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a b s t r a c t

Supplying a large amount of NO3
− in the subsurface can be a strategy to combat subsoil acidity under no-

till systems. However, soil acidification caused by ammoniacal fertilizers can increase both aluminum
toxicity and lime requirement. A field experiment was performed in the period from 2004 to 2012 in
Parana State, Brazil, on a loamy, kaolinitic, thermic Typic Hapludox to evaluate the effects of surface
liming and ammoniacal fertilization on soil chemical attributes and yields of crops in rotation under con-
tinuous no-till. The region has a mesothermal, humid subtropical climate, with mild summer, frequent
frosts during the winter, and no defined dry season. The average altitude is 970 m and the annual precip-
itation is about 1550 mm. The treatments consisted of annual applications of NH4NO3 at 0, 60, 120, and
180 kg N ha−1 to subplots within plots with surface-applied lime previously at 0, 4, 8, and 12 Mg ha−1,
calculated to raise the base saturation in the topsoil (0–20 cm) to 40, 65, and 90%. Lime was broadcast on
the soil surface in May 2004. The nitrogen rates were applied during the period from 2004 to 2011 in top
dressing at tillering of winter crops [black oat (Avena strigosa Schreb.) or wheat (Triticum aestivum L.)],
before growing corn (Zea mays L.), soybean (Glycine max L. Merr.) or bean (Phaseolus vulgaris L.) during
the summer (2004–2012).

Surface-applied lime under no-till was effective in alleviating soil acidity from the soil surface to a 20 cm
depth. The soil pH increased in the layers below the soil surface to 20 cm depth during a 6 years period
following surface lime application. Ammoniacal fertilization had an acidifying effect and did not change
the effectiveness of surface applied lime to alleviate subsoil acidity. Soil organic matter content was higher
in the upper few centimeters under no-till and remained unchanged over time after surface liming and
ammoniacal fertilization. Increasing the rate and frequency of ammoniacal fertilizer application increased
crop response to surface liming, but did not change the lime requirement to achieve higher crop grain
yields. The lime rate estimated by the soil base saturation method at 70% in the 0–20 cm depth was
appropriate for surface liming recommendation, even when substantial amounts of ammoniacal fertilizer
were applied in a no-till system. The results suggest that nitrogen fertilizer use for winter crops could
be dramatically reduced in areas under a continuous no-till system, particularly where lime has been
applied.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

No-till systems have stood out as one of the most effective
strategies to improve the sustainability of agriculture, and to mini-
mize soil and nutrient losses by erosion, in tropical and subtropical
regions (Lal, 1995; Hobbs et al., 2008). No-till is defined as a sys-
tem of seeding crops into untilled soil by opening a narrow slot,
trench or band only of sufficient width and depth to obtain proper
seed coverage; no other soil tillage is done (Phillips and Young,
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1973). Residues from previous cash crops or green manure cover
crops should remain undisturbed on the soil surface after seed-
ing. Crop rotation and cover crops are essential practices that need
to be applied in this system (Derpsch et al., 2010). The extent of
no-till adoption worldwide is just over 111 million hectares (Mha)
(Derpsch et al., 2010). The growth of the area under no-till has been
especially rapid in South America, where some countries such as
Argentina, Brazil, Paraguay and Uruguay are using this system on
about 70% of the total cultivated agricultural area (Derpsch et al.,
2010). In Brazil, the cultivated agricultural area under no-till has
rapidly increased to 32 Mha. Brazil continues to be one of the lead-
ing countries in the world in terms of adoption of the no-till system.
Green manure cover crops are often used on no-till in Brazil and
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many farmers are convinced that they are a must in this cropping
system.

Soil acidity limits crop yield in extensive areas in the world.
Calcium deficiency and aluminum toxicity are considered a major
yield-limiting factors of tropical and subtropical acid soils (Coleman
and Thomas, 1967). Soil pH plays a dominant role in determining
the solubility of aluminum in the soil (Ayres et al., 1965). Besides,
the amount of aluminum in the soil solution is related to the per-
cent Al3+ saturation of the effective cation exchange capacity (CEC)
(Kamprath, 1970). However, because of complexing of aluminum
by organic matter, soils with increasing organic matter content
have a lower content of soil solution aluminum at a given pH (Evans
and Kamprath, 1970). Thus, the higher organic matter contents in
topsoil layers under no-till compared with soils cultivated under
conventional systems (Bayer et al., 2000; Rhoton, 2000; Amado
et al., 2006) have provided a natural buffer against low pH and alu-
minum toxicity (Ismail et al., 1994; Brown et al., 2008; Alleoni et al.,
2010). Studies have suggested that aluminum toxicity is low in no-
till systems only during cropping seasons that have adequate and
well-distributed rainfall. With unfavorable rainfall conditions, the
toxicity of aluminum severely compromises root growth and yield
(Caires et al., 2008a; Joris et al., 2013). Because aluminum toxicity
is greater during drought periods and also because aluminum-
sensitive genotypes are compromised by soil acidity, even with
adequate soil moisture (Joris et al., 2013), surface application of
lime is an effective and important practice to maximize crop grain
yields under no-till systems (Caires et al., 2005, 2008a; Joris et al.,
2013).

Surface liming ameliorates topsoil acidity over a relatively
short-term period, but it is generally slow to neutralize subsoil
acidity, particularly in variable-charge soils (Ernani et al., 2004).
Long-term no-till systems are known to cause chemical stratifica-
tion, including pH, where high pH levels are formed in the upper
few centimeters of the soil profile (Caires et al., 2005; Godsey et al.,
2007). Movement of lime to depth depends on the leaching of
salts throughout the soil profile. Sumner (1995) summarized many
experiments where lime was surface applied. The review indicated
that changes in subsoil pH and Ca2+ were slow with lime additions
when no- or little-acidic nitrogen fertilizer was applied.

Ammoniacal fertilizers are used as the nitrogen source in most
agricultural systems. Increases in soil acidification as a result of the
nitrification of ammoniacal fertilizers have been well documented
(Ayres et al., 1965; van Breemen et al., 1983; Ismail et al., 1994;
Bowman and Halvorson, 1998; Conyers et al., 2003; Sumner and
Noble, 2003). Application of lime with ammoniacal fertilizers can
neutralise the acidifying effect and stimulate nitrification in acid
soils (Weligama et al., 2010b; Garbuio et al., 2011). So, the surface
application of lime can increase the possibility of downward move-
ment of exchangeable Ca2+ and Mg2+, which accompanies NO3

−

anions (Ridley et al., 2001; Crusciol et al., 2011). The uptake of
NO3

− by plants can increase the rhizosphere pH in subsoil provided
that roots are established in deeper layers (Tang et al., 2000, 2011;
Weligama et al., 2010a,b). Although supplying a large amount of
NO3

− in the subsurface can be a strategy to combat subsoil acidity
(Weligama et al., 2010b; Tang et al., 2011), soil acidification caused
by ammoniacal fertilizers can increase both aluminum toxicity and
lime requirement.

This study reports a field trial that examined the effects of sur-
face application of lime and ammoniacal fertilization on soil acidity,
production of black oat biomass as a cover crop and grain yields of
corn, soybean, wheat, and bean in rotation under a long-term no-
till system. We hypothesized that: (i) the depth of change in soil
pH increases with time after applying lime to the surface, (ii) appli-
cation of lime with ammoniacal fertilizer is an efficient strategy to
combat subsoil acidity, and (iii) increasing the rate and frequency

of ammoniacal fertilizer application increases the surface-applied
lime requirement to achieve higher crop grain yields.

2. Materials and methods

2.1. Site description and soil

The experiment was carried out in Ponta Grossa, PR, Brazil
(25◦10′S, 50◦05′W), on an oxisol (loamy, kaolinitic, thermic typic
hapludox). According to Köppen–Geiger System (Peel et al., 2007),
the climate at the site is categorized as a Cfb type (mesother-
mal, humid, subtropical), with mild summer and frequent frosts
during the winter. The average altitude is 970 m with average maxi-
mum and minimum temperatures of 22 and 13 ◦C, respectively. The
annual precipitation is about 1550 mm. Table 1 shows the results
of chemical, particle-size distribution and mineralogical analyses of
the topsoil (0–20 cm) in May 2004 before the establishment of the
experiment. The experimental area was converted from grassland
vegetation (Campos) to crop production in 1969. In the period from
1969 to 1978, three crops of rice and seven double crops (wheat
in the winter and soybean in the summer) were cultivated under
conventional tillage. A continuous no-till system was established
in 1978, and during the period from 1978 to 2004 were cultivated
wheat, triticale or black oat in the winter and soybean or corn in
the summer. No-till involved no disturbance to the soil other than
the sowing operation.

2.2. Experimental design, treatments, and crop studies

A randomized complete block design was used, with three repli-
cations in a split-plot arrangement. Plot size was 26.0 by 6.4 m and
subplot size was 6.5 by 6.4 m. The treatments consisted of annual
applications of NH4NO3 at 0, 60, 120, and 180 kg N ha−1 to subplots
within plots with surface-applied lime previously at 0, 4, 8, and
12 Mg ha−1. The lime rates were calculated to raise the base sat-
uration in the topsoil (0–20 cm) to 40, 65, and 90%. The dolomitic

Table 1
Results of chemical, particle-size distribution and mineralogical analyses of the top-
soil (0–20 cm) in May 2004 before the establishment of the experiment in Ponta
Grossa, Southern Brazil.

Attributes Results

pH (1:2.5 soil:0.01 mol l−1 CaCl2 suspension) 4.1
Total acidity pH 7.0 (H + Al) (mmolc dm−3) 110
Organic matter (g dm−3) 31
P (Mehlich-1) (mg dm−3) 6

Exchangeable cations (mmolc dm−3)
Ca2+ 5
Mg2+ 5
K+ 1.7
Al3+ 12
Effective cation exchange capacity (ECEC) (mmolc dm−3) 23.7
Cation exchange capacity pH 7.0 (CEC) (mmolc dm−3) 121.7
Base saturation (%)a 10
Al3+ saturation (%)b 51

Particle-size distribution (g kg−1)
Clay 295
Silt 240
Sand 465

Mineralogical composition (g kg−1)
SiO2 162
Al2O3 136
Fe2O3 46
Kaolinite 266
Goethite 27
Hematite 2

a Base saturation = 100 (Ca2+ + Mg2+ + K+/CEC pH 7.0).
b Al3+ saturation = 100 (Al3+/ECEC).
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Table 2
Cropping sequence and amounts (kg ha−1) of nitrogen (N), phosphorus (P), and
potassium (K) applied from 2004 to 2012 in a long-term experiment under con-
tinuous no-till in Ponta Grossa, Southern Brazil.

Year Crop Cultivation Sowing Cultivar N P K

2004 Black oat Winter June Common 0a 0 0
Corn Summer September AG 6018 126 40 44

2005 Black oat Winter May Common 0a 0 0
Soybean Summer November CD 206 6 37 50

2006 Black oat Winter May Common 0a 0 0
Soybean Summer November CD 214RR 0 33 42

2007 Black oat Winter May Common 0a 0 0
Soybean Summer November CD 214RR 12 22 21

2008 Black oat Winter May Common 0a 0 0
Corn Summer October P 30F53 134 37 87

2009 Wheat Winter June Supera 72a 80 60
Soybean Summer November CD 206 5 22 21

2010 Wheat Winter May Supera 72a 80 60
Soybean Summer November BMX Apolo RR 6 26 25

2011 Black oat Winter May Common 0a 0 0
Bean Summer September Rubi 90 35 38

2012 Bean Summer January Estilo 80 18 20

Total 603 430 468

a Application of nitrogen as ammonium nitrate at 0, 60, 120, and 180 kg ha−1 at
tillering of winter crops (black oat and wheat).

lime used contained 221 g kg−1 Ca, 140 g kg−1 Mg, and 85% effective
calcium carbonate equivalent. From grain size analysis, 557, 290,
and 153 g kg−1 of particles passed 0.30-, 0.84- and 2-mm sieves,
respectively. Lime was broadcast on the soil surface in May 2004.
The nitrogen rates as NH4NO3 were applied during the period from
2004 to 2011 in top dressing at tillering of winter crops (black oat or
wheat), before growing corn, soybean or bean during the summer
(2004–2012).

The crops, cultivars, growing years, and amounts of nitrogen,
phosphorus, and potassium used for this study are shown in Table 2.
Fertilizer rates varied with crops and years, according to soil test
recommendations for the Parana State. From 2004 to 2012, a total
amount of 603 kg N ha−1, 430 kg P ha−1, and 468 kg K ha−1 was
applied in the crop rotation, excluding the rates of nitrogen applied
in top dressing at tillering of winter crops (black oat and wheat).

Black oat (Avena strigosa Schreb.) cover crop was sown without
fertilizers at a seeding rate of 80 kg ha−1, and row spacing of 0.17 m.
During the flowering period of oat, in each year, the aerial part was
collected in three continuous rows of 1.0 m (0.51 m2), and the dry

biomass was evaluated. The crop black oat was then burnt down
with glyphosate at 2 l ha−1.

Wheat (Triticum aestivum L.) was sown at a seeding rate of
175 kg ha−1, and row spacing of 0.22 m. Corn (Zea mays L.) was
sown at a seeding rate of 5 seeds m−1, and row spacing of 0.80 m.
Soybean [Glycine max (L.) Merr.] was sown at a seeding rate of
16 seeds m−1 (inoculated with Bradyrhizobium japonicum), and row
spacing of 0.45 m. Bean (Phaseolus vulgaris L.) was sown at a seed-
ing rate of 11 seeds m−1, and row spacing of 0.45 m. Wheat grain
was harvested from a 7.70-m2 plot (middle ten rows by 3.5 m in
length), corn grain was harvested from a 14.40-m2 plot (middle four
rows by 4.5 m in length), and grain of soybean and bean was har-
vested from a 12.15-m2 plot (middle six rows by 4.5 m in length).
Grain yield was expressed at 130 g kg−1 moisture content. Crop
residues were left on the soil surface following grain harvest. Grain
samples were ground to determine Ca2+ and Mg2+ content. The
analyses of Ca2+ and Mg2+ in grain tissues were performed using
nitric–perchloric digestion, and measured using atomic absorption
spectrophotometry. Total Ca2+ and Mg2+ exported in grain was cal-
culated by multiplying grain Ca2+ and Mg2+ concentration by grain
yield of the crops.

Seasonal rainfall data for the duration of the experiment are
shown in Table 3. Throughout the development period of the crops
grown during the summer (corn, soybean, and bean), a slightly
lower rainfall rate was recorded only for the periods of 2005–2006
(November–March) and 2007–2008 (January–March) when the
soybean crops were in the field, 2008–2009 (December) when the
corn crop was in the field, and 2011 (September, November, and
December) and 2012 (March) when the bean crops were in the
field. The black oat (2004, 2006–2008) and wheat (2010) crops
grown during the winter were more affected by lack of rainfall at
the vegetative stage.

2.3. Soil sampling and chemical analysis

Soil samples were taken before sowing soybean in 2006, corn
in 2008, and soybean in 2010, and also after harvesting the bean
crop in 2012. In order to obtain a composite sample, 12 soil cores
were sampled at 0–5, 5–10, and 10–20 cm depths in each subplot
using a soil probe. In 2012, five soil cores were also sampled at
20–40 and 40–60 cm depths to obtain a composite sample. Prior
to the chemical analysis, soils were air-dried and ground to pass
through a 2-mm sieve. Soil pH was determined in a 0.01 mol l−1

CaCl2 suspension (1:2.5 soil/solution, v/v). Exchangeable Al3+, Ca2+,
and Mg2+ were extracted with neutral 1 mol l−1 KCl in a 1:10 (v/v)
soil/solution ratio according to the standard methods used by the
Agronomic Institute of the Parana State (Pavan et al., 1992). Alu-
minum (KCl-exchangeable acidity) was determined by titration

Table 3
Monthly rainfall (mm) for the duration of the experiment (2004–2012) and the 47-years (1954–2001) average monthly rainfall (mm) in Ponta Grossa, Southern Brazil.

Month Year Long-term (47 years) average

2004 2005 2006 2007 2008 2009 2010 2011 2012

January 117 214 129 262 160 208 162 142 251 186
February 59 34 110 163 128 179 223 222 194 161
March 152 39 123 126 100 36 119 70 73 138
April 108 117 13 75 160 4 152 46 260 101
May 176 145 12 170 70 72 65 34 83 116
June 98 92 36 4 120 67 66 144 220 118
July 143 99 71 138 40 241 87 235 66 96
August 16 111 71 21 143 98 18 324 12 79
September 93 290 222 34 80 220 35 54 117 135
October 242 268 75 60 233 147 165 212 142 153
November 199 110 194 195 113 171 62 80 71 119
December 188 129 155 214 73 170 173 128 215 151

Total 1591 1648 1211 1248 1420 1612 1327 1691 1705 1553
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with 0.025 mol l−1 NaOH solution, and Ca2+ and Mg2+ by titration
with 0.025 mol l−1 EDTA. Soil organic carbon was determined by
the Walkley and Black (1934) method in the base of soil volume.
The soil organic carbon data were converted to soil organic matter
by multiplying soil organic carbon by a factor of 1.72.

2.4. Statistical analysis

Data from the soil chemical analysis for each sampling time
and depth and crop yields were analyzed through an analysis of
variance and simple regression methods using a randomized com-
plete block design in a split-plot arrangement (Statistical Analysis
Systems Institute Inc., 1985). In the absence of a significant inter-
action among the surface-applied lime rates (main plots) and the
NH4NO3-N rates applied in top dressing at tillering of winter crops
(subplots) on the variables studied, the regression analysis for the
lime and NH4NO3-N rates was conducted using the means of the
observations. When the variables were significantly influenced by
the interaction among the lime and NH4NO3-N rates, the regression
analysis was conducted separately for each lime or nitrogen rate.
The criterion adopted for choosing the model was the magnitude
of the determination coefficients significant at P < 0.05.

The data from the soil chemical analysis of samples taken in
2012 were analyzed as a split-plot design by analysis of variance
using the treatments no lime without N, no lime with NH4NO3
(180 kg N ha−1 year−1), lime (12 Mg ha−1) without N, and lime
(12 Mg ha−1) with NH4NO3 (180 kg N ha−1 year−1) as main plots
and the depths of 0–5, 5–10, 10–20, 20–40, and 40–60 cm as sub-
plots. Means were compared using the Tukey test with significance
at P = 0.05.

3. Results

3.1. Soil chemical attributes

Soil pH at the 0–5, 5–10, and 10–20 cm depths in 2006, 2008, and
2010 was not significantly influenced by the interaction surface-
applied lime rates versus nitrogen rates applied in top dressing
at tillering of winter crops. Surface-applied lime rates raised soil
pH at the 0–5, 5–10, and 10–20 cm depths (Fig. 1). The magnitude
of changes in soil pH varied according to the lime rates applied,
time after lime application and the soil depth. Surface-applied lime
brought about a more marked improvement in pH in the surface
layer of the soil (0–5 cm) and, to a lesser degree, at 5–10 and
10–20 cm depths. The highest increase in soil pH at the 0–5 cm
depth occurred at 2 years after lime application for the different
rates. There was a decrease in pH at 0–5 cm, from 2 to 6 years fol-
lowing liming, only after lime application at a rate of 4 Mg ha−1.
When lime was applied at 8 and 12 Mg ha−1, soil pH at the 0–5 cm
depth was not significantly changed with the time after application
and remained consistent for a period of up to 6 years after liming.
The increase in soil pH at the 5–10 and 10–20 cm depths was higher
with the time after liming, especially when the highest lime rates
were applied on the soil surface. In unlimed plots, soil pH ranged
from 4.1 to 4.3 at the 0–20 cm depth, during the evaluation period.
After 6 years of the surface application of lime at 12 Mg ha−1, soil
pH reached values of 6.2 at the 0–5 cm depth, 5.9 at the 5–10 cm
depth, and 5.1 at the 10–20 cm depth.

Soil pH and exchangeable Al3+, Ca2+, and Mg2+ contents in soil
profiles of the control and after surface liming at 12 Mg ha−1, with-
out N and with annual application of NH4NO3 at 180 kg N ha−1,
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Fig. 1. Soil pH (0.01 mol l−1 CaCl2) at depths of 0–5, 5–10, and 10–20 cm as affected by surface-applied lime rates after (a) 2, (b) 4, and (c) 6 years, without (open circle)
and with annual applications of NH4NO3 at 60 kg N ha−1 (closed circle), 120 kg N ha−1 (open square), and 180 kg N ha−1 (closed square), in a long-term experiment under
continuous no-till in Ponta Grossa, Southern Brazil. Lime × NH4NO3-N interaction not significant. Regression analysis conducted using the mean (showed close to the data
points) of four NH4NO3-N rates and three replications. **P < 0.01. LSD for the time analysis is the least significant difference by the Tukey test at P = 0.05 considering the time
after surface application of lime.



E.F. Caires et al. / Europ. J. Agronomy 66 (2015) 41–53 45

Fig. 2. Soil pH (0.01 mol l−1 CaCl2) and exchangeable Al3+, Ca2+, and Mg2+ concentrations in soil profiles of the treatments with no lime addition, without (closed circle) and
with annual application of NH4NO3 at 180 kg N ha−1 (open circle), and after surface liming at 12 Mg ha−1, without (closed square) and with annual application of NH4NO3

at 180 kg N ha−1 (open square), in a long-term experiment under continuous no-till in Ponta Grossa, Southern Brazil. Lime was surface-applied in May 2004 and soils were
sampled in May 2012. Horizontal bars represent the least significant difference (LSD) by the Tukey test at P = 0.05.

were significantly influenced by the interaction treatment versus
depth for soil sampling in 2012 (Fig. 2). Applying NH4NO3-N
on the plots without lime significantly decreased soil pH, and
exchangeable Ca2+ and Mg2+ contents at the 0–5 cm depth, and
increased exchangeable Al3+ content in all soil profiles (0–60 cm).
Compared with the control, surface application of lime with and
without NH4NO3-N significantly increased pH and the content
of exchangeable Ca2+ at the 0–5, 5–10, and 10–20 cm depths,
increased exchangeable Mg2+ and decreased exchangeable Al3+

contents at the 0–5, 5–10, 10–20, and 20–40 cm depths. However,
soil pH and the exchangeable Ca2+ contents at the 0–5 and 5–10 cm
depths, and the exchangeable Mg2+ contents at the 0–5, 5–10, and
20–40 cm depths were higher with surface-applied lime where no
NH4NO3-N was applied, than where it was applied. In addition, the
exchangeable Al3+ content at the 40–60 cm depth was lower after
surface liming without NH4NO3-N than with application.

The results of estimated Ca2+ and Mg2+ budget after surface lim-
ing at 4, 8, and 12 Mg ha−1, without N and with annual application
of NH4NO3 at 180 kg N ha−1 for the duration of the experiment
(2004–2012) are shown in Table 4. Since the experiment was

performed in a long-term to decomposition of crop residues, the
amount of Ca2+ and Mg2+ which was not accounted for, was
assumed to have been moved below a depth of 60 cm. Increas-
ing surface liming rate significantly increased the movement of
Ca2+ and Mg2+ below a depth of 60 cm, mainly when NH4NO3 at
180 kg N ha−1 year−1 was applied. Of the 1191, 1822, and 2454 kg
Ca2+ ha−1 obtained as a result of lime addition at the rates of 4, 8, and
12 Mg ha−1, respectively, on the plots without N, approximately 2%
at 4 and 8 Mg ha−1 of lime (28 and 43 kg Ca2+ ha−1, respectively),
and 12% at 12 Mg ha−1 of lime (303 kg Ca2+ ha−1) moved below a
depth of 60 cm. In the plots with annual application of NH4NO3
at 180 kg N ha−1, the movement of Ca2+ below a depth of 60 cm
was in the order of 25% at 4 and 8 Mg ha−1 of lime (298 and 444 kg
Ca2+ ha−1, respectively), and 34% at 12 Mg ha−1 of lime (845 kg Ca2+

ha−1). For the Mg2+, of the 576, 912, and 1248 kg ha−1 obtained with
surface liming at 4, 8, and 12 Mg ha−1, respectively, 7% (38 kg ha−1)
and 28% (159 kg ha−1) at 4 Mg ha−1 of lime, 8% (71 kg ha−1) and
32% (292 kg ha−1) at 8 Mg ha−1 of lime, and 19% (240 kg ha−1) and
41% (512 kg ha−1) at 12 Mg ha−1 of lime moved below a depth
of 60 cm, respectively, in the plots without N and with annual
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Table 4
Estimated Ca2+ and Mg2+ budget after surface liming at 4, 8, and 12 Mg ha−1, without and with annual application of NH4NO3 at 180 kg N ha−1 for the duration of the experiment
(2004–2012) under continuous no-till in Ponta Grossa, Southern Brazil.

Nutrient Lime (Mg ha−1)

4 8 12

Ca2+ Without N
Total Ca2+ in the soil profile (0–60 cm) before the establishment of the experiment in 2004 (kg ha−1) 560 560 560
Total amount of Ca2+ applied (kg ha−1) 631 1262 1894
Total Ca2+ exported in grain (kg ha−1) 53 59 54
Total Ca2+ in the soil profile (0–60 cm) in 2012 (kg ha−1) 1110 1720 2097
Ca2+ moved below a depth of 60 cm (kg ha−1) 28bB 43bB 303aB

With NH4NO3 at 180 kg N ha−1 year−1

Total Ca2+ in the soil profile (0–60 cm) before the establishment of the experiment (kg ha−1) 560 560 560
Total amount of Ca2+ applied (kg ha−1) 631 1262 1894
Total Ca2+ exported in grain (kg ha−1) 56 55 54
Total Ca2+ in the soil profile (0–60 cm) in 2012 (kg ha−1) 837 1323 1555
Ca2+ moved below a depth of 60 cm (kg ha−1) 298cA 444bA 845aA

Mg2+ Without N
Total Mg2+ in the soil profile (0–60 cm) before the establishment of the experiment in 2004 (kg ha−1) 240 240 240
Total amount of Mg2+ applied (kg ha−1) 336 672 1008
Total Mg2+ exported in grain (kg ha−1) 97 93 90
Total Mg2+ in the soil profile (0–60 cm) in 2012 (kg ha−1) 441 748 918
Mg2+ moved below a depth of 60 cm (kg ha−1) 38bB 71bB 240aB

With NH4NO3 at 180 kg N ha−1 year−1

Total Mg2+ in the soil profile (0–60 cm) before the establishment of the experiment (kg ha−1) 240 240 240
Total amount of Mg2+ applied (kg ha−1) 336 672 1008
Total Mg2+ exported in grain (kg ha−1) 91 90 94
Total Mg2+ in the soil profile (0–60 cm) in 2012 (kg ha−1) 326 530 642
Mg2+ moved below a depth of 60 cm (kg ha−1) 159cA 292bA 512aA

Small letters compare results in the same line and capital letters in the same column. Different letters indicate significantly different values by the Tukey test at P = 0.05.

application of NH4NO3 at 180 kg N ha−1. Therefore, in our study,
there was an average increase of 22% in movement of Ca2+ and Mg2+

below a depth of 60 cm as a result of annual application of NH4NO3
at 180 kg N ha−1 on the surface limed plots (4, 8, and 12 Mg ha−1).

Soil organic matter content for different depths and sampling
times was not significantly influenced by the surface-applied lime
rates and the annual rates of NH4NO3-N applied in top dressing at
tillering of winter crops. The following average levels of soil organic
matter, in g dm−3, were obtained, respectively, in 2006, 2008, and
2010: 39, 35, and 38 at the 0–5 cm depth; 32, 31, and 31 at the
5–10 cm depth; and 29, 27, and 28 at the 10–20 cm depth.

3.2. Crop biomass and grain yield

Variance analysis of the crop biomass and grain yields in the
period from 2004 to 2007 did not reveal a significant interaction
among the surface-applied lime rates and the nitrogen rates applied
in top dressing at tillering of winter crops. From 2007 to 2008, crop
biomass and grain yields were significantly influenced by the inter-
action surface-applied lime rates versus nitrogen rates applied in
top dressing at tillering of winter crops.

The average yield of black oat dry biomass in the first year (2004)
was low (1168 kg ha−1) and in the second year (2005) was higher
(4003 kg ha−1), regardless of surface-applied lime rates (Fig. 3).
Black oat dry biomass yield in 2006 and 2007 was raised linearly
with the application of lime rates. The average increase in dry
biomass yield was in the order of 20% in 2006 and 30% in 2007 with
the highest lime rate applied (12 Mg ha−1). Increasing the surface-
applied lime rates linearly increased the black oat dry biomass
yield in 2008 from 2196 to 4069 kg ha−1, only in the plots that
received annual application of NH4NO3 at 180 kg N ha−1. Wheat
grain yield in 2009 and 2010 was raised with the surface-applied
lime rates, exhibiting a quadratic response in 2009 in all plots
without or with annual application of NH4NO3-N, and a linear and
quadratic response in 2010, respectively, in the plots without N or
with annual application of NH4NO3 at 60 kg N ha−1 and with annual

application of NH4NO3 at 120 or 180 kg N ha−1. Black oat dry
biomass yield in 2011 was also raised with the application of lime
rates, exhibiting a linear response in the plots without nitrogen
application and a quadractic response in the plots with annual
applications of NH4NO3 at 60, 120, and 180 kg N ha−1.

Black oat dry biomass yield in 2004–2007 was not significantly
affected by the annual applications of NH4NO3-N rates in top dress-
ing at tillering of the crop (Fig. 4). Increasing the annual rates
of NH4NO3-N linearly increased the black oat dry biomass yield
in 2008 from 2442 to 3897 kg ha−1, only within limed plots at
rate of 12 Mg ha−1. Annual applications of NH4NO3-N rates in top
dressing decreased linearly wheat grain yield within unlimed and
limed at 4 and 8 Mg ha−1 plots in 2009, and within unlimed plots
in 2010. Black oat dry biomass yield in 2011 decreased linearly
within unlimed plots and quadractically increased within limed
plots at rates of 4, 8, and 12 Mg ha−1 with the annual applications
of NH4NO3-N rates.

Grain yields of corn, in 2004–2005, and soybean, in 2005–2006
and 2006–2007, were not significantly affected by the surface-
applied lime rates (Fig. 5). However, significant increases in grain
yields of soybean, in 2007–2008, 2009–2010, and 2010–2011, corn,
in 2008–2009, and bean (two harvests), in 2011 – 2012 + 2012, were
obtained with the surface application of lime rates, mainly on
plots that had received the highest rates of NH4NO3 (120 and
180 kg N ha−1 year−1).

The NH4NO3-N rates applied to winter crops resulted in small
increases in grain yields of corn, in 2004–2005, and soybean in
2006–2007 (Fig. 6). Soybean grain yield, in 2007–2008, increased to
a small magnitude with the application of NH4NO3 at 60 kg N ha−1

year−1, both in unlimed and limed at 8 M ha−1 plots, but there
was a reduction in soybean grain yield with the application of
NH4NO3 at 180 kg N ha−1 year−1 in unlimed plots. Corn grain
yield, in 2008–2009, decreased with the application of NH4NO3
at the rates of 120 and 180 kg N ha−1 year−1 on unlimed plots
and increased linearly with the rates of NH4NO3-N applied on
plots that received the highest lime rate (12 Mg ha−1). Soybean
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Fig. 3. Black oat dry biomass and wheat grain (130 g kg−1 moisture content) yields as affected by surface-applied lime rates without (open circle) and with annual applications
of NH4NO3 at 60 kg N ha−1 (closed circle), 120 kg N ha−1 (open square), and 180 kg N ha−1 (closed square), in a long-term experiment under continuous no-till in Ponta Grossa,
Southern Brazil. Lime × NH4NO3-N interaction not significant from 2004 to 2007. Lime was applied in 2004 and the winter crops (black oat or wheat) were grown during the
period from 2004 to 2011. *P < 0.05 and **P < 0.01.

grain yield, in 2009–10, increased slightly, with the application of
NH4NO3 at 60 kg N ha−1 year−1, and decreased with the application
of NH4NO3 at 180 kg N ha−1 year−1 on unlimed plots. Soybean grain
yield, in 2010–2011, linearly decreased with the rates of NH4NO3-
N applied on unlimed plots. Bean grain yield (two harvests),
in 2011 − 2012 + 2012, increased slightly, with the application of
NH4NO3 at 60 kg N ha−1 year−1 on limed plots at 4 and 8 Mg ha−1,
but there was a linear decrease in bean grain yield with the rates
of NH4NO3-N applied on unlimed plots.

The cumulative grain yield of the crops, in the period from 2004
to 2012, increased with an increase in surface-applied lime rates,
exhibiting a quadractic response (Fig. 7a). The rates of NH4NO-N
applied to winter crops on unlimed plots caused a decrease in
cumulative grain yield of the crops, in the period from 2004 to 2012
(Fig. 7b). The cumulative grain yield of the crops was not signifi-
cantly affected by rates of NH4NO3-N applied on limed plots at 4,
8, and 12 Mg ha−1.
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Fig. 4. Black oat dry biomass and wheat grain (130 g kg−1 moisture content) yields as affected by annual applications of NH4NO3-N within plots without (open circle) and
with surface-applied lime at 4 Mg ha−1 (closed circle), 8 Mg ha−1 (open square), and 12 Mg ha−1 (closed square), in a long-term experiment under continuous no-till in Ponta
Grossa, Southern Brazil. Lime × NH4NO3-N interaction not significant from 2004 to 2007. Nitrogen was applied in top dressing at tillering of winter crops (black oat or wheat)
during the period from 2004 to 2011. *P < 0.05 and **P < 0.01.

4. Discussion

4.1. Amendment effects on soil chemical attributes

Surface-applied lime under no-till was effective in alleviating
soil acidity from the soil surface to a 20 cm depth (Fig. 1). The pH
in the layers below the soil surface increased according to the time

after application and rate of lime. Increases in soil pH below the
point of placement from surface applied lime have been favored by
the following conditions: (i) liming at a relatively high rate (Tang
et al., 2003; Caires et al., 2008a,b), (ii) long-term timing of lim-
ing (Gascho and Parker, 2001; Caires et al., 2005), (iii) high annual
precipitation (>1000 mm) (Blevins et al., 1978; Oliveira and Pavan,
1996), and (iv) cropping systems with high residue loads (Bolliger
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Fig. 5. Crop grain yield of soybean, corn, and bean (130 g kg−1 moisture content) as affected by surface-applied lime rates without (open circle) and with annual applications
of NH4NO3 in the winter crops (black oat or wheat) at 60 kg N ha−1 (closed circle), 120 kg N ha−1 (open square), and 180 kg N ha−1 (closed square), in a long-term experiment
under continuous no-till in Ponta Grossa, Southern Brazil. Lime × NH4NO3-N interaction not significant from 2004 to 2007. Lime was applied in 2004 and the summer crops
(soybean, corn or bean) were grown during the period from 2004 to 2012. *P < 0.05 and **P < 0.01.

et al., 2006) and with large amounts of acidic nitrogen fertilizer
(Sumner, 1995). Such conditions can be found in some Brazilian
soils, as in our study, but do not apply in other acid-prone envi-
ronments where no-till is widely practiced due to low rainfall, low
annual residue input, and the predominance of soils with unsta-
ble physical structure and poor profile hydrology (Kirkegaard et al.,
2014). In a long-term trial conducted in South-eastern Australia,
Conyers et al. (2003) found that surface application of lime took
from 2 to 4 years to reach the depth of 10 cm and was not effective
in raising pH below that depth for a period of 8 years. In a field trial
conducted in Kansas (USA), lime movement was limited to 7.5 cm
or less during up to 5 years of study in three no-till sites (Godsey
et al., 2007).

Changes in pH alter the surface chemistry of colloids, because
of the variable, pH nature of the surface charges in Brazilian soils
(van Raij and Peech, 1972). Increasing inputs of acids in these soils
result in the depletion of exchangeable Ca2+ and Mg2+, and in the
release of exchangeable Al3+ (Fig. 2). The increase in soil pH through
liming increases basic cations (Ca2+ and Mg2+) retention due to the
increase in negative variable electric charges that are generated
on the surface of colloids by the dissociation of H+ from hydroxyl
groups.

In order for lime applied on the surface to have an influence
on subsoil acidity, alkalinity, usually in the form of HCO3

− or OH−,
must be transported downwards by mass flow from the surface lay-
ers (Sumner, 1995). It so happens that the anions HCO3

− and OH−,
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Fig. 6. Crop grain yield of soybean, corn, and bean (130 g kg−1 moisture content) as affected by annual applications of NH4NO3-N within plots without (open circle) and
with surface-applied lime at 4 Mg ha−1 (closed circle), 8 Mg ha−1 (open square), and 12 Mg ha−1 (closed square), in a long-term experiment under continuous no-till in Ponta
Grossa, Southern Brazil. Lime × NH4NO3-N interaction not significant from 2004 to 2007. Nitrogen was applied in top dressing at tillering of winter crops (black oat or wheat)
during the period from 2004 to 2011. *P < 0.05 and **P < 0.01.

originating from lime dissolution, react with acidic cations from
the soil solution. As long as these acidic cations exist, the acidity
neutralization reaction will be limited to the surface layer of the
soil, slowing the effect at the subsurface level (Caires et al., 2005,
2008a).

In several experiments where lime was surface applied, it was
found that changes in the subsoil were slow with lime additions
when no- or little-acidic N fertilizer was applied (Sumner, 1995).
Some studies have shown that applying lime to the soil surface
with ammoniacal fertilizers increases the downward movement of
exchangeable Ca2+ and Mg2+, which accompanies the NO3

− anions
(Ridley et al., 2001; Crusciol et al., 2011). Since the uptake of NO3

−

by plants can increase the rhizosphere pH in subsoil layers (Tang
et al., 2000, 2011; Weligama et al., 2010a,b), we hypothesized that
surface liming with application of NH4NO3-N in winter crops could
be an efficient strategy to combat subsoil acidity under no-till.

However, in our study, application of ammoniacal fertilizer had an
acidifying effect and did not change the effectiveness of surface
applied lime to alleviate subsoil acidity (Fig. 2). So, the downward
movement of exchangeable Ca2+ and Mg2+ with NO3

− anions was
certainly not accompanied by NO3

− uptake in subsoil by winter
crops.

Black oat, the main winter crop used in our study, is the most
important cover plant grown under no-till systems in Southern
Brazil, preceding the soybean or corn crops. Because of the rugged-
ness of this cover crop (Pöttker and Roman, 1994), it was expected
that roots were available to take up NO3

− and possibly increase rhi-
zosphere pH in subsoil which did not happen. However, since there
was a significant increase in movement of Ca2+ and Mg2+ below a
depth of 60 cm with annual application of NH4NO3 at 180 kg N ha−1

on the surface limed plots (4, 8, and 12 Mg ha−1) (Table 4), a pos-
sible involvement of surface liming with ammoniacal fertilizer to
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Fig. 7. Cumulative grain yield (130 g kg−1 moisture content) in the period from
2004 to 2012 as affected by (a) surface-applied lime rates without (open circle)
and with annual applications of NH4NO3 in the winter crops (black oat or wheat) at
60 kg N ha−1 (closed circle), 120 kg N ha−1 (open square), and 180 kg N ha−1 (closed
square), and (b) annual applications of NH4NO3-N within plots without (open circle)
and with surface-applied lime at 4 Mg ha−1 (closed circle), 8 Mg ha−1 (open square),
and 12 Mg ha−1 (closed square), in a long-term experiment under continuous no-
till in Ponta Grossa, Southern Brazil. Lime was applied in 2004 and NH4NO3-N was
applied in top dressing at tillering of winter crops during the period from 2004 to
2011. Crop rotation: corn, soybean, soybean, soybean, corn, wheat, soybean, wheat,
soybean, and bean (two harvests). *P < 0.05 and **P < 0.01.

alleviate subsoil acidity in deeper layers than at 60 cm is difficult to
exclude entirely in our study.

The effects of subsoil acidity improvement by surface liming
under no-till (Fig. 2) are complex and may also be related to
other mechanisms. The ionic speciation in the soil solution from
a Brazilian clayey Rhodic Hapludox under a no-till system revealed
important participation of the organic anions in the dynamic of Ca2+

and Mg2+ (Zambrosi et al., 2007). Plant residues left on the soil sur-
face under no-till can mobilize cations and increase the mobility of
surface-applied lime because of the release of low molecular weight
organic acids from the soluble fraction of residues (Miyazawa et al.,
2002; Franchini et al., 2003). However, organic acid anions from
the soluble fraction of plant residues improve the chemical condi-
tions of acidic soils in the relatively short term (Tang et al., 1999;
Naramabuye and Haynes, 2006), while the decomposition of plant
residues causes soil acidification in the long term (Caires et al., 2005,
2008b). Since at least a fraction of the Ca-fulvate complex is very
stable and release of Ca2+ occurs very slowly while the complex is
transported downwards into the soil profile (van der Watt et al.,
1991), it is possible that the complex Ca-fulvate encourages the
transport of Ca2+ into the subsoil and contributes to alleviating the
effects of acidity in deeper layers under no-till systems.

Soil organic matter accumulates over time in the upper few cen-
timeters under no-till soils (Bayer et al., 2000; Rhoton, 2000; Amado
et al., 2006). As at the time of the experimental initiation, the area
had been continuous no-till for 26 years, soil organic carbon would
be at a level close to the stabilization (Six et al., 2002; Stewart et al.,

2007), and remained unchanged after surface application of lime
and nitrogen fertilization in winter crops. Decreases in soil organic
matter content have been observed with the incorporation of lime
in ploughed systems, but not with surface application of lime in
no-till systems (Ernani et al., 2002; Caires et al., 2006). In ploughed
systems, the disruption of aggregates with the incorporation of
lime causes mineralization of previously protected organic matter
(Westerhof et al., 1999; Caires et al., 2006). In a long-term trial con-
ducted on an oxisol in Southern Brazil, Briedis et al. (2012) found
that the surface application of lime to no-till fields provided greater
stability and protection of the intra-aggregate C, presumably due
to Ca2+ acting as cationic bridge between organic carbon and the
kaolinite in the clay fraction. A review on published results from
many experiments indicated that increases in soil organic carbon
can be produced when nitrogen fertilizer or conservation tillage are
used for long periods (Alvarez, 2005). However, the effect of nitro-
gen fertilizer on soil organic carbon levels was a consequence of
the increase in residues returned to the soil where nitrogen fertil-
izer was used (Alvarez, 2005). In our study, nitrogen fertilization in
winter crops did not change the soil organic matter level probably
because the crop residues production returned to the soil was little
changed with the nitrogen fertilization.

4.2. Crop biomass and grain yield as affected by surface liming
and nitrogen fertilization

Black oat used as a cover crop showed greater response to liming
(Fig. 3) than to nitrogen fertilization (Fig. 4). In the first year (2004),
the late sowing of black oat (June) and the water deficit, which
occurred during the vegetative stage in August 2004 (Table 3),
certainly limited the biomass production of the crop. Although
black oat crops grew without fertilizers (Table 2), no increase in
dry biomass yield was observed with the annual NH4NO3-N rates
applied by top dressing in most years (Fig. 4). We ascribe this lack of
response of black oat to nitrogen fertilization to rapid soil organic
matter decomposition and nitrification, especially under low soil
acidity in no-till, which provides sufficient nitrogen to satisfy plant
nitrogen demands (Garbuio et al., 2011). As a result of crop residue
deposition and decreased disturbance, long-term no-till systems
increases organic carbon and nitrogen contents and the lability of
soil organic matter, mainly in the top layer of the soil (Bayer et al.,
2000; Rhoton, 2000; Amado et al., 2006). Furthermore, microbial
biomass, microbial activity, and bacterial/fungal ratio at the soil
surface are increased under lower soil acidity in no-till, resulting
in increased amino acid turnover, water-soluble humic substances
formation, and nitrogen mineralization and nitrification (Garbuio
et al., 2011). Soon and Arshad (2005) also found that liming under
no-till can be effective in increasing nitrogen turnover and crop
growth in acid soils.

Wheat also showed greater response to liming (Fig. 3) than
to nitrogen fertilization in top dressing (Fig. 4). However, wheat
was grown in 2009 and 2010 with the application of 72 kg N ha−1

(Table 2) and this should have inhibited the crop response to appli-
cation of NH4NO3-N in top dressing. In addition, a marked decrease
in wheat grain yields with the annual applications of NH4NO3-N
rates mainly on unlimed plots was observed (Fig. 4) due to soil acid-
ification caused by the NH4NO3-N fertilization. Another point that
may have affected the yield response of black oat and wheat to the
nitrogen fertilizer applied is that adding nitrogen to high lime plots
did not increase pH or reduce the exchangeable Al3+ concentration
to a low level (<5 mmol(+) dm−3) in the subsoil (Fig. 2).

Liming did not affect grain yield of corn (2004–2005) and soy-
bean (2005–2006 and 2006–2007), in the first 3 years after surface
application (Fig. 5). During this period, high grain yields of corn
and soybean were obtained in the plots without lime. Because
the aluminum toxicity is low in no-till systems during cropping
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seasons that have adequate and well-distributed rainfall (Brown
et al., 2008,b; Caires et al., 2008a,b), high crop grain yields have
been obtained on acidic soils under no-till (Caires et al., 2005, 2006;
Godsey et al., 2007,b; Caires et al., 2008a,b). However, in the period
that soil acidification had become more accentuated by the addi-
tion of NH4NO3-N from 2007, significant increases in grain yields of
soybean, corn, and bean were obtained with surface application of
lime (Fig. 5). Increasing the NH4NO3-N rate over time on unlimed
plots severely compromised the crop grain yields and increased the
crop response to surface-applied lime rates. The decrease in grain
yields of corn in 2008–2009, soybean in 2010–2011, and bean (two
harvests) in 2011 – 2012 + 2012, was very marked with the highest
rates of NH4NO3 (120 and 180 kg N ha−1 year−1) applied to winter
crops on unlimed plots (Fig. 6) certainly because of lower exchange-
able Ca2+ and Mg2+ contents and higher exchangeable Al3+ levels
as a result of soil acidification due to nitrogen fertilization (Fig. 2).

Crop response to lime was more pronounced when substantial
amounts of nitrogen were applied (Figs. 5 and 7a), in agreement
with the results obtained by Gascho and Parker (2001). In a long-
term trial conducted in Southern Brazil, Caires et al. (2005) found
that the lime rate estimated by the soil base saturation method
at 70% in the 0–20 cm depth was appropriate for surface liming
recommendation in a no-till system. In our study, the lime rates
estimated to achieve the maximum cumulative grain yield were
very close to that one calculated by the soil base saturation method
at 70%, for a sample collected at the 0–20 cm depth (8.6 Mg ha−1).
Based on the regression equations obtained, the maximum yield
would be reached with the rates of 8.7, 9.1, 8.6, and 9.2 Mg ha−1 of
lime and the average increase in grain yield would be in the order
of 30, 35, 70, and 115%, respectively, on plots without nitrogen, and
with annual applications of NH4NO3 at 60, 120, and 180 kg N ha−1

in the winter crops (Fig. 7a). Thus, the use of this criterion was ade-
quate for surface liming recommendation under no-till, even when
substantial amounts of nitrogen were applied in the production
system. We hypothesized that increasing the rate and frequency
of ammoniacal fertilizer application increases the surface-applied
lime requirement under no-till. However, in our study, we observed
that increasing the rate and frequency of ammoniacal fertilizer
application under no-till increased crop response to surface appli-
cation of lime, but did not change the lime requirement to achieve
higher crop grain yields.

Soil acidification caused by nitrogen fertilization to winter crops
on unlimed plots caused a decrease in cumulative grain yield of
the crops (Fig. 7b). Based on the regression equation obtained, the
average decreases in cumulative grain yield would be about 5, 19,
and 42% with the annual applications of NH4NO3 at 60, 120, and
180 kg N ha−1, respectively. Our results suggest that nitrogen fer-
tilizer use for winter crops could be dramatically reduced in areas
under a long-term no-till system, particularly where lime has been
applied.

5. Conclusions

Surface-applied lime under a no-till system in Southern Brazil
was effective in alleviating soil acidity from the soil surface to a
20 cm depth. The pH in the layers below the soil surface to 20 cm
depth increased over a period of 6 years after applying lime to the
soil surface. Ammoniacal fertilizer application had an acidifying
effect and did not change the effectiveness of surface applied lime
to alleviate subsoil acidity. Even so, because there was a significant
increase in movement of Ca2+ and Mg2+ below a depth of 60 cm
with annual application of NH4NO3-N on the surface limed plots, a
possible involvement of surface liming with ammoniacal fertilizer
to alleviate subsoil acidity in deeper layers than at 60 cm is difficult
to exclude entirely. Soil organic matter content was higher in the

upper few centimeters under a no-till soil and remained unchanged
over time after surface application of lime and ammoniacal fertil-
izer. Black oat used as a cover crop showed greater response to
liming than to nitrogen fertilization. Significant increases in grain
yields of soybean, corn, wheat, and bean were obtained with surface
application of lime after soil acidification has become established
by the frequent addition of ammoniacal fertilizer. Increasing the
rate and frequency of ammoniacal fertilizer application under no-
till increased crop response to surface application of lime, but not
change the lime requirement needed to achieve higher crop grain
yields. The lime rates estimated to achieve the maximum cumula-
tive grain yield of the crops, without or with ammoniacal fertilizer
annual application, were very close to that one calculated by the
soil base saturation method at 70%, for a sample collected at the
0–20 cm depth, indicating that this is an adequate criterion for sur-
face liming recommendation under no-till, even when substantial
amounts of nitrogen are frequently applied in this cropping sys-
tem. Nitrogen fertilizer use for winter crops could be dramatically
reduced in areas under a continuous no-till system, particularly
where lime has been applied.
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