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Lime and gypsum combination improves crop and forage
yields and estimated meat production and revenue
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Abstract In tropical integrated crop-livestock under
no-till (NT) systems, the surface application/reappli-
cation of lime and/or gypsum can reduce re-acidifica-
tion rate of the soil and improve plant nutrition, crop
yields, and profitability. This study was conducted in
the Brazilian Cerrado, which has dry winters, and
aimed to evaluate the effects of surface application/
reapplication of lime and/or gypsum on soil improve-
ment, plant nutrition and crop yield improvement, as
well as the forage dry matter (DM) yield, estimated
meat production, and economic results. The crop
rotation used between November 2004 and August
2008 was as follows: peanut (Arachis hypogaea) and
white oat (Avena sativa) cultivated alone (on the first
and second spring/summer and autumn/winter,
respectively) and corn (Zea mays) intercropped with
palisade grass [Urochloa brizantha cv. ‘Marandu’]
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and pasture (on the third and fourth spring/summer
and autumn/winter, respectively). The experimental
design was a randomized block with four replications.
The treatments consisted of natural conditions of a
sandy clay loam kaolinitic and thermic Typic
Haplorthox (control) and the surface application of
lime and/or gypsum in October 2002 and reapplication
in November 2004. Surface liming was an efficient
practice for increasing pH and reducing the exchange-
able acidity (H + Al) and concentration of Al extend-
ing to a depth of 0.60 m. Gypsum application
increased Ca®" levels through the soil profile. Liming
(with or without gypsum) had a positive effect on the
nutrient acquisition by peanut, white oat, and corn
crops, producing on average 48%, 52%, and 61% more
pod and grain yield, respectively, than that obtained in
the absence of soil amendments and with gypsum
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alone. The surface application of lime + gypsum also
promoted forage DM yield of corn-palisade grass
intercropping 22% higher than lime application and
164% higher than control; estimated meat production
26% higher than lime application and 225% higher
than control, and increased economic results during
four growing seasons. The surface application of
lime 4+ gypsum is an essential tool for food produc-
tion in NT tropical agriculture with high soil acidity.

Keywords Soil acidity - Soil amendment -
Integrated crop-livestock system - Grain yield -
Profitability

Introduction

The no-till (NT) system is one of the main strategies
adopted to mitigate soil degradation. In this production
model, the preservation of agricultural ecosystems is
the main objective; in addition, this strategy has the
potential to promote the recovery of areas that
currently are considered unproductive. Because of its
adaptability and enormous benefits for soil biodiver-
sity, NT system has been adopted in various regions of
the world, especially in countries such as Argentina,
Australia, Brazil, Canada, and the United States
(Derpsch and Friedrich 2009). The large expansion
of NT system is primarily related to the productivity
gains observed in legume and cereal crops; however,
chemical disorders due to soil acidity still limit the
yield potential (Costa and Crusciol 2016; Tiritan et al.
2016).

The technique most commonly used to reduce soil
acidity in NT systems is surface liming. This practice
reduces the acidity on the soil surface in a short time,
but its effects at deeper layers are slow, particularly in
variable charge soils (Ernani et al. 2004; Soratto and
Crusciol 2008a). The movement of lime through the
soil varies with the type and structure of the soil, the
intrinsic characteristics of the product, the climatic
conditions, the acid fertilizer management and the
crop system (Caires et al. 2005).

In regions with regular rainfall distributions such as
regions under tropical conditions, positive responses
of grain yield due only to surface liming at times
cannot be verified (Caires et al. 2006, 2008, 2011)
because the formation of a thicker layer with high
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chemical quality is necessary to exploit the yield
potential of modern grain cultivars and is essential to
reach high yields (Nora et al. 2017a). Therefore, in
tropical regions, where dry spells often occur during
the rainy season and the dry winter, subsoil acidity is
an important factor limiting crop productivity (Marsh
and Grove 1992; Sumner et al. 1986). This effect has
been attributed to the toxic effects of Al on root
growth at certain depths, inducing water stress and
impeding nutrient uptake by plants (Caires et al.
2008). According to Sumner (1990), the ameliorative
effects of gypsum on subsoil acidity stem from one or
more of the following mechanisms: increased levels of
subsoil Ca; formation of complexes among Al and
sulfate (SO,4) and fluoride (F), which makes Al non-
toxic; ligand exchange of SO, for hydroxyls (OH) on
sesquioxide surfaces resulting in the so-called “self-
liming” effect; precipitation of basic aluminum sulfate
minerals, which renders the labile Al insoluble; and
salt sorption in which SOy is specifically adsorbed,
which causes the removal of some Al from solution.
Thus, lime + gypsum surface application is an impor-
tant strategy to circumvent these limits due to the
higher solubility of gypsum, being an effective
strategy to increase the vertical movement of
exchangeable bases in the rooting zone under NT
system (Nora and Amado 2013; Nora et al. 2017b). In
addition, the alleviation of subsoil acidity can promote
greater root development of crop species, increasing
the plants’ tolerance to water stress during dry spells,
allowing high yields to be achieved (Caires et al. 2001;
Bossolani et al. 2018).

The amount of soil organic matter (SOM) is
considered an important factor for reduction of free
Al levels; however, tropical soils, such as Oxisols and
Ultisols, exhibit a naturally low SOM content (Silva
and Mendonca 2007). In NT system, the addition of
organic residues yields organic compounds that form
complexes with Ca, allowing its percolation in the soil
profile, in addition to reducing the toxic effect of Alin
acid surface soils, but cash crops produce low amounts
of straw (Alford et al. 2003; Allen et al. 2007).

One of the strategies to increase the quantity and
quality of the straw for the continuity of NT system is
the introduction of tropical perennial grasses, such as
palisade grass Urochloa brizantha (Hochst. Ex A.
Rich.) R.D. Webster (syn. Brachiaria brizantha),
intercropped with grain crops such as corn [Zea mays
L.] (Crusciol et al. 2015; Pariz et al. 2016, 2017a, b),
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sorghum [Sorghum bicolor (L..) Moench] (Costa et al.
2016; Mateus et al. 2016) and soybeans [Glycine max
(L.) Merr.] (Crusciol et al. 2012, 2014). This approach
could be a key strategy to enhance the early estab-
lishment and successful production of a dry winter-
season (low and irregular rainfall) forage (grazed by
animals or cut and removed as fodder) in integrated
crop-livestock (ICL) systems. In ICL systems, after
animals graze the leaves, the plant residues (mainly
stems) in pastures remain to be desiccated. Thus, the
adoption of integrated systems may be one of the best
alternatives for farmers to increase income and
simultaneously achieve sustainability in tropical
regions such as the Brazilian Cerrado and African
Savanna. ICL systems are considered the “new green
revolution in the tropics” (Pariz et al. 2016) due to
their productive economic and environmental benefits,
and these systems can contribute to increased future
global food production (Franzluebbers and Stuede-
mann 2014; Wirsenius et al. 2010). In addition, the
improvement of mixed-crop and livestock production
is crucial for improvement of social and economic
conditions for small-scale producers and mitigation of
human suffering (Herrero et al. 2010).

Most of the agricultural research related to amelio-
rating acidic soils in tropical and subtropical regions
has focused on developing methods to identify liming
requirements for soil amelioration and on determining
the rates and application methods that result in higher
crop responses (Martins et al. 2014a, b, 2016). Despite
such efforts, few approaches have been developed to
determine the processes and management practices
that cause the return of the soil to acidic conditions.
Little is known concerning the long-term effect of
surface liming and gypsum application on ICL under
NT system, its acidification processes after soil
amelioration and how such processes affect nutrient-
use efficiency. Intercropping grain with forage crops is
a new practice and will require more information
before widespread adoption (Mateus et al. 2016). For
example, knowledge of changes in soil chemical
attributes and their effects on grain and pasture yield is
necessary to establish and adjust lime and gypsum
requirements in a crop rotation scheme under NT
system (Tiritan et al. 2016).

Our hypotheses were as follows: in long-term
tropical ICL systems, the surface application of lime
can reduce the soil re-acidification rate and improve
crop yields and forage compared with those obtained

under natural soil conditions, regardless of the weather
conditions. The application of gypsum improves soil
fertility and reduces soil subsurface acidity, which is
reflected by higher yields of grains and forage. Thus,
the present study was conducted over four growing
seasons in a region with dry winters (Brazilian
Cerrado) and aimed to evaluate the effects of the
surface application/reapplication of lime and/or gyp-
sum on soil improvement, plant nutrition and crop
yield improvement, as well as the forage DM yield,
estimated meat production, and economic results. The
crop rotation used was as follows: peanut (Arachis
hypogaea L.) and white oat (Avena sativa L.) culti-
vated alone and corn intercropped with palisade grass
and pasture.

Materials and methods

Site description, experimental design,
and treatments

This study is part of an experiment located in
Botucatu, Sdo Paulo State, Brazil (48°23'W,
22°51’S), and initiated in October 2002 (Soratto and
Crusciol 2008a, b, c). The original experiment had a
greater number of treatments, but the present study
dealt only with four treatments and the period from
October 2004 to August 2008. The elevation of the
experimental area is 765 m above sea level. The soil
was classified as a sandy clay loam kaolinitic and
thermic Typic Haplorthox (USDA 1999) with sand,
silt, and clay contents of 540, 110, and 350 g kgfl,
respectively, at a depth of 0-0.20 m. In the subsoil
(0.20-0.40 m), the clay content was 360 g kg~'. The
bulk density at depth 0-0.20 m was 1.128 t m~>. The
climate is Cwa, tropical with dry winters and hot and
rainy summers, according to the Koppen climate
classification system. The long-term (1956-2016)
mean annual maximum and minimum temperatures
are 26.1 and 15.3 °C, respectively, with a mean annual
precipitation of 1359 mm (Unicamp 2016). During the
experimental period, rainfall was measured daily
(Fig. 1) using a 50-cm tall plastic rain gauge (plu-
viometer) placed on the ground at a height of 1.20 min
the experimental area.

The experimental design was a randomized com-
plete block with four treatments and four replications.
The treatments were as follows: natural soil conditions
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Fig. 1 Monthly rainfall
(mm, bars) and temperature
(°C, line) at the experiment
site at Botucatu, Sao Paulo
State, Brazil, from
November to November in
the agricultural years of

a 2004-2005, b 2005-2006,
¢ 2006-2007 and

d 2007-2008
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(control—without lime and gypsum), lime applica-
tion, gypsum application, and combined lime plus
gypsum  applications. The plot size was
54m x 9.0 m.

The dolomitic lime rate (DLR) was calculated to
increase the BS in the topsoil (0-0.20 m) to 70%, as
shown in Eq. (1), according to the methodology
proposed by Quaggio and van Raij (1997):

DLR (tha ') = (BS; — BS;)CEC/(10ECCE) (1)

where BS, is the estimated base saturation (70%), and
BS, is the base saturation measured in the soil
analysis, as shown in Eq. (2). ECCE is the effective
calcium carbonate equivalents.

where Ca.y, Mg, and K., are basic exchangeable
cations, and CEC is the total cation exchange capacity,
calculated as indicated in Eq. (3):

CEC (mmol. kg’l) = Caex + Mg,, + Kex
+ total acidity inpH 7.0(H + Al)

(3)

The gypsum rate (GR) was calculated using
Eq. (4), according to the methodology proposed by
Quaggio and van Raij (1997).

GR(tha™") = 6CL/1000 (4)

where CL is the clay content (g kg_l) in the soil layer
of 0.20-0.40 m.

At the beginning of the experiment (October 2002),
lime was surface-applied at a rate of 2.7 t ha '
(Soratto and Crusciol 2008a). Gypsum was applied
1 day after liming at a rate of 2.1 tha~'. The
reapplication was based on a soil analysis carried out
in August 2004, in which the BS (0-0.20 m soil layer)
in the treatments with lime alone (standard treatment)
reached value lower than 50% (Table 1), the pre-
established critical level for the amendments reappli-
cation. Thus, in November 2004, the reapplication of
lime and gypsum was performed at rates of 2.0 and
2.1 tha™ ', respectively. The products were applied
without incorporation into the soil on black oat straw
and 3 days before peanuts were sown. The control
plots did not receive any application in 2002 or 2004.

The dolomitic limestone was composed of 17% Ca,
11% Mg, and 71% ECCE. Among the lime particles,
68.8, 92.4, and 99.7% passed through 50-, 20-, and
10-mesh sieves, respectively. Gypsum (CaSO,4-2H,0),
a by-product obtained from the Brazilian phosphoric
acid industry, was composed of 22% Ca, 17% S, and a
small residue of 0.1% P and F, also known as
phophogypsum. Among the gypsum particles, 60.0

Table 1 Chemical characteristics of the soil in October 2002 prior to the beginning of the experiment and in August 2004 before the
surface lime and/or gypsum reapplication in the treatment with lime alone (standard treatment)

Depth pH SOM P (resin) H+ Al Al K Ca Mg CEC AEC BS (%)
(m) (CaCl,)  (gkg™)  (mgkg™)  (mmol kg™

October 2002

0-0.05 5.0 27 17 38 4.0 1.6 28 12 80 2.1 53
0.05-0.10 4.9 25 12 40 3.7 1.0 31 14 86 2.4 53
0.10-0.20 4.3 24 7 56 9.1 0.4 21 8 85 33 34
0.20-0.40 3.9 22 6 83 17.9 0.2 18 5 106 4.0 22
0.40-0.60 3.9 23 4 100 24.8 0.2 19 4 123 4.1 19
0-0.20 4.6 25 11 48 6.5 0.9 25 11 85 2.8 44
August 2004

0-0.05 52 27 61 32 1.6 1.3 31 16 80 2.2 60
0.05-0.10 4.9 26 32 35 2.3 1.3 23 12 71 2.1 45
0.10-0.20 4.6 25 28 44 4.8 1.1 15 8 68 2.3 35
0.20-0.40 4.2 23 14 58 12.9 0.7 10 5 74 2.0 22
0.40-0.60 4.0 23 15 78 17.6 0.6 8 3 90 3.1 13
0-0.20 4.8 26 37 39 3.4 1.2 21 11 72 2.2 46

SOM soil organic matter, CEC cation exchange capacity, AEC anion exchange capacity, BS base saturation
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and 90.0% passed through 50- and 20-mesh sieves,
respectively.

Soil sampling and analysis

In October 2002 (prior to the beginning of the
experiment), eight soil subsamples were randomly
obtained from useable areas of each plot at depths of
0-0.05, 0.05-0.10, 0.10-0.20, 0.20-0.40, and
0.40-0.60 m and were combined into one composite
sample to determine the soil chemical attributes
(Table 1). In October 2002 lime and gypsum treatments
were surface-applied (Soratto and Crusciol 2008a). In
the growing season of 2002/2003, upland rice (Oryza
sativa L.) was planted in the summer and black oat
(Avena strigosa Schreb.) in the autumn, and in the
growing season of 2003/2004, common bean (Phase-
olus vulgaris 1..) was planted in the summer and black
oat in the autumn. In August 2004 (before the
reapplication of lime and/or gypsum in November
2004), the same procedure of soil sampling was carried
out in the treatment with lime alone (standard treat-
ment), taken into account for reapplications (Table 1).

Soil chemical attributes in each plot were also
evaluated at these depths in two sampling periods: 12
(November 2005) and 24 (November 2006) months
after the reapplication of lime and/or gypsum (i.e., 36
and 48 months after the beginning of the experiment,
respectively). Eight subsamples were collected at
random from each plot and between rows of the
previous crop to form a composite sample. The
samples were dried and sieved with 10-mesh sieves.
The soil pH was determined in a 0.01 mol L™" CaCl,
suspension (1:2.5 soil/solution). The SOM was deter-
mined by the Walkley—Black method (Walkley and
Black 1934). The total acidity at pH 7.0 (H + Al) was
estimated by the SMP-buffer solution method (van
Raij et al. 2001). The exchangeable Al was extracted
with neutral 1 mol L™" KCI at a 1:10 soil/solution
ratio and determined by titration with a 0.025 mol L™
NaOH solution. Phosphorus and exchangeable Ca,
Mg, and K were extracted with ion-exchange resins; in
the extract, P was determined colorimetrically, and
cations by atomic absorption spectrometry (van Raij
et al. 2001). Using the exchangeable bases and total
acidity at pH 7.0 (H + Al) results, the base saturation
(BS) values were calculated (van Raij et al. 2001). Soil
S-SO,*~ extraction were performed by calcium phos-
phate extraction at 0.0l molL™' in a 1:25
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soil/solution ratio and later determined by the turbidi-
metric method using BaSO, (Vitti 1988). The anion
exchange capacity (AEC) was determined following
the method outlined by Gillman (1979); briefly, this
method consists of equilibrating the soil at its natural
pH with 0.002 M BacCl,, extracting the C1~ ions with
0.005 M MgSO, and determining the amount of
desorbed Cl~, which corresponds to AEC. The
analysis of AEC is important because the direct
relationship observed between sulfate adsorption and
AEC (Alves and Lavorenti 2004) suggests the occur-
rence of electrostatic adsorption of sulfate on —OH, "
surface groups as proposed by Marsh et al. (1987).

Crop management

The crop rotation used between November 2004 and
August 2008 was as follows: peanut and white oat
cultivated alone (first and second spring/summer and
autumn/winter, respectively) and corn intercropped with
palisade grass and pasture (third and fourth spring/sum-
mer and autumn/winter, respectively). On October 16,
2004, black oat had been desiccated by applying
glyphosate (Roundup Original, 1800 g acid equivalents
ha™', Monsanto Brazil). A boom sprayer with a spray
volume of 200 L ha™! was used. This desiccation (same
product and dose) was also performed before sowing
peanut, white oat and corn in subsequent growing
seasons. All crops were sown using no-till seeding
(Semeato, model Personale Drill 13, Passo Fundo, RS,
Brazil). The cultural practices used for peanut and white
oat cultivated alone and corn intercropped with palisade
grass are described in Table 2.

Determination of plant nutrition, yield
components, and crop yield

Peanut

When the peanut plants were at the full-bloom stage,
ten peanut plants per plot were sampled to evaluate the
shoot DM (non-grain biomass) at ground level, and the
apical leaf clusters of the main branches of 40 plants
were sampled per plot, according to Ambrosano et al.
(1997). The material was dried in an oven at 65 °C to
constant weight and then ground for macronutrient
analyses. The concentrations of N, P, K, Ca, Mg, and S
were determined using methods described by Mala-
volta et al. (1997).
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Yield components, i.e., the final population of
plants (counting the number of plants in the two
central rows in 8-m rows in each plot, followed by
extrapolation to the ha), the number of filled pods per
plant (obtained by counting the number of pods in 10
plants that were randomly collected in the useable
area), the number of kernels per pod (obtained using
the following function: total number of kernels in 10
plants/total number of pods in 10 plants), the 100-ker-
nel weight (evaluated through the random collection
and weighing of four samples of 100 kernels from each
plot) and the hulled-kernel yield (determined based on
the kernel weight/pod weight ratio) were determined
at harvest (moisture content of 90 g kg~ '). The pod
yield was determined by manually harvesting the
plants in two central rows that were 6 m long.

White oat

In the full flowering stage, ten white oat plants per plot
were sampled for the evaluation of shoot DM (non-
grain biomass) at ground level, and 50 flag leaves of
plants per plot were sampled (Cantarella et al. 1997)
for macronutrient determination (N, P, K, Ca, Mg, and
S) (Malavolta et al. 1997). The yield components, i.e.,
the number of panicles per square meter (obtained by
counting the number of panicles in 2-m rows of plants
in two central rows in the usable area of each plot),
number of spikelets per panicle (obtained by counting
the number of spikelets in 20 panicles in the useable
area), spikelet fertility (obtained using the following
function: number of grain-bearing spikelets/total
number of spikelets per panicle), and 1000-grain
weight (evaluated through the random collection and
weighing of four samples of 1000 grains from each
plot) and grain yield (moisture content of 130 g kg™,
were determined at harvest.

Corn intercropped with palisade grass

At the male full-flowering stage, ten corn plants per
plot were sampled at ground level for the evaluation of
shoot DM (non-grain biomass) at ground level, and 30
leaves (only the central third parts) were sampled at
the ear base (Cantarella et al. 1997) for macronutrient
determination (N, P, K, Ca, Mg, and S) (Malavolta
et al. 1997). The yield components, i.e., final plant
population (counting the number of plants in the two
central rows in 6-m rows in each plot, followed by
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extrapolation to the ha), number of ears per plant
(obtained using the following function: number of ears
in 6-m rows/total number of plants in 6-m rows),
number of kernels per ear (obtained by counting the
number of grains in 10 ears picked in the useable area),
and 100-grain weight (evaluated through the random
collection and weighing of eight samples of 100 grains
from each plot) and grain yield (moisture content of
130 g kg™ "), were evaluated at harvest.

The forage DM yield of palisade grass were
evaluated 70 (first cut) and 130 days (second cut) after
the corn harvests (i.e., in June and August, respec-
tively). All forage was cut in three spots (2 m? in each
area) of the plots using a manual mechanical rotary
mower working 0.25 m high from the soil surface.
After cutting, all fodder was removed from the plots.
This cutting height was used to provide faster forage
regrowth. The collected fodder was dried using an oven
with forced-air circulation at 65 °C for 72 h. The DM
was weighed, and the data were extrapolated to t ha™".

For crude protein evaluation, a sub-sample of
palisade grass DM was used to determine the N
concentration. N was extracted using H,SO,, and the
concentration was determined using the Micro-Kjeldahl
distillation method (Ma and Zuazaga 1942). The crude
protein (CP) was calculated using Eq. (5), according to
the methodology proposed by AOAC (1990).

CP(%) = %N x 6.25 (5)

Estimated animal stocking rate and estimated meat
production

Although grazing by animals was not performed for the
palisade grass after the grain corn harvest in the winter/
spring, meat production was estimated using the Large
Ruminant Nutrition System model (LRNS; http://
nutritionmodels.tamu.edu/Irns.html). The LRNS
model is based on the Cornell Net Carbohydrate and
Protein System (CNCPS) version 5, as described by
Fox et al. (2004). The following factors were used to
predict the energy and protein requirements, perfor-
mance and DM intake by individual cattle fed in a
group: Nellore breed, bull sex, 450 kg body weight,
52% carcass yield, 22% Body Fat Grading System and
continuous grazing. For each treatment, the nutritional
palisade grass composition values were used to predict
the performance values.


http://nutritionmodels.tamu.edu/lrns.html
http://nutritionmodels.tamu.edu/lrns.html
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The DM intake by individual cattle fed in a group
was 10.0 kg of DM day~'. Due to the high crude
protein content of the forage (8.4-12.0%), the average
daily weight gain (ADWG) was based on the allowable
metabolizable energy and protein gain. Therefore, the
ADWG was used to estimate the meat production. The
DM herbage allowance was double the amount of DM
intake by individual cattle, considering a grazing
efficiency of 60%, according to Braga et al. (2007).

The time of animal grazing was calculated using a
method similar to that used by Crusciol et al. (2016a).
A period of 365 days was considered, including an
average corn life cycle of 115 days, a 70-days waiting
period (an important waiting period after corn was
harvested and before animals were grazed in palisade
grass pastures), with a period of 60 days after animal
grazing on palisade grass pasture for regrowth and
desiccation to produce straw for the NT. Therefore,
120 days (365-115-70-60 days) were available for
animal grazing for all treatments (60 days in each cut).
The animal stocking rate was then estimated from the
forage DM yield data, time of animal grazing (days per
cut), DM intake by the individual cattle fed in a group
and grazing efficiency. The animal stocking rate was
multiplied by ADWG, time of animal grazing and
carcass yield (52%) to estimate the total cattle meat
produced per ha.

Economic evaluation

An economic evaluation was also conducted for each
treatment. The cost per ha to produce each crop was
calculated similarly for each treatment (CONAB
2017). The only differences were the lime and gypsum
used before the peanut crop (November 2004) and in
the pasture costs we considered the animal variable
costs as a function of animal stocking rate because of
the different forage DM yield between treatments. The
average peanut, white oat and corn grain yields (t ha™")
and estimated meat production (kg ha™") were calcu-
lated, and the results were multiplied by the price per
kilogram.

The net profit realization per ha was calculated
using the following formula: (gross revenue—cost).
The total and mean net profits were the sum over all
growing seasons and the mean by growing season,
respectively. We used the Brazilian national average
prices from the past 5 years and converted those
values to dollars (US$) (Agrolink 2018).

Statistical analyses

All data were initially tested for normality using the
Shapiro—Wilk test from the UNIVARIATE procedure
of SAS (version 9.3; SAS Inst. Inc., Cary, NC, USA),
and the results indicated that all data were distributed
normally (W > 0.90). The assumption of the homo-
geneity of variances was tested using Levene’s test for
residual errors. When variances could not be consid-
ered homogeneous (P < 0.10), Welch’s F-test was
performed to determine the overall significance for the
statistic of interest. The data were then analyzed using
the MIXED procedure of SAS and the Satterthwaite
approximation to determine the degrees of freedom for
the tests of fixed effects. Treatments were considered
fixed effects, and blocks were considered random
effects. For crop analyses, a repeated statement was
used with growing season for the same crop specified
as the repeated variable and block x treatment spec-
ified as the subject. The covariance structure used in
these analyses was Compound Symmetry (CS), which
provided the best fit according to the Akaike infor-
mation criterion. For soil analyses, a repeated state-
ment was used with sampling period [12 (November
2005) and 24 (November 2006) months after the
surface reapplication of lime and/or gypsum, which
was performed in November 2004] specified as the
repeated variable and block x treatment specified as
the subject. The covariance structure used in these
analyses was Huynh—Feldt (HF), which provided the
best fit according to the Akaike information criterion.
Soil depths were not included in the statistical model
and were analyzed individually. The results are
reported as the least square means and separated using
the probability of differences option (PDIFF). The
means were compared via Fisher’s protected LSD test.
The main factor and interaction effects were consid-
ered statistically significant at P < 0.05.

Results

Soil chemical attributes

There was no significant treatment x sampling period
interaction for any soil attribute at any soil depth, so

only the isolated effects of treatment and sampling
period were presented (Figs. 2, 3, 4).
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Fig. 2 Changes in pH, total acidity (H + Al), exchangeable Al
(Al“), and sulfate (S-SO,) in the soil profile as affected by
surface-applied lime and/or gypsum treatments. Graphics on the
left show the averages over 2 year per treatment [no lime (OJ),
gypsum (A), lime (O), and lime + gypsum (4)] and graphics
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on the right show the averages of the two sampling periods [12
(x) and 24 (+) months after treatment reapplication]. * and ns
are statistically significant and not statistically significant
according to the LSD (least significant difference) test
(p < 0.05), respectively



Nutr Cycl Agroecosyst

SOM (g kg™)
0 5 10 15 20 25 30
0 ' ' “ISD =127 mm '
0.1 LSD = 131"
_ LSD = 1.35m
E 02
=
2 03 - LSD =193
]
= 04 -
=3
2 95 LSD = 1.88
0.6 -
P (mg kg™)
0 10 20 30 40 50 60 70
0 ' ' : : ISD =376+
0.1 4 LSD =2.15*

LSD =1.28*

LSD =0.36*

Soil depth (m)
[}
W

0.4 1
0.5 4 LSD = 0.42*
0.6 -
Exchangeable K(mmol, kg™)
0 1 2 3 4 5
0 15D =024 ' : '
0.1 A ISD =027+
- LSD =0.16*
E 02
=
2 03 - LSD = 0.20*
%}
= 041
5
@ 0.5 4 LSD =0.22*
0.6 -

Fig. 3 Changes in soil organic matter (SOM), phosphorus (P),
and potassium (K) in the soil profile as affected by surface-
applied lime and/or gypsum treatments. Graphics on the left
show the averages over 2 year per treatment [no lime (J),
gypsum (A), lime (O), and lime + gypsum (#)] and graphics

Surface liming increased the soil pH in the
uppermost soil surface layers (0-0.20 m); addition-
ally, the acidity neutralization reaction was slightly
improved by gypsum association, also inducing a
higher increase in the soil pH in all layers compared
to control (Fig. 2). In most soil layers, significant
benefits of lime and the combination of lime and
gypsum on the potential acidity level (H 4+ Al) and
exchangeable Al were verified, persisting up to
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on the right show the averages of the two sampling periods [12
(x) and 24 (+) months after treatment reapplication]. * and ns
are statistically significant and not statistically significant
according to the LSD (least significant difference) test
(p < 0.05), respectively

0.60 m. Compared to liming alone, the application
of lime + gypsum reduced the H 4 Al level in the
0-0.05 and 0.10-0.20 m soil layers. In addition, the
gypsum application reduced the H + Al level in the
0.10-0.20 and 0.20-0.40 m compared to control.
The exchangeable Al was reduced by gypsum
application in the soil layers 0-0.05, 0.10-0.20,
and 0.40-0.60 m in relation to control, and lime and
lime + gypsum reduced compared to gypsum and
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Fig. 4 Changes in exchangeable calcium (Ca), magnesium
(Mg), and base saturation in the soil profile as affected by
surface-applied lime and/or gypsum treatments. Graphics on the
left show the averages over 2 year per treatment [no lime (OJ),
gypsum (A), lime (O), and lime + gypsum (4)] and graphics

control up to 0.40 m, therefore the lime + gypsum
reduced AI’" level in the 0.40-0.60 m soil layer
compared to lime. At 24 months after treatment
reapplication, the soil acidity in all soil profiles was
reduced compared to that after 12 months (i.e., pH
increased and potential acidity level and exchange-
able Al decreased).

The application of gypsum alone promoted the
greatest S-SO, availability especially in the soil layers
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on the right show the averages of the two sampling periods [12
(x) and 24 (4) months after treatment reapplication]. * and ns
are statistically significant and not statistically significant
according to the LSD (least significant difference) test
(p < 0.05), respectively

below 0.05-m depths compared to the control (Fig. 2).
In the 0-0.20-m soil layers, the effects were more
pronounced with the lime + gypsum application. In
the deepest layers of the soil, the application of
gypsum alone or lime + gypsum provided a signifi-
cant increase in the concentration of S-SOy4. The soil
S-SO, levels were lower in the 0.05-0.60 m soil depth
at 24 months after treatment reapplication than in the
previous sampling period (12 months).
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The SOM content was not affected by treatments or
sampling periods (Fig. 3). The surface application of
lime alone or in association with gypsum increase soil
P, Ca, and Mg levels throughout the soil profile and K
levels up to 0.40 m depth, which influenced the BS
values (Figs. 3, 4). However, 24 months after the
reapplication of the treatments, the P and K levels
decreased in the soil depth of 0.05-0.10 m and
throughout the soil profile compared to that after
12 months, respectively. The Ca levels increased to a
depth of 0.10 m after 24 months, and Mg increased
below the 0.20-m soil depth, reflecting in greater
values of BS.

Crop nutrition and shoot dry matter

The surface application of lime, alone or associated
with gypsum, increased macronutrient concentrations
in peanut, white oat, and corn leaves compared to the
control, with the exceptions of N in corn and P in peanut
and white oat (Table 3). The surface application of lime
and lime 4 gypsum led to a greater uptake of Ca, Mg,
and K compared to the control and to gypsum
application alone in the crops studied. As observed
for Ca, Mg, and K, the highest S concentration in the
leaves of white oat and corn was found when both soil
amendments were applied. The improvements
observed in plant nutrition due to liming were reflected
in the shoot DM of the three crops.

Peanut, white oat, and corn yield components
and kernel/grain yields

Most of the yield components of peanuts, white oat,
and corn increased by surface application of lime,
alone or associated with gypsum (Table 4). For peanut
crop, increases in the number of plants per m? and the
number of pods per plant were the primary factors
contributing to the increased pod yield of the crop by
liming. In the white oat crop the panicles per m?,
number of spikelets per panicles, spikelet fertility and
1000-grain weight were the main components
increased by liming, which is reflected directly in the
grain yield (Table 4). The numbers of plants per ha
and ears per plant of corn were higher with the
combination of lime 4+ gypsum followed by liming
than those with gypsum alone and the control
(Table 4). The grain yield reflected the effects
observed in the main yield components.

Forage characteristics, estimated animal stocking
rate, and estimated meat production

In both cuts, the forage DM yield, forage crude protein
concentration, estimated animal stocking rate, and
estimated meat production were improved by
lime + gypsum, followed by lime and gypsum alone,
when compared to control (Table 5; Fig. 5), more so
in the second growing season (2008) than in the first
growing season (2007). The low temperatures and low
rainfall, mainly between April and June, in the first
growing season (2007; Fig. 1) contributed to lower
forage DM yield compared to the second growing
season (2008) in all treatments and in both cuts. The
total estimated meat production was also improved by
lime 4+ gypsum treatment compared to control, fol-
lowed by lime and gypsum alone.

Discussion

Soil amelioration by surface application of lime
and gypsum

Surface liming revealed that the amelioration is not
restricted to the most superficial layer of the soil
(0-0.05 m), reaching its effects at the initially
proposed depth of 0-0.20 m (Fig. 2). Additionally,
probably due to exchange reactions involving
hydroxyl ions (OH™) and sulfate, the amelioration
was improved by gypsum association in the soil pH at
0-0.05 and 0.10-0.20 m. The greater availability of
S-SO, observed at a soil depth of 0-0.20 m might
increase SO, adsorption in Fe and Al oxi-hydroxide
and the concomitant release of OH™ ions, which react
with H" ions in the soil solution, resulting in the
formation of H,O and increasing pH values by 0.2
units in these layers (Soratto and Crusciol 2008a).
This synergistic effect between lime and gypsum on
H + Al level was only observed in the layers where
the increase in pH was effective. Compared to liming
alone, the application of lime + gypsum increased
pH and reduced the H + Al level only in the 0-0.05
and 0.10-0.20 m soil layers. The exchangeable Al
was reduced by the application of lime + gypsum in
relation to lime alone only in the deepest layer
(0.40-0.60 m). In most soil layers, the effect of
combined lime and gypsum application on the
potential acidity level (H + Al) and exchangeable
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Table 3 Influence of surface-applied lime and/or gypsum on cultivated in two growing seasons in a long-term no-till system,
nutrient (N, P, K, Ca, Mg, and S) concentration in the leaves and ANOVA significance of these influences
and shoot dry matter (DM) of peanut, white oat, and corn
Treatment N(gkg™ Pegke) KEkg) Ca@ke) MgEeke™ S(gkg™") Shoot DM (t ha™")
Peanut
Control 34a 4.1b 16 ¢ 12b 4.9 ab 34c 31b
Gypsum 35a 50b 17 ¢ 12b 36b 3.8 bc 320
Lime 36 a 6.5a 25b 14 a 6.3 a 4.4 ab 37a
Lime + gypsum 37 a 6.8 a 30 a 15a 5.6a 48 a 3.8 a
LSD 33 1.0 2.7 1.8 1.5 0.8 0.3
Growing season
2004/2005 34b 4.8Db 19b 13 a 48a 41a 32b
2005/2006 37 a 64 a 25a 14 a 54a 41a 36a
LSD 2.1 0.7 1.9 1.3 1.0 0.6 0.2
ANOVA (F probability)
Treatment (T) 0.29 < 0.01 < 0.01 0.04 0.02 < 0.01 < 0.01
Growing season (G) < 0.01 < 0.01 < 0.01 0.32 0.18 0.84 < 0.01
TxG 0.55 0.26 0.11 0.82 0.86 0.98 0.96
White oat
Treatment
Control 35a 38¢ 25b 10b 28b 45¢ 48Db
Gypsum 35a 4.2 be 29b 10b 29b 49c 50b
Lime 37 a 440 45 a I1a 36a 63b 5.7 a
Lime + gypsum 37 a 5.1a 42 a 11a 3.6a 7.2 a 5.6 a
LSD 34 0.6 53 0.9 0.6 0.6 0.5
Growing season
2005 38a 38b 29b 10b 24b 57 a 50b
2006 35b 49 a 41 a I1a 40a 57 a 56a
LSD 24 0.4 3.7 0.7 0.5 0.4 0.3
ANOVA (F probability)
Treatment (T) 0.27 < 0.01 < 0.01 < 0.01 0.04 < 0.01 < 0.01
Growing season (G)  0.02 < 0.01 < 0.01 < 0.01 < 0.01 0.91 < 0.01
TxG 0.93 0.18 0.13 0.94 0.62 0.18 0.98
Corn
Treatment
Control 28 d 24 a 23d 274d 22¢ 1.6d 88 ¢
Gypsum 30c 24 a 25¢c 29¢ 2.1d 1.8 ¢ 8.8 ¢
Lime 32b 24 a 27b 40b 33a 20b 104 b
Lime + gypsum 34 a 23a 29 a 4.7 a 3.11b 23 a 129 a
LSD 1.2 0.2 1.2 0.1 0.1 0.1 1.0
Growing season
2006/2007 30b 24b 25b 34b 26b 19b 8.0b
2007/2008 33a 25a 28 a 37 a 27 a 2.1a 120 a
LSD 0.8 0.2 0.8 0.1 0.1 0.1 0.8
ANOVA (F probability)
Treatment (T) < 0.01 0.12 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Growing season (G) < 0.01 0.04 < 0.01 < 0.01 < 0.01 0.02 < 0.01
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Table 3 continued

Treatment N@ke)) Pke) Kk

Ca(gkg™

Mg (gke™") S(gkg™)) Shoot DM (t ha™")

TxG 0.96 0.99 0.90

0.35 0.99 0.91 0.39

LSD Least significant difference

Means followed by different letters in the same column differ significantly according to the LSD test (p < 0.05)

Al was not statistically different to the effect of lime
alone (Fig. 2). Costa and Rosolem (2007) reported a
positive effect of liming on the concentration of
exchangeable bases and the reduction of toxic Al
levels, but proportional changes in the soil pH did not
occur.

Our results showed the gypsum effects on S-SO,
availability through the soil profile (Fig. 2), due to its
composition that contains 17% S. In addition, the
greatest S-SO,4 availability in the soil from depths of
0-0.20 m with gypsum + lime application indicates
effect of soil pH on sulfate availability (Fig. 2). The
lower soil S-SO4 levels in the 0.05-0.60 m soil depth
after 24 months than after 12 months occurred
because the SO, produced by gypsum dissociation
had a greater displacement capacity in the soil profile,
with effects below the 0.20-m soil depth.

The long period required to reduce the acidity
within the deeper layers of soil (a depth of 0.60 m by
4 years from the experiment implementation) (Fig. 2)
could be explained by the low mobility and solubility
of carbonate in soil (Alcarde 1992). However, this
period can vary mainly due to the inherent character-
istics of the soil acidity amendment, the attributes of
the soil, and the amount of rain that fell during the
amendment reaction time (Amaral et al. 2004). The
formation and preservation of pore spaces of biolog-
ical or chemical origin are extremely important for the
percolation of lime particles into deeper layers of soil
(Gatiboni et al. 2003).

The lack of positive effects on SOM by lime and/or
gypsum application (Fig. 3) is related to the lower
amount of the shoot DM of peanut (3.1-3.8 t ha™!)
and white oat (4.8-5.6t ha_l) remaining on the soil
surface during the sampling periods (Table 3). These
amounts of biomass, mainly from legumes (peanut)
and C3 annual winter grasses (white oat), which
accelerate straw decomposition under tropical condi-
tions, can hardly increase the total SOM in the short
term (Briedis et al. 2012a, b; Castro et al. 2015; Costa
and Crusciol 2016).

The surface application of lime and lime + gyp-
sum was sufficient to increase soil P levels throughout
the soil profile (Fig. 3). In these variable charged
tropical soils, as in most of the soils of the Brazilian
Cerrado and African Savanna, the net negative charges
may positively influence the bioavailability of soil P
due to decreases in phosphate adsorption by repulsion
mechanisms (Barrow 1985). In addition, with higher
availability of OH™ in the soil solution, P adsorption is
lower because both ions (OH™ and PO427) compete
for the same adsorption sites. According to Sato and
Comerford (2005), the P adsorption mechanism is
governed mainly by changes in soil pH; furthermore,
the authors indicated that an increase in pH from 4.7 to
5.9 can reduce the adsorption of this nutrient in soil
colloids by as much as 21%. Also, an effect of gypsum
alone on the availability of P was also observed up to
0.10 m, possibly due to the displacement mechanism
of the H,PO,~ by SO427 (Rampim et al. 2013). The
application of gypsum increased the concentration of
S-SO, and the formation of the AISO," ion pair,
reducing the forms of P-Al and, with this, there was an
increase of P in the soil. However, 24 months after the
surface reapplication of the treatments, the effect on
the availability of P was observed only at depths of
0.05-0.10 m, because seeding fertilizer containing P
is deposited at those depths, causing the accumulation
of that nutrient over years of cultivation (Pariz et al.
2016, 2017a).

The surface application of lime and lime + gyp-
sum was sufficient to increase soil K levels up to a
depth of 0.40 m (Fig. 3). The application of lime alone
promoted a higher K content in the uppermost soil
layer (0-0.10 m). Liming increases pH-dependent
negative charges (Quaggio et al. 1982) and alters the
charge by divalent cations (Ca and Mg) by forming
complexes with water-soluble organic ligands that are
present in crop residues (Miyazawa et al. 1993), those
free charge would be occupied by K from fertilizers
and crop residues, increasing exchangeable K levels
mainly in the upper soil layers (Caires et al. 1998). The
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Table 4 Influence of surface-applied lime and/or gypsum on yield components, pod yield and peanut hulled-kernel yield, and white
oat and corn grain yield cultivated in two growing seasons in a long-term no-till system, and ANOVA significance of these influences

Treatment Plants per Pods per Kernels per 100-Kernel weight  Pod yield (t Hulled-kernel yield
m?> plant pod (2) ha™h) (%)
Peanut
Control 10.8 b 18 b 13 a 49.0 a 22b 54 c¢
Gypsum 11.1b 19b 14 a 495 a 24D 58 be
Lime 125 a 22 a 14 a 503 a 31a 61 ab
Lime + gypsum 12.6 a 22 a 15a 51.0a 33a 64 a
LSD 1.3 2.5 0.3 2.8 0.4 4.5
Growing season
2004/2005 122 a 20 a 1.3b 47.7b 25b 58 a
2005/2006 114 a 20 a 1.6 a 522 a 31a 60 a
LSD 1.2 1.7 0.1 2.0 0.2 32
ANOVA (F probability)
Treatment (T) 0.04 < 0.01 0.12 0.45 < 0.01 < 0.01
Growing season 0.16 0.90 < 0.01 < 0.01 < 0.01 0.14
(&)
TxG 0.78 0.88 0.83 0.94 0.99 0.41
Treatment Panicles per m? Spikelets per Spikelet 1000-grain Grain yield (t ha™")
panicle fertility (%) weight (g)
White oat
Control 288 b 40b 93 b 202 b 2.1b
Gypsum 298 b 41b 93 b 20.3 b 23b
Lime 345 a 48 a 97 a 21.8 a 35a
Lime + gypsum 339 a 47 a 97 a 21.8a 32a
LSD 38 42 32 1.2 0.5
Growing season
2005 295 b 36 b 95 a 214 a 22b
2006 340 a 52a 95 a 20.6 a 34a
LSD 27 3.0 23 0.9 0.3
ANOVA (F probability)
Treatment (T) 0.01 < 0.01 0.02 0.02 < 0.01
Growing season (G) 0.01 < 0.01 0.79 0.06 < 0.01
TxG 0.79 0.34 0.88 0.35 0.50
Treatment Plants per m? Ears per plant Kernels per ear 100-grain weight (g) Grain yield (t ha™!)
Corn
Control 6.0 c 08¢ 344 b 39a 6.5¢c
Gypsum 63D 0.8c 335 b 37 a 6.2c
Lime 63b 09b 431 a 39a 95b
Lime + gypsum 6.5 a 1.0a 432 a 39a 110 a
LSD 0.1 0.05 11 29 0.4
Growing season
2006/2007 6.4 a 09 a 343 b 37b 73 Db
2007/2008 6.1b 09 a 429 a 41 a 9.7 a
LSD 0.1 0.05 8 2.1 0.3

@ Springer



Nutr Cycl Agroecosyst

Table 4 continued

Treatment Plants per m? Ears per plant

Kernels per ear

100-grain weight (g) Grain yield (t ha™")

ANOVA (F probability)

Treatment (T) < 0.01 < 0.01
Growing season (G) < 0.01 0.90
TxG 0.93 0.13

< 0.01 0.40 < 0.01
< 0.01 < 0.01 < 0.01
0.25 0.99 0.59

LDS least significant difference

Means followed by different letters in the same column differ significantly according to the LSD test (p < 0.05)

Table 5 Influence of surface-applied lime and/or gypsum on
the forage dry matter yield (FDMY), forage crude protein
concentration (CP), estimated animal stocking rate (EASR) and

estimated meat production (EMP) in pasture of palisade grass
after intercropping with corn in two growing seasons in a long-
term no-till system and ANOVA significance

Treatment FDMY (t ha™}) CP (%) EASR (AU ha™1)® EMP (kg ha=")° Total
First Second First Second First Second First Second
cut® cut® cut® cut® cut® cut? cut® cut®
Control 3.0d 34d 9.0d 8.4d 22d 2.6d 68.5d 73.9d 142.4 d
Gypsum 36¢c 42 ¢ 95 ¢ 9.1¢c 2.7 ¢ 31c 86.2 ¢ 974 c 183.6 ¢
Lime 62D 7.7b 124 b 11.7b 4.7b 58D 163.5b 20490 368.4 b
Lime + gypsum 7.6 a 93 a 133 a 123 a 57a 7.0 a 206.3a 2569 a 463.2 a
LSD 0.5 0.3 0.4 0.6 0.2 0.2 11.6 16.8 352
Growing season
2007 450 54b 1.1 a 10.0 a 33b 4.1b 1140b 1384Db 2524 b
2008 57a 6.9 a 11.0 a 9.6 a 43 a 52a 1482a 178.1a 3263 a
LSD 0.3 0.3 0.4 0.5 0.2 0.2 8.0 12.0 24.8
ANOVA (F probability)
Treatment (T) < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Growing season < 0.01 < 0.01 0.12 0.54 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
(©)
TxG < 0.01 < 0.01 0.65 0.90 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

LSD least significant difference

Means followed by different letters in the column differ statistically according to the LSD test (p < 0.05)

“First and second cut in June and August, respectively
] AU (animal unit) = 450 kg of body weight

“Estimated meat production = kg of body weight gain (cattle) per ha (estimated) x 52% of carcass yield

greater K cycling by the crop with lime application can
have increased K content at uppermost soil layers, as
was also reported by Caires et al. (1998). Otherwise,
the combination of the two soil amendments is a viable
technique for increasing K availability in subsoil
layers (below the 0.20-m layer) (Table 3; Fig. 3). The
increase in the availability of K at these depths may
result from the formation of ionic complexes (K,SO,)
in the surface layer, intensifying the leaching process

and increasing the K availability as a consequence of
K,S0, dissociation (Rampim et al. 2011). Regarding
sampling time, K content decreased throughout the
soil profile after 24 months compared to that after
12 months, in part due to the exportation of peanut and
white oat crops.

The surface application of lime, alone or associated
with gypsum, increased the exchangeable Ca and Mg
levels up to a depth of 0.60 m (Fig. 4). After
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«Fig. 5 Significant interactions on forage dry matter yield
(FDMY), estimated animal stocking rate (EASR) and estimated
meat production (EMP) in the pasture of palisade grass after
intercropping with corn in two growing seasons in a long-term
no-till system influenced by surface-applied lime and/or gypsum
treatments. “First and second cut in June and August,
respectively. #1 AU (animal unit) = 450 kg of body weight.
SEMP = kg of body weight gain (cattle) per ha (esti-
mated) x 52% of carcass yield. *Different lowercase and
uppercase letters following the values indicate significantly
differences according to the LSD (least significant difference)
test (p < 0.05), between growing seasons and treatments,
respectively

24 months, Ca increased to a depth of 0.10 m
compared to that after 12 months, and Mg increased
below the 0.20-m soil depth. This occurred because
the application of lime was performed superficially,
causing Ca accumulation at the soil surface. The
changes in K, Ca and Mg levels influenced the values
of BS (Figs. 3, 4). The results related to the surface
application of lime and lime + gypsum were verified
throughout the soil profile, with greater effects
24 months after treatment reapplication. The observed
increases are related to the increased concentrations of
Ca, Mg and K cations from the added fertilizer in the
colloidal complex, as a result of the extrusion of H'
from the surface of the colloids and neutralization of
the exchangeable Al, as reported by Soratto and
Crusciol (2008a).

Plant nutrition, yield components, and kernel/grain
yields of peanut, white oat, and corn

The higher concentration of N in corn plant leaves
(Table 3) may be a consequence of the higher
availability of N in the soil treated with lime + gyp-
sum or lime alone. According to Rosolem et al. (2003),
alleviation of soil acidity affects the biological soil
processes that govern the intensity of mineralization
and nitrification, increasing N bioavailability and ion
contact with the root system. This pronounced effect
of N concentration in corn plant leaves are linked to
the higher demand by this crops. It is important to
emphasize that regardless of soil amendment applica-
tion, the N concentration in the corn leaves was within
the range considered adequate for this crop; however,
the leaves of peanut and white oat exhibited values
within and higher than the range considered sufficient,
respectively (Ambrosano et al. 1997; Cantarella et al.
1997).

Due to the higher P availability in the lime-
amended soil, P concentration in the leaves of peanut
and white oat increased (Table 3). Similar results
were reported by Soratto and Crusciol (2008c), which
showed a positive effect of liming on P uptake by
black oat plants. As confirmed by our results and
those of Viviani et al. (2010), the availability of P in
Oxisols is determined by the soil acidity level. Due to
the beneficial effects of the lime + gypsum combi-
nation on increasing S-SOy levels in the soil (Fig. 2),
the highest P concentration was observed in white oat
leaves. The competitive adsorption between sulfate
and phosphate may reduce P-specific adsorption,
thus increasing nutrient bioavailability for white oat
plants, which are highly dependent on P (Nakagawa
and Rosolem 2005). Furthermore, in the case of the
white oat and corn crops, all treatments showed
P values within the desired range, except for the
peanut crop, for which the recorded nutrient concen-
trations were above the maximum amount considered
adequate (Cantarella et al. 1997; Ambrosano et al.
1997).

It is important to note that even though there was no
higher concentration of macronutrients in leaves of
some crops, the use of lime and lime + gypsum
increased the DM of plants, and it could be inferred
that there was a higher absorption and accumulation of
these nutrients, causing the dilution effect. Contrast
with this inference, the fact of this increase in DM,
were in the average of treatments of lime and
lime + gypsum 21, 18 and 32% higher in relation to
the control, respectively (Table 3).

The greater uptake of Ca, Mg, and K in the crops
studied (Table 3) was probably due to the effects of
both soil amendments on soil fertility improvement.
Despite the positive results obtained with soil amend-
ment application, the treatments did not influence the
critical Ca and Mg concentrations in leaves. For all
crops studied, the concentrations were above the
adequate range for the crops, indicating that these
nutrients had not otherwise limited the development of
the crops studied (Cantarella et al. 1997; Ambrosano
et al. 1997).

The highest S concentration in the leaves of white
oat and corn was found when both soil amendments
were applied (Table 3). This effect is probably related
to the high S-SO, levels at depths from 0 to 0.20 m in
soil treated with lime + gypsum (Fig. 2). Soratto and
Crusciol (2008c) reported a positive effect of gypsum,
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increasing the S concentrations in the leaves of black
oat plants, wherein the input was considered an
important source of this nutrient. However, regardless
of the treatments, the concentration of S in the leaves
of the three crops was also above the range considered
adequate for each crop (Cantarella et al. 1997;
Ambrosano et al. 1997).

The improvements observed in plant nutrition due
to liming were reflected in the shoot DM of the three
crops (Table 3). Positive results with gypsum addition
in lime-amended soil were only observed for corn,
promoting greater shoot DM compared to the other
treatments. According to Caires et al. (2011), the
effect of gypsum was probably related to the enhanced
absorption of Ca by the corn plants, whereas in the
case of legumes, the authors did not find this effect.
Even though the present study indicated beneficial
effects of the surface application of lime + gypsum
with respect to increasing concentrations of Ca in the
leaves of peanut plants, this benefit was not reflected in
shoot DM, which may be related to the Ca/Mg ratio in
the soil. Regarding differences between the growing
seasons, higher shoot DM values for peanut, white oat
and corn were obtained in the second growing season.
The plants of these three species also exhibited higher
macronutrient concentrations in their leaves in the
second growing season.

As a consequence of the improved chemical
properties of soil due to lime and gypsum application
(Figs. 2, 3 and 4), the yield components of peanuts,
white oat and corn increased (Table 4). The highest
pod yield of a peanut crop was mainly due to the
increased availability of Ca in the soil (Fig. 4)
because Ca plays a fundamental role in reducing
the abortion rate of fertilized ovules (Colwell and
Brady 1945). In addition, because translocation of
this nutrient from other parts of the plant does not
occur to an appreciable extent, its availability in the
soil is essential. The higher availability of Ca in the
soil with gypsum improved the percentage of hulled-
kernel yield, which is directly related to the normal
fruit development.

Regarding the white oat crop, the observed increase
in the yield components (panicles per m?, number of
spikelets per panicles, spikelet fertility and 1000-grain
weight) due to liming (Table 4) is related to the
reduction of toxic aluminum (Fig. 2) because the crop
is susceptible to damage caused by this element,
mainly in its root system, providing a favorable
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environment for better plant nutrition (Table 3), which
is reflected directly in the grain yield. Crusciol et al.
(2016b) also observed positive results regarding soil
acidity amelioration in an NT system. These authors
reported that the number of panicles per square meter
and the grain yield of rice increased because of surface
liming.

The largest number of plants per ha and ears per
plant of corn lime + gypsum followed by liming
(Table 4) indicates that the improvements in the soil
chemical characteristics positively influenced plant
establishment and initial development from the
phenological phase of three to five fully developed
leaves, the stage at which potential ears begin to be
determined (Crusciol et al. 2013). The grain yield
reflected the effects observed in the yield compo-
nents. Therefore, the combination of both soil
amendments was considered a viable technique to
improve the productivity capacity of acid tropical
soils managed under conservative practices. Accord-
ing Bossolani et al. (2018), grain yield is positively
influenced by the reapplication of lime and gypsum,
and the combination of the lime dose of
3243 kg ha™' with gypsum doses between 1500 and
3000 kg ha™' provides the highest yield for corn sole
crop (8568 kg ha™'). However, corn intercropped
with palisade grass, associated with similar lime and
gypsum dose (3031 and 1500-3000 kg ha™", respec-
tively), promoted better soil conditions and conse-
quently higher corn nutrition, resulting in higher
grain yield (11,237 kg ha™ "), that is, 23.75%
increase compared to corn sole crop. Thus, these
authors concluded that the corn intercropped with
palisade grass provided superior condition to corn
sole crop, where the utilization of N applied to the
system and the availability of Ca and Mg, in addition
to the possible greater acidity correction and neu-
tralization of AI’" in the deeper layers of soil,
provided a better development of crop, being able to
exploit its productive potential.

Note that the grain production in the subtropical
region does not always benefit from lime and gypsum
application, particularly under water deficiency, high-
lighting the importance of studies in different climatic
conditions. In the present study in a tropical region,
liming always benefited grain production, even in
years with a regular rainfall distribution. For gypsum,
this fact provides greater safety for grain production
by mitigating losses under a water deficit.
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Forage yield and quality and estimated meat
production

It can be inferred that surface application of lime alone
or lime + gypsum in the long-term NT system of
tropical agriculture in the Brazilian Cerrado using corn
intercropped with palisade grass increased forage DM
yield after corn harvest compared to no amendment
application (control) or application of gypsum alone
treatments (Table 5; Fig. 5). This occurred because
this tropical perennial grass has a low tolerance to
acidic soils (Pariz et al. 2016; 2017a), mainly with a
BS below 60-70% in the topsoil in our case (Fig. 4).
Consequently, the lower forage DM yield decreased
the estimated animal stocking rate and estimated meat
production. This result demonstrates the importance of
lime and gypsum applications in annual crop rotations
with pastures in tropical NT system, and the best
results depend on the agricultural amendments applied
and reapplied in the crop rotation. In subtropical
Brazilian regions, the surface lime (application or
reapplication) in an ICL system (soybean-beef cattle)
also increased the forage DM yield [mix of black
oat + Italian ryegrass (Lolium multiflorum L.)] and
reduced long-term soil acidification, with a higher BS
and lower Al saturation, mainly in grazed areas
compared to non-grazed areas (Martins et al. 2014a;
2014b; 2016).

According to Costa et al. (2005), the optimal
temperature range for palisade grass development was
between 30 and 35 °C, and its growth was highly
reduced between 10 and 15 °C. In our experiment, we
observed average temperatures between 15 and 20 °C
from May to August. However, the forage DM yield
(2.99-7.56 t ha™" in the first cut and 3.43-9.33 t ha™'
in the second cut) in this study (Table 5; Fig. 5) can be
considered high during this dry season (winter/spring).
Thus, in an ICL system, the forage DM can be used as
an index for mechanical cutting or in the fields for
grazing by animals (Pariz et al. 2011) and to increase
the animal stocking rate, meat production and prof-
itability for the farmer. Typically, during this time of
the year (June to September), the availability of forage
in areas with dry winters is limited (Borghi et al.
2013). Consequently, the animal stocking rate is low
(Iess than 1.0 animal unit per ha = 450 kg of body
weight per ha), and these animals usually lose weight.
Our estimated animal stocking rate provided 2.2-7.0
animal units per ha, and as a function of fodder

quantity and quality, the animals can gain weight
during dry winters, as also demonstrated by Crusciol
et al. (2016a). Sowing tropical forage after harvesting
corn grain also does not provide sufficient fodder
during the autumn, winter and part of the spring in
regions with dry winters such as the Brazilian Cerrado
or African Savanna. However, in this intercropping
system, the rainfalls after the corn is harvested (in
April and May), allowing for the adequate develop-
ment of palisade grass.

The observed 2-year-average crude protein con-
centration of approximately 9.6-11.1% was higher
than the crude protein concentration of 7.0% reported
by van Soest (1994) as the minimum concentration
required for maintaining microbial populations in the
rumen of cattle. However, the higher crude protein
concentration in the forage could lead to higher
average daily weight gain in beef cattle. Therefore,
considering the higher forage DM yield associated
with higher crude protein concentrations, the
lime 4+ gypsum and lime application/reapplication
treatments could provide higher cattle meat produc-
tion per ha, compared to gypsum application/reappli-
cation and control (no application/reapplication)
treatments (Fig. 5).

Economics

The control treatment (no surface-applied lime and
gypsum) resulted in a negative net profit for peanut
and white oat crops in both growing seasons, as well as
promoted the lowest total and mean net profits
(Table 6). Isolated applications of gypsum or lime
increased total net profit by 41 and 322% over control
treatment. However, the surface application of
lime + gypsum resulted in the highest total (US$
3891 ha_l) and mean (US$ 973 ha_l) net profits,
which were 470% higher than the control and 35%
higher than the lime alone. These economic results
demonstrate the importance of lime and gypsum
practices in annual crop rotations with pastures in
tropical NT system.

An ICL system using corn intercropped with
palisade grass is a good option in the tropical
agricultural system because, in addition to corn grain
produced in summer/autumn, farmers can use the
forage DM production of palisade grass for animal
fodder in winter/spring. The palisade grass pasture in
winter/spring provided higher net profit than did white
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Table 6 Influence of surface-applied lime and/or gypsum on economic evaluation of peanut, white oat, corn intercropped with
palisade grass, and palisade grass pasture in four growing seasons in a long-term no-till system

Treatment Peanut White Peanut White Corn Pasture Corn Pasture Total® Mean®

2004/ oat 2005/ oat 2006/ (Meat) 2007/ (Meat)

2005 2005 2006 2006 2007 2007 2008 2008

Cost (US$ ha™! )
Control 753 214 753 214 598 112 598 149 3392 848
Gypsum 811 214 753 214 598 136 598 180 3504 876
Lime 809 214 753 214 598 246 598 326 3759 940
Lime + Gypsum 866 214 753 214 598 298 598 395 3935 984
Gross revenue (US$ ha™')®
Control 558 142 710 213 753 287 1039 373 4075 1019
Gypsum 612 155 780 232 770 389 1064 461 4464 1116
Lime 792 241 1007 362 1065 725 1471 980 6644 1661
Lime + gypsum 848 221 1080 331 1344 938 1855 1209 7826 1957
Net profit (US$ ha™' S
Control — 195 - 72 — 43 -1 154 175 441 224 683 171
Gypsum — 198 - 59 26 19 172 253 466 281 960 240
Lime - 17 28 254 148 467 479 873 653 2885 721
Lime + gypsum - 17 7 326 117 746 640 1257 814 3891 973

*Means costs and production costs of crops; the only difference was the lime and gypsum used before the peanut crop (November
2004) and pasture costs as a function of the animal stocking rate

°Gross revenue = kg of peanut (pod yield x hulled-kernel yield), white oat and corn grain yield and estimated meat production per
ha x US$ 0.28, US$ 0.08, US$ 0.14 and US$ 2.23, respectively. We used the Brazilian national average price from the past 5 years

and converted these values to dollars (US$) (Agrolink 2018)

“Net profit is the realization per ha, which was calculated using the formula: gross revenue — cost

9Total = sum of all growing seasons

“Mean = mean per growing season

oat (Table 6). Surface lime 4 gypsum application
resulted in higher net profits as a function of the higher
forage DM, crude protein concentration (which yields
a greater body weight gain for beef cattle), estimated
animal stocking rate and estimated meat production
(Table 5; Fig. 5).

Conclusions

Surface liming was found to be an effective practice
for reducing the exchangeable acidity and Al concen-
tration extending to a depth of 0.60 m. Gypsum
application increased Ca”>* levels through the soil
profile. There was a positive effect of liming (with or
without gypsum) on the nutrient acquisition of peanut,
white oat and corn crops, producing higher pod and
grain yield than in the absence of soil amendments or
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with gypsum alone. The surface application of
lime + gypsum also increased the forage DM yield,
estimated meat production of the corn-palisade grass
intercropping and economic performance during four
growing seasons and can improve the long-term food
production of tropical agriculture with high soil
acidity.

We also emphasize that lime and gypsum were
applied and reapplied together (i.e., in the same
months). The usual recommendation is to first apply
lime and to then apply gypsum in the next year due the
solubility of the inputs. Therefore, our research
demonstrated that even with simultaneous application
of lime and gypsum, the agronomic and economic
results were positive. In addition, besides the soil
chemical improvement, the use of water storage in
subsoil can also support increases in crop yields,
forage production and quality. Therefore, in future
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research with lime and gypsum, water storage in
subsoils and the root systems of crops must be
evaluated because it can explain the positive crop
yield results.

Our results may have great agronomic importance
in many regions of the world, mainly in tropical
regions characterized mostly by soils exhibiting
variable charge and low fertility, low forage produc-
tion in the dry season, and low cattle production due to
low forage supply because the pastures are usually
degraded. Therefore, annual crop rotation with pasture
in tropical NT system using corn intercropped with
palisade grass is a promising option for farmers, and
lime (mainly with gypsum) is required to maximize
sustainability and profit in the system. The ICL system
can diversify the sources of farm income, producing
grain and meat in the same agricultural area during one
or several growing seasons, especially in the tropical
regions of South America, Africa, and parts of Asia,
where people need additional opportunities to produce
food. Thus, the sustainable intensification of crop and
livestock production in ICL systems managed by
small farmers is crucial to mitigate human suffering,
which is necessary for social and economic changes.
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