ca2+, 18 mmolc dm− 3 of exchangeable 
Mg2+, 52 mmolc dm− 3 of H+Al (potential acidity – 0.5 mol L− 1 calcium 
acetate extractant, pH 7.0), 113.1 mmolc dm− 3 of CEC, 54 % of base 
saturation (V), and 618, 86 and 296 g kg− 1 of clay, silt and sand, 
respectively. 

The climate in the area, according to the Köppen classification sys-
tem, is humid subtropical (Cfa), with warm and rainy summer, infre-
quent frosts, and no defined dry season (Alvares et al., 2013). 
Supplementary Table S1 shows the meteorological variables recorded 
during wheat and soybean CS. From this information, the monthly water 
balance, based on the method of Thornthwaite and Mather (1955), was 
calculated for wheat and soybean CS using spreadsheets in Excel™ 
developed by Rolim et al. (1998) (Fig. 1a and b). 

2.2. Experimental design, treatments, crop sowing and management 

The experiment was carried out in randomized complete block 
design with four replications, and a 2 × 2 × 4 factorial arrangement: 
two liming rates (0 and 2 Mg ha− 1 of lime applied at the beginning of the 
trial installation), two WC [CD 150: moderately sensitive to Al; and BRS 
Gralha-Azul: moderately tolerant to Al (CBPTT, 2013)], and four N rates 
[0, 40, 80, and 120 kg ha− 1 N as ammonium nitrate (NH4NO3)] applied 
annually in topdressing to the wheat crop. 

On March, 2012 (prior to the first wheat sowing), liming (2 Mg ha− 1 
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of dolomitic lime with 92% of effective neutralizing power) was per-
formed on the soil surface (over mulching, without mechanical incor-
poration) on the whole area of each experimental plot destined to the 
treatments ’with lime’. The rate of lime was calculated to raise V to 70 
%, as recommended by the Brazilian Commission for Wheat and Triti-
cale Research [Comissão Brasileira de Pesquisa de Trigo e Triticale (CBPTT, 
2013)]. The rates of N were applied in topdressing (in the whole area of 
the experimental plot) at the beginning of wheat tillering [i.e. Zadoks 
growth stage GS 21 (Zadoks et al., 1974)]. 

The wheat experimental unit was 7 m long by 3 m wide (21 m2), 
consisting of 15 rows spaced 0.2 m apart. The useful plot area was 
composed of 10 central rows of 6 m long (12 m2). Wheat was sown on 
April 19, 2012 (CS 1), April 11, 2013 (CS 2), April 21, 2014 (CS 3), and 
April 16, 2015 (CS 4), with a sowing-fertilizer seed drill developed for 
experimental plots and NT system. The seed densities were established 
according to breeders’ recommendation for each cultivar (500 and 300 
viable seeds m− 2 for CD 150 and BRS Gralha-Azul, respectively). Ni-
trogen (20 kg ha− 1 N), phosphorus (20 kg ha− 1 P2O5) and potassium 
(30 kg ha− 1 K2O) fertilizers were applied at sowing; weeds, insects, and 
fungal diseases were controlled as needed using commercial pesticides 
according to technical recommendations for wheat production (CBPTT 
Comissão Brasileira de Pesquisa de Trigo e Triticale, 2013). 

Soybean was sown in the summer in succession to wheat. The 
experimental unit was 7 m long by 3 m wide (21 m2), consisting of six 
0.5 m spaced rows. The useful plot area consisted of four 6 m long 
central rows (12 m2). Soybean cultivars were sown on October 29, 2012 
(CS 1; BRS 360 RR), October 22, 2013 (CS 2; BRS 360 RR), November 6, 
2014 (CS 3; BRS 388 RR), and October 24, 2015 (CS 4; BRS 388 RR). 
Weeds, insects, and fungal diseases were controlled as needed using 
commercial pesticides; fertilizers and seed densities were used according 
to technical recommendations for soybean production (Embrapa, 2011). 

2.3. Soil sampling and chemical analyses 

On April 30, 2014 (approximately 24 months after the experiment 
installation) soil samples were taken (using a cylindrical auger with a 
4 cm internal diameter) in each experimental plot, individually in three 
soil layers (0.00–0.10, 0.10–0.20, and 0.20–0.40 m). Each soil sample 
was composed by five subsamples randomly collected between the crop 
lines after the soybean harvest. Then, the soil samples were air-dried and 
passed through a 4 mm sieve for chemical analyses of pH, H+Al, Al3+, P, 
K+, Ca2+, Mg2+, V, and SOM, according to Silva (2009). 

2.4. Crop harvest and grain yield 

Wheat (first three CS) and soybean (four CS) grain yields were 
determined by means of harvests performed within the useful area of the 
plots using a self-propelled combine for small plots of cereal crops 
(Wintersteiger®). Wheat crop in the CS 4 was sown, agronomically 
managed and harvested according to the procedures described previ-
ously; however, the wheat grain yield data in this fourth CS was lost due 
to operational problems. Harvested areas were 6 m long by seven rows 
wide for wheat, and 6 m long by four rows wide for soybean. Grain 
moisture was recorded and adjusted to 13 % for yield calculation. The 
relative wheat grain yield (RWGY) and relative soybean grain yield 
(RSGY) [based on the sum of grain yields (ΣGY) from all CS; in kg ha− 1] 
were calculated based on Fontoura et al. (2019) (Eq. 1): 

RGY(%) =
ΣGY of the plot

Plot with maximum ΣGY
× 100 (1)  

2.5. Statistical analysis 

The experimental data, individually for each CS, were analyzed using 
the GENES® statistical package (Cruz, 2013). For analysis of the models’ 
assumptions, the Lilliefors’ test for normality of residuals and Bartlett’s 
test for homogeneity of variance were applied. According to these tests, 
no data transformation was needed. Since all assumptions required for a 
valid analysis of variance (ANOVA) were met, the F-test was performed. 
When the ANOVA resulted in a significant P value (P ≤ 0.05), regression 
analysis was performed for the quantitative factor (N rates), and Tukey’s 
test was used for comparison of means within each qualitative factor 
(liming rates or WC). 

3. Results 

3.1. Soil chemical properties as affected by liming, wheat cultivar and N 
rate over 24 months 

After 24 months of lime application on soil surface, the more sig-
nificant and consistent results from the effects of liming, WC and N rates 
on soil chemical properties were obtained for exchangeable Al3+ in most 
of the soil layers (Supplementary Table S2). Furthermore, there were 
some effects of the main factors ‘liming’ (on pH, H+Al, exchangeable 
Ca2+, and V), ‘N rate’ (on available P, and exchangeable K+), and ‘WC’ 
(on exchangeable K+, and V), which were more frequent in the soil layer 
of 0.00–0.10 m. Finally, there were significant interactions between the 
study factors only for exchangeable Al3+ and Mg2+. 

3.1.1. Soil pH and potential acidity 
Liming increased the soil pH by 7.9 % and decreased the H+Al by 7 

% at 0.00–0.10 m soil layer, without any effects in deeper layers 
(0.10–0.20 and 0.20–0.40 m) (Table S2; Fig. 2a and d). On the other 
hand, the WC and N rate did not change soil pH and H+Al at all soil 
layers (Fig. 2b, c, e and f). 

3.1.2. Exchangeable aluminum 
Liming and Al-tolerant WC decreased the exchangeable Al3+ by 32.7 

Fig. 1. Monthly water balance throughout the crop seasons of wheat (2012, 
2013 and 2014) (a) and soybean (2012/13, 2013/14, 2014/15 and 2015/16) 
(b) in Londrina, Paraná, southern Brazil. 
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% and 34.2 %, respectively, considering the average of all soil layers 
(Fig. 2g and h). The higher N rates (80 and 120 kg ha− 1) increased the 
exchangeable Al3+ by an average of 69.1 % as compared with lower N 
rates (except in 0.20–0.40 m soil layer) (Fig. 2i). Furthermore, two- and 
three-way interactions between the studied factors were observed for 
exchangeable Al3+ in the majority of the soil layers (Table S2). 

In the topsoil (0.00–0.10 m), exchangeable Al3+ showed a linear 
increase to N rates with maximums of 7.2 and 5 mmolc dm− 3 at the rate 
of 120 kg ha− 1 N combined with Al-sensitive WC and Al-tolerant WC, 
respectively, but only when lime was not applied (Fig. 3a). In the 
treatments with liming, exchangeable Al3+ also had linear increase 
(maximum of 4.4 mmolc dm− 3) to N rates, but only for Al-sensitive WC. 
Furthermore, decomposing the effects of WC within each N rate, higher 
values of exchangeable Al3+ were observed for the combination of 
liming and Al-sensitive WC at N rates of 80 and 120 kg ha− 1 (Fig. 3a). 

In subsurface soil layers (0.10–0.20 and 0.20–0.40 m), exchangeable 
Al3+ had similar response to N rate increase as observed at 0.00–0.10 m 

soil layer, but there were adjusted quadratic models in most cases, 
depending on the combination between liming and WC (Fig. 3b and c). 
Higher exchangeable Al3+ levels were observed in the treatments that 
combined Al-sensitive WC and no lime application, particularly at N rate 
of 80 kg ha− 1. 

3.1.3. Soil organic matter and available phosphorus 
Soil organic matter was not influenced by any factor (liming, WC, or 

N rate) in all soil layers (Fig. 4a, b and c). 
Available P was not affected by liming or WC in any soil layer 

(Fig. 4d and e). However, increasing N rate from 0 to 80 or 120 kg ha− 1 

decreased the available P by an average of 24.4 % in 0.00–0.10 m soil 
layer (Fig. 4f). 

3.1.4. Exchangeable potassium and calcium 
Exchangeable K+ was not affected by liming at any soil layer 

(Fig. 4g). However, at 0.00–0.10 m soil layer, the Al-tolerant WC 

Fig. 2. Soil pH (a, b and c), potential acidity (H+Al) (d, e and f), and exchangeable Al3+ (g, h and i) affected by liming, wheat cultivar, and N rate in 0.00–0.10, 
0.10–0.20 and 0.20–0.40 m soil layers. Horizontal bars indicate the least significant difference (LSD) according to Tukey’s test at P < 0.05. ns = not significant. 
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increased exchangeable K+ by 46.2 % as compared with the Al-sensitive 
WC (Fig. 4h). Furthermore, N rates (except 40 kg ha− 1 at 0.10–0.20 m 
soil layer) decreased K+ by averages of 19.5 % and 20.2 % in the soil 
layers of 0.00–0.10 and 0.10–0.20 m, respectively, as compared with the 
N control (0 kg ha− 1 N) (Fig. 4i). 

Liming increased the exchangeable Ca2+ by an average of 14.5 % at 
0.00–0.10 and 0.20–0.40 m soil layers (Fig. 5a). On the other hand, 
exchangeable Ca2+ was not affected by WC or N rate at any soil layer 
(Fig. 5b and c). 

3.1.5. Exchangeable magnesium 
In the 0.00–0.10 m soil layer, exchangeable Mg2+ showed a 

quadratic decrease to N rates with minimum 8.2 mmolc dm− 3 at pre-
dicted rate of 100 kg ha− 1 N, considering the treatments without liming 
(Fig. 3d). However, when lime was applied, exchangeable Mg2+ was not 
affected by the rates of N, averaging 13.5 mmolc dm− 3. 

At the soil layer of 0.10–0.20 m, liming combined with Al-tolerant 
WC allowed a quadratic response of exchangeable Mg2+ to N rates 
with maximum 14.5 mmolc dm− 3 at predicted rate of 61 kg ha− 1 N 

(Fig. 3e). However, considering the other combinations, N rates did not 
affect exchangeable Mg2+, averaging 12.7 mmolc dm− 3 for ‘liming + Al- 
sensitive WC’, 9.1 mmolc dm− 3 for ‘no liming + Al-tolerant WC’, and 
10 mmolc dm− 3 for ‘no liming + Al-sensitive WC’. 

In the 0.20–0.40 m soil layer, liming combined with Al-tolerant WC 
resulted in a quadratic increase of exchangeable Mg2+ to N rates with a 
maximum value (11.7 mmolc dm− 3) predicted at the N rate of 
70 kg ha− 1 (Fig. 3f). However, only in the combination of ‘liming + Al- 
sensitive WC’ the exchangeable Mg2+ had quadratic decrease to N rates, 
where the lowest 10.1 mmolc dm− 3 was predicted at the N rate of 
78 kg ha− 1. Finally, exchangeable Mg2+ was not affected by the N rates 
when lime was not applied, averaging 8.5 mmolc dm− 3. 

Liming increased exchangeable Mg2+ by averages of 45.7 %, 27.5 % 
and 28.2 % in 0.00–0.10, 0.10–0.20 and 0.20–0.40 m soil layers, 
respectively (Fig. 5d). There was no effect of WC on exchangeable Mg2+

(Fig. 5e). Finally, N rates decreased exchangeable Mg2+ in the topsoil by 
an average of 18.9 % compared to N control (0 kg ha− 1) (Fig. 5f). 

Fig. 3. Exchangeable Al3+ in 0.00–0.10 (a), 0.10–0.20 (b) and 0.20–0.40 m (c) soil layers, and exchangeable Mg2+ in 0.00–010 (d), 0.10–0.20 (e) and 0.20–0.40 m 
(f) soil layers, affected by liming, wheat cultivar, and N rate. * and * * significant at P ≤ 0.05 and P ≤ 0.01 by the F-test, respectively. ns = not significant. Vertical 
bars are standard error (n = 4). 
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3.1.6. Base saturation 
Liming increased V by averages of 13 %, 8.6 % and 10.3 % in the soil 

layers of 0.00–0.10, 0.10–0.20 and 0.20–0.40 m, respectively (Fig. 5g). 
In turn, V was 7.3 % higher in the topsoil when cropped with Al-tolerant 
WC as compared to that of Al-sensitive (Fig. 5h). There was no effect of N 
rate on V in any soil layer (Fig. 5i). 

3.2. Wheat yield as affected by liming, wheat cultivar and N rate 

Wheat grain yield was affected by liming, WC and N rate in two out 
three CS for each studied factor (Table 1). Furthermore, there was 
interaction among the factors only in the second CS. However, when 
performing a combined analysis based on the sum of grain yields (ΣGY) 
from all CS, all factors affected the RWGY, including a three-way 
interaction among them. 

In the first CS, wheat reached the highest grain yield (3864 kg ha− 1) 
at the N rate of 80 kg ha− 1, i.e. 8.5 % higher than that of the N control 
(Table 1). On the other hand, there were no effects of liming and WC on 

wheat grain yield in this CS. 
In the second CS, wheat grain yield was influenced by a three-way 

interaction among liming, WC and N rate (Table 1). For Al-sensitive 
WC, grain yield increased from 2617 to 3525 kg ha− 1 due to lime 
application combined with no N fertilization (Fig. 6a). Grain yield of Al- 
sensitive WC showed a linear increase to N rates with maximum 
3667 kg ha− 1 predicted at 120 kg ha− 1 N, but only when lime was not 
applied. With liming, grain yield of Al-sensitive WC had quadratic in-
crease to N rates, with maximum 3892 kg ha− 1 predicted at 63 kg ha− 1 

N. 
For the Al-tolerant WC cropped in the second CS, N rates resulted in 

quadratic increase of grain yield with maximum 3936 kg ha− 1 at the 
predicted 50 kg ha− 1 N combined with no lime application (Fig. 6a). On 
the other hand, N rates combined with liming did not affect the grain 
yield, which averaged 3675 kg ha− 1. 

In the third CS, wheat grain yield achieved 3890 kg ha− 1 with lim-
ing, 10.4 % more than the control without liming (Table 1). In turn, 
grain yield of the Al-tolerant WC (4097 kg ha− 1) was 23.5 % higher than 

Fig. 4. Soil organic matter (a, b and c), available P (d, e and f), and exchangeable K+ (g, h and i) affected by liming, wheat cultivar, and N rate in 0.00–0.10, 
0.10–0.20 and 0.20–0.40 m soil layers. Horizontal bars indicate the least significant difference (LSD) according to Tukey’s test at P < 0.05. ns = not significant. 
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that of Al-sensitive WC. 
The RWGY (based on the ΣGY) was affected by a three-way inter-

action among the factors (Table 1). When the Al-sensitive WC was 
cropped without liming, relative grain yield had linear increase to N 
rates with maximum 88.7 % at the predicted 120 kg ha− 1 N (Fig. 6b). 
With liming, the relative grain yield of Al-sensitive WC raised as a 
quadratic function of N rates, with maximum 92.7 % at the predicted 
53 kg ha− 1 N. 

For the Al-tolerant WC without lime application, N rates resulted in a 
quadratic increase of the relative grain yield with maximum 94.6 % at 
the predicted 51 kg ha− 1 N (Fig. 6b). On the other hand, with liming, N 
rates did not influence the relative grain yield of Al-tolerant WC, aver-
aging 93.7 %. 

3.3. Soybean yield as affected by liming, wheat cultivar and N rate 

Grain yield of soybean cropped after wheat was affected by liming 

(in all CS), WC (first CS), and N rate (except in the third CS); and showed 
an interaction between liming and WC in the third CS (Table 1). 
Furthermore, based on a combined analysis of all CS (ΣGY), the RSGY 
was influenced only by liming, which interacted with WC. 

Liming increased soybean grain yield by 24.2 %, 15.6 %, 27.2 % and 
44.3 % in the CS 1, 2, 3 and 4, respectively (Table 1). In the first CS, Al- 
sensitive WC in succession-system resulted in an increase of 12.6 % of 
soybean grain yield compared to that of Al-tolerant WC. 

Regarding N rate effects, soybean grain yield in the first CS achieved 
3081 kg ha− 1 after wheat that received 80 kg ha− 1 N, corresponding to 
11.4 % more grains than after wheat grown without topdressing N 
fertilization (Table 1). In the second CS, 120 kg ha− 1 N applied to the 
previous wheat crop increased by 18.1 % the grain yield of soybean in 
succession-system. In the third CS, soybean grain yield was not affected 
by the previous wheat N fertilization. Finally, in the fourth CS, soybean 
grain yield decreased by 15.1 % due to 120 kg ha− 1 N applied to the 
previous wheat crop. Considering a combined analysis of all soybean 

Fig. 5. Exchangeable Ca2+ (a, b and c), exchangeable Mg2+ (d, e and f), and base saturation - V (g, h and i) affected by liming, wheat cultivar, and N rate in 
0.00–0.10, 0.10–0.20 and 0.20–0.40 m soil layers. Horizontal bars indicate the least significant difference (LSD) according to Tukey’s test at P < 0.05. ns 
= not significant. 
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crops (ΣGY), N rates applied to wheat did not affect the RSGY. 
Soybean grain yield was affected by a two-way interaction between 

liming and WC in the third CS (Table 1). With liming, the grain yield of 
soybean grown after Al-tolerant WC increased by 6.9 % compared with 
that of Al-sensitive WC (Fig. 7a). However, when lime was not applied, 
soybean grain yield was not affected by the previous WC in the 
succession-system. Furthermore, liming increased soybean yield, 
regardless of the preceding WC. 

Relative soybean grain yield was also influenced by the interaction 
between liming and WC (Fig. 7b). With liming, RSGY was not affected by 
the preceding WC. On the other hand, without liming, RSGY reached 
70.8 % when soybean was cropped after Al-tolerant WC; whereas after 
Al-sensitive WC, RSGY achieved 66.2 %. Finally, liming always 
increased RSGY regardless of the WC cropped before. 

4. Discussion 

4.1. Effects of liming on soil chemical properties over 24 months 

Liming effects on soil pH and H+Al were restricted to the topsoil 
(0.00–0.10 m), considering a period of 24 months. Conversely, surface 
lime application under NT system may increase soil pH up to 0.60 m 
depth in the first year in southern Brazil (Fontoura et al., 2019). The 
efficiency of liming in alleviating subsurface soil acidity depends on the 
vertical transport of hydrogen carbonate (HCO3

− ) and/or hydroxyl 
(OH− ) (originated from carbonate hydrolysis) and the previous soil 
management (Calegari et al., 2013), liming rate (Caires et al., 2005, 
2015; Tiritan et al., 2016), period of lime reaction in the soil (Caires 
et al., 2005, 2015), edaphoclimatic conditions (e.g. soil granulometry, 
and intensity and frequency of rainfall), lime reactivity (Corrêa et al., 
2018), among other factors. In the current study, the soil is predomi-
nantly clayey (618 g kg− 1 of clay) and presents high CEC (113.1 mmolc 
dm− 3) that are important factors for increasing the soil buffering ca-
pacity. Thus, we can infer that the topsoil was able to retain the majority 
of the low rate (2 Mg ha− 1) of the applied lime throughout 24 months 
preceding the soil chemical analyses. 

Liming did not change SOM in any soil layer over 24 months, which 
was not expected, particularly in the topsoil where pH increased, 
influencing the microbial activity on SOM mineralization. Under trop-
ical conditions in Brazil, Tiritan et al. (2016) also found no effect of 
liming on SOM at different soil depths. This result is likely related to the 
sampling time (6, 12, and 18 months after liming), too short to achieve 
significant changes in this soil organic attribute. 

There were increases of Ca2+, Mg2+ e V in all soil layers 24 months 
after liming, demonstrating that there was mobility of the dissolution 
products from lime – applied on the soil surface under NT system – to 
deeper soil layers. Short-term effect (~1 year) of liming on exchangeable 
Ca2+ is generally restricted to the topsoil (0.00–0.10 m), but long-term 
effects can occur at deeper soil layers (Fontoura et al., 2019). The 
mobility of Ca2+ and Mg2+ through the soil profile may be enhanced by 
water-soluble organic complexes, even under higher soil CEC and clay 
content (Tiritan et al., 2016). Cations require soluble anions such as 
chloride (Cl− ), nitrite (NO2

− ), NO3
− , sulfate (SO4

− ) and HCO3
− to be 

leached through soil profile (Costa and Rosolem, 2007), particularly 
under conditions of high soil CEC, which is amplified by liming. 

4.2. Effects of wheat cultivar on soil exchangeable Al3+ over 24 months 

To the best of our knowledge, this is the first report on the effects of 
WC on exchangeable Al3+ in the bulk soil – instead of only in the 
rhizosphere – in which Al-tolerant WC decreased the exchangeable Al3+

in the soil compared with Al-sensitive WC. This finding highlights the 
role of genotype tolerance to acidic soils as a complementary strategy to 
liming, bringing benefits to the agricultural system by improving the soil 
chemical quality. 

Although reduction of exchangeable Al3+ due to liming can be Ta
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explained by the inverse exponential relationship between exchangeable 
Al3+ and soil pH within the pH range from 3 to 5.5 (Adams et al., 2000; 
Auler et al., 2019; Lollato et al., 2019), the role of WC differing in Al 
tolerance on the levels of exchangeable Al3+ cannot be easily explained, 
but might be related to both the mechanisms of Al tolerance and the 
cation/anion uptake from the soil to maintain the charge balance in the 
plant, which can increase soil pH, particularly in the rhizosphere 
(Haynes, 1990; Hinsinger et al., 2003; Zhao and Shen, 2018). Despite no 
statistically significant effect of WC on soil pH, there was a trend of 
higher pH in the soil in which Al-tolerant WC was grown (Fig. 2b) that 
was enough to significantly decrease the exchangeable Al3+ in the soil. 

Plant tolerance to Al toxicity is derived from many physiological 
mechanisms of Al3+ detoxification by exclusion (e.g. Al3+ efflux, selec-
tive permeability of membranes, plant induced changes in rhizosphere 

pH or root apoplast pH, and exudation of chelate ligands) and by in-
ternal tolerance (which is commented in the Section 4.5) (Ma, 2007; 
Silva et al., 2010; Kochian et al., 2015). Among the Al3+ exclusion 
mechanisms, it can be pointed out the exudation of Al-chelating organic 
substances (e.g. organic acid anions, phenolic compounds, and muci-
lage) in the rhizosphere preventing Al3+ from entering the root cells 
(Kochian et al., 2015; Chen and Liao, 2016; Yan et al., 2021). Under 
toxic levels of soil Al3+, Al-tolerant WC secrete higher amounts of 
organic acid anions (e.g. citrate and malate) into the rhizosphere 
compared with Al-sensitive ones, which is an effective mechanism to 
chelate Al3+ preventing its availability around the roots (Delhaize et al., 
1993; Ryan et al., 2009; Chen and Liao, 2016). Furthermore, the elec-
trochemical characteristics of root surfaces have been found connecting 
with plant tolerance to Al3+ toxicity as an Al3+ exclusion mechanism (Lu 

Fig. 6. Wheat grain yield in the second (2nd) crop season (a) and relative wheat grain yield (b) affected by liming, wheat cultivar, and N rate. * and * * significant at 
P ≤ 0.05 and P ≤ 0.01 by the F-test, respectively. ns = not significant. Vertical bars are standard error (n = 4). 

Fig. 7. Soybean grain yield in the third (3rd) crop season (a) and relative soybean grain yield (b) affected by liming and wheat cultivar. Lowercase letters in columns 
compare wheat cultivars within liming level, and uppercase letters compare liming levels within wheat cultivar, at P ≤ 0.05 according to Tukey’s test. 
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et al., 2020). For instance, Dong et al. (2021) reported that the negative 
charges derived from organic functional groups (e.g. amino, carboxyl, 
and phenolic hydroxyl) on root surface could affect the amount of 
exchangeable Al3+ adsorbed on wheat roots and thereby influence Al 
tolerance. In addition, lower organic functional groups on roots of 
Al-tolerant compared with Al-sensitive WC, i.e. smaller number of 
functional groups on root surfaces of Al-tolerant WC, determined a 
smaller amount of negative charges, thus decreasing exchangeable and 
complexed Al3+ adsorbed on root surface, which could be subsequently 
taken up into the root and translocated to the plant shoot organs. 
Therefore, using Al-tolerant genotypes is an environmentally safe 
alternative that does not require substantial expenditure to generate 
benefits for the agricultural production system. In this context, genetic 
improvement for Al tolerance by mean of increased organic acid syn-
thesis and/or exudation in some crops has been achieved by transgenic 
and marker-assisted breeding (Chen and Liao, 2016). The wheat 
TaALMT1 gene has great effect on tolerance to toxic Al3+, which has a 
monogenic inheritance. However, there are more complex inheritance 
mechanisms and other genes have not been identified yet (Sasaki et al., 
2004; Kochian et al., 2015). 

The aforementioned organic acids released from roots into the 
rhizosphere can improve plant nutrient acquisition by increasing 
nutrient-mobilization capacity (Oburger et al., 2009). In this context, 
Silva et al. (2010) reported that Al-tolerant WC has an effective control 
of Al3+ and nutrients (e.g. P, K, Mg and Cu) accumulation and partition, 
a feature not demonstrated by Al-sensitive WC. Furthermore, these 
organic acids (as carbon source) and other substances exudated by roots 
change the microbial diversity, structure and activity in the rhizosphere, 
which indirectly affects the availability of nutrients for plant uptake, 
with positive effects on plant nutrition (Chen and Liao, 2016; Lian et al., 
2019). Thus, these effects of organic acids favor plant growth and yield, 
being an additional advantage of Al-tolerant WC. 

Regarding the soil pH change influenced by cation/anion uptake 
from the soil, as wheat plants prefer NO3

− than NH4
+ uptake (Cramer and 

Lewis, 1993) [as a result of ecological evolution and natural selection in 
neutral to calcareous soils characterized by a relatively higher ratio of 
NO3

− to NH4
+ (Zhao and Shen, 2018)], we can expect a pH increase in the 

rhizosphere that decreases the solubility of Al3+. In fact, NO3
− uptake by 

plant leads to release of OH− and HCO3
− in the rhizosphere to maintain 

the balance of charges inside the plant in the course of anion uptake 
(Hinsinger et al., 2003; Zhao and Shen, 2018). Thus, we can infer that 
the Al-tolerant WC used in our study was more effective in taking up 
NO3

− than the Al-sensitive WC. This inference sheds light to help to 
understand our finding concerning the effect of Al-tolerant WC in 
decreasing the exchangeable Al3+ compared with Al-sensitive WC. 

4.3. Effects of N rate on some soil chemical properties over 24 months 

Topdressing N fertilization as NH4NO3 increased the exchangeable 
Al3+ in all soil layers, despite not having changed the soil pH. As 
aforementioned, considering the inverse exponential relationship be-
tween soil pH and exchangeable Al3+, a discreet change in soil pH can 
alter the availability of Al3+ in higher magnitude (in relative terms). 
Thus, we infer that the combination of inaccuracies from soil sampling 
procedure and analytical method for pH determination could have 
produced a level of imprecision that nullified the effects of N rates on soil 
pH, so that the statistical method was not sensitive to achieve significant 
difference between the treatments. 

Dal Molin et al. (2020) observed that four out five sources of N fer-
tilizers (except NH4NO3) reduced soil pH compared with the N control 
(0 kg ha− 1). They also observed that the N sources, except NH4NO3, 
resulted in predominance of NH4

+ in the soil. In this context, fertilizers 
containing NH4

+ have an acidifying effect (caused by the nitrification 
process), contributing significantly to the reduction of soil pH in agri-
cultural systems (Schroder et al., 2011). Furthermore, relative to NO3

− , 
NH4

+ uptake by plant roots increases the availability of toxic Al3+ in the 

rhizosphere, which effect mainly results from the excretion of H+

induced by the uptake of NH4
+ (Zhao and Shen, 2018). However, in the 

case of NH4NO3, half of the N provided by this fertilizer is already NO3
− , 

which does not cause acidity. Moreover, as commented before, NO3
−

uptake by plant leads to release of OH− and HCO3
− to compensate the 

balance of charges in the plant during anion uptake (Hinsinger et al., 
2003; Zhao and Shen, 2018), what may have partially neutralized the 
acidity generated by NH4

+ uptake and/or nitrification. 
Nitrogen rates decreased the exchangeable K+ in the soil layers of 

0.00–0.10 and 0.10–0.20 m, with no effect at 0.20–0.40 m, which shows 
an effect of NH4NO3 on the mobility of K+. Other hypothesis is that N 
rates increased root growth in the two soil layers closest to the surface 
and, consequently, increased the uptake of nutrients such as K, which 
resulted in the reduction of K+ in the soil layers encompassing the root 
zone. 

Crusciol et al. (2011) also observed reduction of exchangeable K+ in 
the topsoil with N rates application in NT system, showing that N 
fertilization improved the downward movement of K+ to deeper soil 
layers. Rosolem (2011) also verified an inverse relationship between N 
rate and K+ content at 0.00–0.05 m soil layer, and attributed this result 
to the increased NO3

− – resulting from NH4NO3 application – that could 
be accompanied by K+ while leaching. Furthermore, as a monovalent 
cation, K+ has greater mobility in the soil profile as compared to divalent 
cations, resulting in lower K+ content in the topsoil, particularly when 
high N rates are applied (Crusciol et al., 2021). However, we cannot 
disregard that higher N rates frequently increase crop yield and, 
consequently, increase the exportation of nutrients through the har-
vested grains, decreasing the level of K+ in the soil. 

4.4. Interactive effect of liming, wheat cultivar and N rate on soil 
chemical properties over 24 months 

The increase of exchangeable Al3+ due to N fertilization was inten-
sified when combined with no lime application or when Al-sensitive WC 
was cropped. Thus, these outcomes demonstrate that changes in soil 
exchangeable Al3+ can be a result not only of the direct effect of N 
fertilizer, but their intensity depends on the previous application of lime 
and the wheat genotype grown thereafter. 

Yagi (2018) reported that, without liming, N fertilization (with urea) 
amplified the soil acidification and favored SOM accumulation in the 
topsoil (0.00–0.10 m) about 30 months after the beginning of the 
experiment on a Rhodic Hapludox under NT system in southern Brazil. 
On the other hand, in the present study, the content of SOM did not 
change in any combination of liming, WC and N rate, which was already 
expected due to the short period (24 months) of evaluation. 

Caires et al. (2015) also reported no effects of annual N fertilization 
[180 kg ha− 1 N as NH4NO3, for wheat and black oat (Avena strigosa 
Schreb.)] on SOM after 6 years of evaluation, regardless of lime appli-
cation. They argued that as the production of crop residues was 
modestly changed by N rates, SOM remained unchanged. In fact, the 
effects of N rates on SOM remain controversial. On the one hand, N 
fertilization favors microbial activity on SOM, which can reduce its 
content. But on the other hand, N fertilization can increase the biomass 
of the crops, which improves organic inputs to the soil. Furthermore, N 
fertilization usually increases carbon (C) content in humic acids, which 
may increase C content in the clayey fraction, stabilizing soil C content 
(through mineral-associated organic matter), because this fraction pre-
sents higher recalcitrance (Yagi et al., 2005; Oliveira et al., 2018). 

Exchangeable Mg2+ decreased in the topsoil as N rate increased, but 
it was observed only when combined with no lime application. Similarly 
to the aforementioned comment for exchangeable K+, the movement of 
Mg2+ to deeper soil layers was favored by NH4NO3 application that 
increased the availability of NO3

− , which is an accompanying anion that 
enables Mg2+ leaching. However, the previous application of dolomitic 
lime (a source of Mg2+) increased the content of Mg2+ in the topsoil in 
higher magnitude than the Mg2+ eventually leached from this layer, 
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resulting in an offset effect, which did not allow to achieve a significant 
difference of exchangeable Mg2+ among the N rate treatments. Crusciol 
et al. (2021) and Caires et al. (2015) also observed reductions in 
exchangeable Mg2+ with increasing N rates in soils without lime 
application, corroborating the data observed in the present study. Ac-
cording to Caires et al. (2015), the non-effect of N rates on exchangeable 
Mg2+ in soils with lime application is also related to the increase in soil 
pH due to liming, which increases the basic cations (e.g. Mg+2) retention 
due to the higher negative variable electric charges that are generated 
on the surface of the colloids by the dissociation of H+ of the hydroxyl 
groups, preventing leaching. 

4.5. Effects of liming, wheat cultivar and N rate on wheat yield 

Wheat grain yield increased with liming, except in the first CS. On 
the one hand, this shows that there were deficiencies of Ca2+ and/or 
Mg2+, besides a toxic Al3+ level in the soil, whose limitations were 
surpassed by liming. On the other hand, the absence of liming effects 
only in the first CS can be attributable to the short period between lime 
application and wheat cropping, thus there was not enough time for lime 
dissolution and reaction in the soil, particularly when applied on the soil 
surface, without incorporation (Besen et al., 2021). 

In the second CS, only Al-tolerant WC increased grain yield as N rate 
increased, which was restricted to the treatments without liming. Based 
on this finding, we can infer that Al-tolerant WC had a higher efficiency 
to use the N supplied by fertilization in conditions of soil acidity as 
compared with Al-sensitive WC. This inference is supported by the 
outcomes obtained by Todeschini et al. (2016) with the same WC in an 
acidic soil (pH = 4.90; Al3+ = 7.7 mmolc dm− 3) of southern Brazil, 
where the Al-tolerant WC (BRS Gralha-Azul) presented higher N utili-
zation efficiency (36.01 g g− 1) as compared to Al-sensitive WC (CD 150; 
25.64 g g− 1) in conditions of low N supply. Considering that wheat 
plants prefer NO3

− to NH4
+ in the root uptake process (Cramer and Lewis, 

1993; Zhao and Shen, 2018) and nitrate reductase is one of the most 
important enzymes in the nitrate assimilation by plants, being respon-
sible by the reduction of NO3

− to NO2
− in the pathway NO3

− → NO2
− → 

NH4
+ → amino acids (Srivastava, 1980), any inhibition in the activity of 

this enzyme promotes reduction in N utilization efficiency. In this 
context, nitrate reductase activity is inhibited by Al3+ in plant cell (Zhao 
and Shen, 2018). Therefore, as Al-tolerant plants usually synthesize 
more organic acid anions (mainly malate, citrate and oxalate) than 
Al-sensitive ones and these molecules synthesized in the cell can inter-
nally sequester Al3+ into the vacuole (Chen and Liao, 2016), this internal 
tolerance mechanism of Al3+ detoxification augments N utilization ef-
ficiency by plants. Besides that, organic ligands in the root cytoplasm 
can combine with Al3+ to form non-toxic Al complexes that are subse-
quently sequestered in the vacuole, being a complementary internal 
mechanism of plant tolerance to Al toxicity (Li et al., 2014). 

According to Zhao and Shen (2018), Al-tolerant plants use NH4
+ more 

efficiently than NO3
− , and this synergistic interaction between plant Al 

tolerance and NH4
+-N nutrition may be an important strategy of plants to 

thrive in acidic soils dominated by both Al3+ and NH4
+. They highlighted 

that one way to increase crop growth and yield in acidic soils is to 
develop genotypes (via breeding or genetic modification) that are both 
Al-tolerant and NH4

+-preferring, enhancing plant N use efficiency. 
Furthermore, they argued that the selection of such genotypes is a 
supportive tool to decrease the amount of N fertilizer required by crops, 
which also reduces the environmental impacts (particularly NO3

−

leaching to water resources) caused by excessive N. 
It is worth mentioning the proximity in wheat yield among the 

treatments ’without liming + Al-tolerant WC’, ’with liming + Al- 
tolerant WC’, and ’with liming + Al-sensitive WC’, regardless of the N 
rate applied. Furthermore, the grain yield of Al-sensitive WC was 
strongly impaired by the combined effect of no lime and no N applica-
tions. These results corroborate an old report on the low magnitude 
response of wheat to liming in Brazilian Ferralsols with high levels of 

exchangeable Al3+ due to the use of Al-tolerant WC (Martini et al., 
1977), which strengthens the advantages of using Al-tolerant cultivars 
in the management of acidic soils. Finally, the absence of N rate effect on 
grain yield when combined with surface liming can be partially attrib-
uted to increased pH in the topsoil, which likely increased N losses by 
ammonia (NH3) volatilization from the N fertilizer applied on the soil 
surface (Ferreira et al., 2021, 2022). 

However, if other agronomic attributes (such as milling and baking 
quality, high grain yield potential, and resistance to pests and diseases) 
demand the use of an Al-sensitive WC, the use of liming is a suitable tool, 
particularly when the genotype is efficient to uptake and use N from N 
fertilizer in conditions of low exchangeable Al3+. In this context, in the 
present study, liming reduced the Al-sensitive WC need for N fertilizer 
and optimized its use to about half of the maximum rate to achieve 
maximum yield in the second CS. Furthermore, in the third CS, liming 
increased wheat grain by an average of 10.4 %, reinforcing its demand 
by all WC. The benefit of liming on grain yield is related to increased 
availability of nutrients (as reported in this study) and improvements in 
the crop growth environment (Holland et al., 2018). Liming favors root 
growth, increasing the bulk of soil explored by plants and, consequently, 
increasing plant capacity to uptake water and nutrients (Tiritan et al., 
2016; Holland et al., 2018). In fact, inhibition of root growth is the main 
symptom of Al3+ phytotoxicity in acidic soils. Root system features are 
closely linked to nutrient acquisition (e.g. N) and grain yield in wheat 
(Fan et al., 2018). In this context, a significant amplitude of genetic 
variation in root system size has been reported for Brazilian WC, which 
is distinctly influenced by soil acidic conditions (Pereira et al., 2015). 
Therefore, as Al-tolerant WC have more extensive root growth than 
Al-sensitive ones, they usually present higher grain yields in acidic soils 
(Tang et al., 2002). In addition, morphological and physiological 
mechanisms involved in plant tolerance to toxic Al3+ (Kochian et al., 
2015; Bojórquez-Quintal et al., 2017; Yan et al., 2021) likely allowed the 
Al-tolerant WC to achieve greater efficiency to uptake and use nutrients, 
which improved the grain yield, even under no or low N rate supply. 

Besides improving the soil chemical environment in terms of nutrient 
availability and reduction of toxic elements such as Al3+ and Mn2+, 
liming increases the mineralization of N from SOM and the nitrification 
rate, increasing NO3

− availability to the plants (Rosolem et al., 2003), 
which can favor crop yield, even in the short term from lime application. 

These results suggest that the use of N fertilizers in wheat crop can be 
reduced in areas under NT system, particularly when cropped with Al- 
tolerant WC and lime has been applied. 

4.6. Effects of liming, wheat cultivar and N rate on soybean yield 

Despite soybean being generally non-responsive to N fertilization 
(due to symbiosis with bradyrhizobia that perform biological N2 fixa-
tion), N rates applied to the previous wheat crop increased soybean yield 
in the two first CS, but decreased it in the fourth CS; thus, there are 
agronomic interactions in which N fertilizer applied to the previous crop 
can affect the soybean grain yield. This effect might be attributed to an 
increase in wheat biomass production, which may have contributed to 
leave greater amounts of straw on the soil surface improving the NT 
system. Mineral N application can also affect the SOM turnover, stim-
ulating mineralization of more labile C, at least in the first years. 
However, this effect can be hazardous in the long term, as observed in 
the fourth CS, when the highest N rate applied to wheat decreased the 
grain yield of soybean cropped thereafter. In this way, there is still a 
need to improve knowledge on the effects of N fertilization of crops 
preceding soybean over the years in NT system. 

Relative soybean grain yield changed by combining lime and pre-
vious WC, being favored when Al-tolerant WC was cropped without lime 
application, compared to that of Al-sensitive WC. Based on these results, 
the genetic characteristics of WC influence not only the grain yield of the 
wheat crop by itself, but can also affect some soil chemical properties 
and the subsequent crop, consequently affecting the management of the 
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NT system. 
Vieira et al. (2013) observed in experiments with soybean, corn, 

wheat, barley (Hordeum vulgare L.) and white oat (Avena sativa L.), that 
soybean was the most sensitive to soil acidity, and presented the lowest 
relative grain yield in the treatment without liming, and greater increase 
(+37 %) in grain yield in response to liming. These results corroborate 
the present study, in which both crops benefited from liming; however, 
the magnitude (in relative terms) of differences in grain yield with and 
without liming was higher for soybean. Greater increases in soybean 
grain yield are likely related to increases in biological N2 fixation rates 
promoted by liming, among other factors (Alves et al., 2021). 

5. Conclusions 

Liming applied on soil surface without mechanical incorporation 
raised the levels of Ca2+, Mg2+ and V up to 0.40 m depth in the short 
term (24 months) in NT system established on a clayey Rhodic Ferralsol; 
but it increased pH and decreased H+Al only in the topsoil, having no 
effects on K+, P and SOM. This different pattern of responses is mainly 
attributed to the particular mobility of each element through the soil 
profile, which is influenced by soil pH, accompanying anion during 
leaching process, nitrification, among other factors in a dynamic 
interaction. 

Al-tolerant WC was able to decrease the exchangeable Al3+ up to 
0.40 m depth as compared with Al-sensitive WC. This capacity to 
decrease exchangeable Al3+ in the soil may be related to root exudation 
of Al-chelating organic compounds (e.g. organic acids) in the rhizo-
sphere. Further, we infer that Al-tolerant WC was more effective in 
taking up NO3

− than the Al-sensitive WC, which led to a greater release of 
OH− and HCO3

− in the rhizosphere to maintain the balance of charges 
inside the plant, resulting in increased soil pH and decreased 
exchangeable Al3+. However, this inference requires further research to 
be validated. 

The aforementioned effect of Al-tolerant WC on exchangeable Al3+

highlights the role of genotype tolerance to acidic soils as complemen-
tary strategy to liming, bringing benefits to the agricultural system by 
improving the soil chemical quality. In this context, Al-tolerant WC 
preceding soybean increased the RSGY (as compared with Al-sensitive 
WC), especially without liming, regardless of N rates. As far as we 
know, this is the first report on the combined effects of WC on 
exchangeable Al3+ in the bulk soil and on grain yield of soybean in 
succession to wheat. 

Topdressing N fertilization (as NH4NO3) decreased the exchangeable 
K+ in the soil layers of 0.00–0.10 and 0.10–0.20 m and Mg2+ in the 
topsoil (without liming), increased the exchangeable Al3+ in all soil 
layers, despite not having significantly (in statistical terms) changed the 
soil pH. These outcomes show an effect of NH4NO3 on the mobility of K+

and Mg2+ (by an accompanying NO3
− effect), and on the solubility of 

Al3+, which was not expected because NH4NO3 is considered a fertilizer 
without effect on soil pH. Therefore, more investigation is needed to 
clarify this finding. Furthermore, considering that N fertilization usually 
aggravates soil acidification and Al3+ toxicity, we emphasize that a 
combined breeding strategy for enhancing plant Al tolerance and N use 
efficiency would be effective for sustainable crop production on acidic 
soils. 

There were several interactive effects between liming, WC and N 
rate. For instance, the increase of exchangeable Al3+ due to N fertil-
ization was intensified when combined with no lime application or when 
Al-sensitive WC was cropped. Thus, changes in soil exchangeable Al3+

can be a result not only of the direct effect of N fertilizer, but their in-
tensity depends on the previous application of lime and the wheat ge-
notype grown thereafter. Furthermore, in the second CS, only Al- 
tolerant WC increased grain yield as N rate increased, which was 
restricted to the treatments without liming. Based on this finding, we can 
infer that Al-tolerant WC had a higher efficiency to uptake and use the N 
supplied by fertilization in conditions of soil acidity compared with Al- 

sensitive WC. 
Finally, despite soybean crop being generally non-responsive to N 

fertilization, N rates applied to the previous wheat crop increased soy-
bean grain yield in the two first CS, but decreased it in the fourth CS. 
Therefore, there are agronomic interactions in which N fertilizer applied 
to the previous crop can affect the soybean grain yield, which demands 
further investigation. 
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