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contents in soil and in sward plants
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ABSTRACT: Liming increases crop production through improved soil conditions in acidic soils. Among the
effects of liming, increased availabilities of alkaline and alkaline-earth cations are worth mention. These
availabilities may be affected by the particle size of applied limestone, which influences lime reactivity. The
effects of particle size and application schedule of magnesium limestone were investigated on extractable Ca,
Mg and K in soil, their concentrations in sward plants and dry-matter yield. Magnesium limestone of various
particle sizes was applied to experimental plots at a rate of 3 t ha', a grass-clover sward was sown, and the plots
were monitored during three years. The finest limestone (< 0.25 mm) in a single application yielded the
highest soil Ca and Mg concentrations extracted by Mehlich-3 and NH,CL The same limestone split in three
annual doses was less effective. Plots treated with the coarsest limestone (2-4 mm) did not differ from control
plots. Liming had no effect on potassium, either in soil or plants. Soil concentrations of Ca, Mg and K
extracted by Mehlich-3 and NH,CI were correlated with each other (r = 0.76, 0.75 and 0.67, respectively).
NH,CI extracted more Ca than Mehlich-3, while the latter extracted more Mg and K than NH,CL Soil Ca,
Mg and K extracted by NH,Cl were also cotrelated to water extractions. Mg concentration in plants correlated
to soil Mg extracted by NH,Cl or by water. Neither the concentrations nor the total contents of Ca and K in
plants correlated with extractable soil Ca and K. The total dry matter yield was not affected by liming. The
yield of sown species was higher in plots treated with the finest limestone than in plots limed with the coarsest
limestone. Cations extracted by water or NH,CI explained the variance of dry matter yield.
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Efeito do tamanho das particulas de calcario nos teores de Ca, Mg
e K no solo e em plantas forrageiras

RESUMO: A aplicacio de calcario em solos acidos promove aumento da produgio agticola por meio da melhoria
das condi¢bes do solo. Entre os efeitos da calagem, o aumento da disponibilidade de cations alcalinos e alcalino-
terrosos sdo dignos de mencdo. Essas disponibilidades podem ser afetadas pelo tamanho das particulas do calcario
aplicado, que influencia a solubilidade do mesmo. Investigaram-se os efeitos da granulomettia e épocas de aplicagio
de calcario magnesiano nos cations trocaveis Ca, Mg e K extraidos no solo, nas suas concentracdes em plantas
crescidas cultivadas nesse solo e no rendimento das suas matérias secas. Varios tamanhos de particulas de calcario
magnesiano foram aplicadas s parcelas experimentais, a uma taxa de 3 t ha™', gramineas ¢ trevo foram plantados
e as parcelas foram monitoradas durante trés anos. O calcario mais fino (< 0,25 mm) em uma unica aplicacdo
proporcionou os maiores teores de Ca e Mg extraidos por Mehlich-3 e por NH,Cl. Este mesmo calcirio quando
aplicado parcelado em trés doses anuais foi menos eficaz. Parcelas tratadas com o clacario mais grosseiro (2-4 mm)
ndo diferiram da testemunha. A calagem nio teve efeito sobre o potissio, quer seja no solo ou nas plantas. As
concentragdes no solo de Ca, Mg e K extraidos por Mehlich-3 e NH,CI foram positivamente correlacionadas. O
NH,Cl extraiu mais Ca do que o Mehlich-3, enquanto o segundo extrafu mais Mg e K do que o NH,Cl. O Ca, Mg
e K extraidos pelo NH,CI foram também correlacionados com extragdes por dgua. Concentragdes de Mg em
plantas estio relacionadas com concentragées de Mg no solo extraidos pelo NH,Cl ou pela 4gua. Nem as
concentragoes ou teores totais de Ca e K nas plantas correlacionaram-se com as concentragdes extraidas de Ca e
K do solo. O rendimento de matéria seca total ndo foi afetado pela calagem. A produtividade das espécies cultivadas
foi maior nas parcelas tratadas com os calcarios mais finos do que em parcelas com calcario mais grosseiro. Cations
extraidos pela 4gua ou NH CI correlacionaram-se com a vatiagdo da producdo de matéria seca.

Palavras-chave: Espanha, calagem, disponibilidade de macronutrientes, rendimento de forrageiras

Introduction ent material. Liming materials are commonly applied

to reduce the acidity and to increase production in these

The natural acidity of Galician soils (Spain) is mainly soils. The particle size of the liming material is of ma-
due to abundant precipitation and often to an acid pat- jor importance: finer materials dissolve and react more

Sci. Agric. (Piracicaba, Braz.), v.68, n.2, p.200-208, March/April 2011



Particle size of limestone, Ca, Mg and K in soil and in sward plants 201

rapidly, but their production consumes more energy, are
more difficult to apply and their effects may be shorter
lived. Coarser liming material acts more slowly, but its
effects may persist over many years.

Scott et al. (1992) investigated the most effective par-
ticle size (between 0.005 and 3 mm) of liming material
in an acid soil in Australia and concluded that the fin-
est limestone particles produced greatest increases of
pH, exchangeable Ca and wheat (Triticum aestivum L.)
production. Haby and Leonard (2002) also observed
greatest effectiveness of the finest limestone in Texas
soils within the first year of trial, but at the end of three
years yields were similar for the finest and coarsest lime-
stones. Mello et al. (2003) observed a longer lasting ef-
fect of coarser limestone applied to Brazilian soils.

Different extracting solutions are currently used to
evaluate the nutritional status of soils. NH,Cl is com-
monly used to extract exchangeable cations, particularly
in Galician soils. The Mehlich-3 extractant (Mehlich,
1984) extracts simultaneously available macro and mi-
cronutrients. Monterroso et al. (1999) reported similar
and highly correlated amounts of Ca, Mg and K ex-
tracted by Mehlich-3 extractant and 1 M NH CI from
Galician mine soils.

The objectives of the present study were: (i) to deter-
mine the particle size of magnesium limestone that is most
effective at increasing Ca, Mg and K in soil and plants; (ii) to
compare Mehlich-3 extractant, 1M NH,Cl and water as
extracting agents for these elements; (iii) to relate soil
extractable Ca, Mg and K to their concentrations in
plants; and (iv) to elucidate which extractant is most suit-
able to explain the sward dry mater yield, both total and
of sown species.

Material and Methods

The study was carried out in an acid soil in Galicia
(NW Spain) over a 3-year period (October 1995-October
1998) in a rotation prairie/corn, in which the prairie was
grown in the first two years and the corn in the last one.
In this paper, we present and discuss 3-year data for soil
parameters and 2-year data for plant. The soil parent ma-
terial is a quaternary sediment, the land was previously a
scrubland, and the soil is classified as a Haplic Umbrisol
(FAO, 1998). The experimental plots were located in
Castro Riberas de Lea, Lugo, Spain (43°09°37" N, 7°29°31"
O). The soil texture was sandy loam (760 g kg™ of sand,
117 g kg of silt and 123 g kg ' of clay); the pH in water
was 4.85 and pH in KCl was 4.23 (soil:solution 1:2.5); ex-
changeable Ca, Mg, Na, K and Al were 32.7, 24.0, 0.5, 1.3
and 37.4 mmol kg, respectively; effective CEC was 74.3
mmol_ kg and Al saturation was 50%.

According to the bioclimatic classification of
Papadakis (1966) the zone belongs to the cool temper-
ate Mediterranean climatic unit, and according to Allué
(1966) it is a subhumid Mediterranean phytoclimatic
subregion with Central European tendencies. The mean
monthly temperature in the period of study ranged be-
tween 6.6 and 18.1°C (mean 11.2°C) in 1996, between

5.4 and 18.7°C (mean 12.8°C) in 1997, and between 5.8
and 19.8°C (mean 12.2°C) in 1998. The total rainfall was
1019 mm in 1996, 1098 mm in 1997 and 942 mm in 1998.

Magnesium limestone (3 t ha™) was applied to 24 ex-
perimental plots, 5 X 4 m” each. The chemical compo-
sition of the limestone was 87.8% of CaCO, equivalent,
254 g kg of Ca, 69 g kg™ of Mg and 0.16 g kg™ of K).
Before application, the limestone was crushed and sepa-
rated into different fractions by passing through various
sieves, to obtain the materials for the treatments: 2-4 mm
(treatment 4), 0.5-2 mm (treatment 2), 0.25-0.5 mm (treat-
ment 0.5) and < 0.25 mm (treatments 0.25 and 0.25f).
Limestone was applied as a single dose of 3 t ha at sow-
ing (October 1995), except in treatment 0.25f, where
three separate doses of 1 t ha™' were applied in October
1995, 1996 and 1997 (to provide a final amount of 3 t ha
Y. The soil was tilled by a rotary cultivator, then lime
and fertilizers were applied by hand and incorporated
into the topsoil by the rotary cultivation. Each treatment
was replicated four times, and four control plots (no
lime) were sown at the same time. A randomized ex-
perimental design was used. NPK fertilizer (8:24:16) was
added to all 24 plots (500 kg ha™) at sowing and in May
and October 1996, 1997 and 1998. Phosphorus was in the
form of calcium phosphate. Lolium multiflorum TLam.
(Italian ryegrass), Dactylis glomerata L. (cocksfoot), Tri-
folium repens 1.. (white clover) and Trifolium pratense 1.
(red clover), at rates of 15, 5, 2 and 8 kg ha, respectively,
were broadcast sown in October 1995, after the second
rotary cultivation.

Soil samples (0-20 cm) were collected in autumn,
winter, spring and summer, during the three years of
study for general analyses (data not shown). Ten indi-
vidual samples were collected from each experimental
plot and bulked into a composite sample. Samples were
air-dried and sieved (< 2 mm) prior to analysis. Samples
from April and July were used to compare the extract-
ing capacity of the three extractants under study. Cal-
cium, magnesium and potassium were extracted by 1 M
NH,Cl (Peech et al.,, 1947), Mehlich-3 extractant
(Mehlich, 1984) and water (1:10 soil:water ratio) and de-
termined by atomic absorption (Ca and Mg) or atomic
emission (K) spectrophotometry.

Samples of plant species were collected in July and
October 1996 and 1997, at harvest. To this purpose, an
area of 10 (2 X 5) m” was cut; the plant material from
each plot was homogenized and a 1-kg fresh-weight
sample obtained and reserved for analysis. Samples were
oven-dried at 105°C until constant weight to determine
dry matter yield. In another sub-sample, the species were
separated and dried to determine the yield for each spe-
cies. Powdered samples were digested by concentrated
H,S0, and H,0, (Jones et al,, 1991), and Ca, Mg and K
in the digests were determined by atomic absorption
(Ca, Mg) or emission (K) spectrophotometry. Phospho-
rus was determined in digests by visible spectrophotom-
etry. Results of yield and plant analyses are presented
and discussed only for summer cuts, because yield was
very low in autumn cuts.
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Data were subjected to three-way analysis of vari-
ance, being treatment, date and plant species the factors
analysed, and linear regression analysis, using the sta-
tistical programme SPSS, version SPSS 12.0 for Windows.

Results and Discussion

The Ca concentrations in both Mehlich-3 and
NH4C1 extracts presented a trend to higher values in

Table 1 — Ca, Mg and K extracted from soil by extractants.

plots limed with finer limestone. Differences were ob-
served only in Mehlich-3 Ca in spring of the first and
last years of trial (Table 1). The lowest values generally
corresponded to the plots treated with the coarsest lime-
stone (treatments 2 and 4), which did not differ from
those obtained for the control plots. The finer limestone
(treatments 0.25 and 0.5) was more effective, as it dis-
solved and acted more quickly compared to coarser
limestone and, moreover, maintained the highest levels

Ca Mg K
Mehlich-3 1M NH4C1 Water Mehlich-3 1M NH4C1 Water Mehlich-3 1M NH4C1 Water
mg kg
April 96 Control 317%® 1580 38.2 110> 36.0¢ 2.1¢ 124 69.2 32.0
4 275% 1540 39.1 116° 60.0<d 3.2¢ 115 67.3 30.1
2 246" 1340 45.3 134° 120.0P¢ 6.1° 99 63.3 25.1
0.5 4132 1620 44.2 218* 180.2% 9.0* 111 75.1 28.2
0.25f 310% 1480 36.2 132P 120), 1=t 4.2¢ 107 69.2 35.1
0.25 4428 1780 53.0 210 192.0* 10.1* 123 63.4 25.0
July 96 Control 286 1320 32.1 66¢ 12.3¢ 1.4¢ 152 160.9 41.0*
4 303 1360 30.2 95¢d 24.2¢ 3,14 142 144.3 39.1*
2 370 1380 33.0 167" 84.1° AL 147 154.0 41.2%
0.5 405 1460 33.1 2552 144.0* 9.3 169 156 41.3%
0.25f 363 1440 33.2 145> 48.1b¢ 5,1l 135 167.7 36.1°
0.25 405 1680 43.3 187 168.0* 11.0* 145 193.1 43.1°
April 97 Control 322 1220 76.0 39b 24.1° 4.1° 192 213.2 84.0
4 215 1360 91.2 59P 60.2° 8.2% 150 194.0 81.0
2 261 1260 81.1 114° 132.3* 17.3> 158 186.2 56.0
0.5 317 1680 55.1 209* 180.0* 16.0* 161 199.9 47.1
0.25f 397 1520 56.2 126 156.1* 8.1 161 187.2 38.1
0.25 489 1900 69.3 210° 204.2* 17.0* 186 205.7 53.2
July 97 Control 221 1440 158.2 35¢ 24.14 7.0¢ 158 195.9 70.0
4 231 1540 132.1 73be 72.14 17.1b¢ 138 186.2 68.1
2 342 1600 125.3 178% 168.0% 36.1% 180 195.0 63.3
0.5 371 1780 150.0 2152 192.0% 46.3* 191 204.7 69.3
0.25f 356 1720 161.0 1322b¢ 156.3b¢ 37.0% 186 202.8 63.2
0.25 468 1980 150.1 207* 192.2* 44.0° 157 198.9 60.2
April 98 Control 169¢ 1300 18.2 40> 48.0° 1.1¢ 133 127.7 32.0
4 160¢ 1300 34.1 58P 96.0° 5.0° 121 141.4 40.2
2 207 1360 23.3 155 192.2* 6.2* 126 105.3 25.3
0.5 206°¢ 1420 34.1 1422 204.1* 8.3% 130 122.8 33.2
0.25f 4407 1480 26.2 236° 192.0* 5.12 148 144.3 31.1
0.25 3942b 1660 29.3 196° 204.0* 6.4* 125 120.9 30.0
July 98 Control 249 1380 101.0 76°¢ 36.2¢ 5.0? 212 168.7 83.1
4 328 1400 96.1 160P¢ 144.0% 11.1% 191 178.4 78.1
2 312 1340 91.3 2012 192.0% 15,1 177 140.4 73.0
0.5 336 1380 111.2 229 192.1%® 21.1%® 214 178.4 79.2
0.25fF 416 1520 98.1 268* 204.1* 19.2° 217 205.7 72.2
0.25 534 1820 109.0 251% 204.2* 20.0° 211 174.5 66.3

Control: no limestone; 4: diameter of limestone particles between 2 and 4 mm; 2: diameter of limestone particles between 0.5 and 2
mm; 0.5: diameter of limestone particles between 0.25 and 0.5 mm; 0.25: diameter of limestone particles < 0.25 mm; 0.25f: limestone
less than 0.25 mm in diameter applied in 3 separate doses. Different letters indicate differences (p < 0.05) between treatments.

Sci. Agric. (Piracicaba, Braz.), v.68, n.2, p.200-208, March/April 2011



Particle size of limestone, Ca, Mg and K in soil and in sward plants 203

of Ca during the three years of study. Even at the end of
the three-year trial there were differences (p < 0.05) in
Ca concentrations between plots treated with limestone
< 0.25 mm and control plots (Table 1). Conversely, the
coarsest limestone (0.5-2 mm and 2-4 mm) hardly modi-
fied the Ca concentrations relative to control plots; the
coarse particle size appears to hinder the incorporation
of the material into the soil.

Scott et al. (1992) reported that the effect of coarse
limestone (3 mm) on exchangeable Ca became appar-
ent only three years after application, which indicates
the slow release of Ca from coarse limestone, whereas
in a field trial with fine limestone (< 0.25 mm)
Fernandez-Sanjurjo et al. (1995) observed a residual ef-
fect of liming 7 years after application. On the other
hand, the differences in concentrations of Mehlich-3 and
NH,CI extractable Ca between treatments 0.25 (3 t ha™
limestone of < 0.25 mm diameter in a single applica-
tion) and 0.25f (1 t ha' limestone of < 0.25 mm diam-
eter every year for three years) indicate the greater effi-
cacy of the former treatment (Table 1). In treatment 0.25f,
even when the entire limestone dosage (3 t ha™') was com-
pleted, the concentration of Ca extracted by 1M NH,CI
was lower than in plots to which the same limestone
was applied as a single dose.

The concentrations of water-soluble Ca do not differ
among treatments (Table 1). The higher concentrations
obtained in July than in April (excepting the first year)
in all plots may be due to the NPK fertilisation applied
in May every year, and also to the low rainfall in this pe-
riod, which would result in low leaching losses. The cal-
cium phosphate in the fertilizer may have increased the
amounts of soluble Ca in soil; in addition, the K supplied
with the fertilizer may displace Ca from the exchange
sites, thereby increasing its concentration in solution. In
fact, there was a significant, although low, correlation be-
tween exchangeable K and soluble Ca (r = 0.39, p < 0.01).

A close correlation was observed between Ca ex-
tracted by the Mehlich-3 extractant and that extracted
by NH,CI (r = 0.77, p < 0.01), although NH Cl extracted
three to eight times as much Ca as Mehlich-3 extractant
(Figure 1). These data differ from those obtained by
Monterroso et al. (1999) for mine soils, according to
which in most samples both extractants extracted simi-
lar quantities of Ca; yet in some samples, rich in Ca and
Mg carbonates, the Mehlich-3 extractant extracted two
to three times as much Ca as NH,CL In studies carried
out to compare the Ca extracted by ammonium acetate
and Mehlich-3, some authors found that the latter re-
agent extracted greater amounts (Mehlich, 1984; Gartley
et al.,, 2002) and others reported that both reagents ex-
tracted similar amounts (Wendt, 1995).

In the present study, the lower extraction of Ca by
the Mehlich-3 extractant may be explained by the pres-
ence of NH,F in Mehlich-3 extractant, which may re-
sult in precipitation of CaF, in samples from limed plots.
A similar situation was observed by Gago et al. (2002)
in Galician pasture soils unlike forest soils. Therefore,
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Figure 1 — Correlations between extractions of Ca, Mg and K
by Mehlich-3 and 1 M NH,Cl (p < 0.01).

the Mehlich-3 extractant may undetrestimate the avail-
able Ca in limed soils. As expected, the water extracted
much less calcium than ammonium chloride or Mehlich-
3 extractant. The water-soluble Ca was correlated with
the water-soluble Mg (r = 0.78, p < 0.01) and water-
soluble K (r = 0.49, p < 0.01).

The lack of differences in Ca concentration in plants
between limed and unlimed plots was quite unexpected
(Figure 2) but coincides with findings by other authors
(Fystro and Bakken, 2005). Often, the application of any
nutrient increases its concentration in plants (White-
head, 1966). However, in some cases, the supply of a nu-
trient may increase plant growth without increasing the
concentration of the nutrient itself, as a consequence of
a dilution effect (Reid and Horvath, 1980). The latter au-
thors reported that the application of a severely deficient
nutrient increases growth and mineral uptake, but not
necessarily the nutrient concentration in the plant. With
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Figure 2 — Concentrations of Ca, Mg and K in the sown species for each treatment in summer harvests. (Control: no limestone; 4:
diameter of limestone particles between 2 and 4 mm; 2: diameter of limestone particles between 0.5 and 2 mm; 0.5:
diameter of limestone particles between 0.25 and 0.5 mm; 0.25: diameter of limestone particles < 0.25 mm; 0.25f:
limestone less than 0.25 mm in diameter applied in 3 separate doses). The vertical bars represent the standard errors.

a higher nutrient supply, its concentration in plant will
increase, with or without a yield increase.

As for plant species, clovers had higher (p < 0.01)
calcium concentrations than grasses (Figure 2). These re-
sults agree with those reported by other authors (White-
head, 1995). Analysis of the Ca extraction by plants (the
value of the Ca concentration multiplied by the plant dry-
weight yield) in the four plant species, for each treatment
in the two summer harvests, showed that in July 1996 the
extractions were highest in the ryegrass and the two le-
gume species (7. repens and T. pratense) growing in the
plots treated with the finest limestone (< 0.25 mm),
whereas, the plants growing in plots treated with the other
particle-sized limestone did not differ from the control
(Figure 3). At the second harvest (July 1997) the highest
plant Ca extractions corresponded to the ryegrass, cocks-
foot and red clover growing in the plots treated with the
finest limestone. The treatments with limestone > 0.25
mm did not differ from control for any date or species.

There were no correlations between either the con-

centrations in plant or the Ca extraction and the con-
centration of soil Ca extracted by any of the reagents
tested. Thus the Ca uptake did not appear to depend on
its concentration in soil, but rather on the interaction
between this nutrient and others such as K, Mg and P
(Kovacevic et al,, 2004). In this respect, negative correla-
tions (p < 0.01) were observed in legumes between plant
concentrations of Ca and K (r = -0.70 in red clover).
The control plots presented the Mg modifier as de-
fined by Buol et al. (1975); Mg extracted by 1 M NH CI
lower than 48 mg kg ') during the entire period of study
(Table 1). This limiting factor was also observed in the
first year of study in plots treated with the coarsest lime-
stone (2 to 4 mm). In general, throughout the study pe-
riod, the lowest concentrations of extractable Mg were
obtained in the control plots and in those limed with
the coarsest limestone (Table 1). Lower Mg concentra-
tions were measured in the plots treated with the finest
limestone in split application (0.25f) than in the plots
treated with the same limestone in a single application.
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Figure 3 — Ca and Mg extraction by pasture species in summer harvests. Treatments as in Figure 2. Vertical bars represent the

standard errors.

Several authors have reported a considerable reduc-
tion of exchangeable Mg after application of CaCO,, be-
cause of the displacement of Mg by Ca in the exchange
complex (Santano and Espejo, 1997). This is why the use
of dolomitic limestone is recommended to prevent Mg
deficiencies (Riggs et al., 1995). In the present study, the
use of dolomitic limestone, excepting the coarsest one,
resulted in higher concentrations of Mg than in the con-
trol plots. These results are consistent with those of other
authors (Ernani et al., 1998; Dugalic et al., 2008; Aratjo et
al., 2009), who indicate that this amending agent increases
the retention of Mg due to the increase of effective cation
exchange capacity (resulting from the pH increase) and
to an altered Ca/Mg ratio. As occurred with Ca, the high-
est concentrations of water-soluble Mg (excepting the first
year) were obtained in July in all plots, again probably
due to the application of NPK fertilizer in May. The K
may displace Mg from the exchange sites thereby increas-
ing the content of the latter in the soil solution.

The Mg extracted by Mehlich-3 extractant correlated
closely with that extracted by 1 M NH,Cl (r = 0.75, p
< 0.01) (Figure 1), for the entire sampling period. In gen-
eral, in the first year of trial Mehlich-3 extractant ex-
tracted more Mg than 1 M NH, Cl. However, in the fol-
lowing two years, the ratio of Mg extracted by the two
methods was closer to 1 and in some cases more Mg was
extracted by 1 M NH, Cl than by Mehlich-3 extractant.
Therefore, it appears that in the first months after the
liming, part of the Mg incorporated will become bound
to positions from which it cannot be extracted by 1 M
NH,Cl, in other words, part of the Mg will not be
readily exchangeable. Over time, the Mg may become

readily exchangeable and thus the extractive power of
the two reagents becomes similar. Monterroso et al.
(1999) reported correlation between the Mg extracted by
both methods, with similar amounts extracted. Some au-
thors have also reported that Mehlich-3 extractant and
ammonium acetate extract similar amounts (Wendt,
1995; Gartley et al., 2002), although Mehlich (1984) ob-
tained better extraction of Mg with the Mehlich-3 extrac-
tant. Water-soluble Mg was far less than magnesium ex-
tractable by NH Cl or Mehlich-3 extractant. Similarly
to calcium, the water-soluble Mg correlated with that
extracted by 1M NH,CI (r = 0.56, p < 0.01), but not with
that extracted by Mehlich-3 extractant.

The Mg concentration in plant tissues was generally
higher for all species in the plots treated with the finest
limestone (< 0.25 or 0.25-0.5 mm) than in plants grow-
ing in plots treated with the coarsest limestone (2 to 4
mm) and control plots (Figure 2). A higher Mg concen-
tration in forage reduces grass tetany risk (Aydin and
Uzun, 2008). The differences found between treatments
in terms of the plant concentration of Mg, but not of Ca,
are consistent with the results obtained by Jones et al.
(1991). Furthermore, Stevens and Laughlin (1996) ob-
served an increase of Mg concentration in pasture spe-
cies growing in plots limed with magnesium limestone.
As for plant species, clovers had higher Mg concentra-
tions than grasses (p < 0.01) (Figure 2). These results
agree with those reported by other authors (Whitehead,
1995).

The concentration of Mg in plants was correlated
with Mg concentrations in the NH,Cl and aqueous soil
extracts, considering the extractions for each sampling

Sci. Agric. (Piracicaba, Braz.), v.68, n.2, p.200-208, March/April 2011



206 Viadé et al.

(Table 2). Regarding the extraction of Mg by plants, the
lowest values were obtained in the plants from the con-
trol plots and those treated with the coarsest lime in both
summer harvests. The highest extractions generally cor-
responded to those plants treated with the finest lime-
stone (0.25-0.5 mm and < 0.25 mm, Figure 3), as oc-
curred with the concentration of Mg.

There were no differences among treatments in terms
of the concentration of potassium extracted by the dif-
ferent methods (Table 1), undoubtedly because of the
addition of NPK fertiliser to all plots. Liming was not
observed to affect exchangeable K, in accordance with
the findings of other studies (Peregrina et al., 2008).
Until the second application of NPK in May 1996 (the
first was carried out in October 1995), all the plots pre-
sented the & modifier as defined by Buol et al. (1975)
(exchangeable K < 78 mgkg™'; Table 1). The increase
in exchangeable (extracted by NH,Cl) K observed in
all treatments (including control plots) after the sec-
ond application of NPK may be related to the fertil-
izer. When a potassium salt is added to soil, the con-
centration of K in soil solution increases rapidly and
a fraction may gradually pass to the cation exchange
sites (Cherney et al., 2004) and another may be fixed
as a non-exchangeable form (Mengel and Kirby, 1980).
This fixed K may return to available forms in the long
term.

The K extracted by the Mehlich-3 extractant and 1
M NH,CI correlated significantly (r = 0.67, p < 0.01)
(Figure 1). The ratio of Mehlich-3-extracted K /exchange-
able K ranged between 0.76 and 2.02. Therefore, as in
the case of Mg, there were some samples in which
Mehlich-3 extractant was more effective than 1 M NH,CI
and others in which the opposite was true. As a general

trend, the Mehlich-3 extractant was more effective at ex-
tracting K at the start and the end of the study, whereas
in 1997 1M NH,CIl was more effective. Monterroso et
al. (1999) obtained similar extraction of K by both meth-
ods in mine soils. In studies comparing extraction of K
by Mehlich-3 and ammonium acetate, some authors have
reported extraction of similar amounts (Gartley et al.,
2002), whereas others found that the Mehlich-3 extract-
ant was more effective (Mehlich, 1984; Wendt, 1995).
Like Ca and Mg, K was less effectively extracted by wa-
ter than by NH,Cl or Mehlich-3 extractant. There was
also a high correlation between the K extracted by 1 M
NH,CI and the water-soluble K (r = 0.62, p < 0.01), but
not between the latter and the K extracted by Mehlich-3
extractant.

There were no differences among the treated plots
or between the treated plots and the control plots in
the K concentrations in plants, as found for the ex-
changeable and soluble K in soil (Figure 2). These re-
sults are in accordance with those obtained by other
authors (Stevens and Laughlin, 1996; Brown et al., 2008).
There were some differences in the K concentration
among the plant species (Figure 2). Thus, at the first
harvest (summer 1996) K was present at higher concen-
trations in Dactylis glomerata than in the other species;
later the concentrations of K were higher in the two
grass species than in the leguminous species (autumn
1996); at the last two sampling times, there were no dif-
ferences in the concentrations of K among the differ-
ent species.

When a soil is deficient in K the concentration of
this element is higher in grass than in leguminous spe-
cies, and as the levels of deficiency are rectified, the con-
centration of K tends to become similar in both

Table 2 — Correlations between Mg concentrations in the pasture species and concentrations of soil Mg extractable by

NH4C1 and water.

Ryegrass Cocksfoot Red clover White clover
July 1996:
NH,Cl Mg 0.88** 0.83** 0.75%* 0.82%*
water Mg 0.86** 0.84%* 0.78%* 0.83%*
July 1997:
NH,CI Mg 0.79%* 0.73%* 0.82%* 0.78**
water Mg 0.79%* 0.64** 0.83%* 0.74%*
**p < 0.01
Table 3 — Explanation of the variance of dry matter yield in each harvest.
Harvest Parameter Variable R?
Available P 0.40
July 1996 Sown and volunteer plants dry matter Available P, NH,CI K 0.52
Soluble K 0.35
July 1997 Sown and volunteer plants dry matter Soluble K, NH,ClNa 0.65
July 1997 Lolium multiflorum dry matter NH,CICa 0.60
p < 0.01
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(McNaught, 1958). Grass species are more competitive
when K is scarce (McNaught, 1958). In the present study,
the concentrations of K extracted by 1 M NH, Cl were
considered deficient (< 0.2 cmol(ﬂ kgﬁl, Buol et al., 1975)
until July 1996, which may affect the concentration of
K in plants in the two harvests in this year. In 1997, K
was not deficient in the soil, which may explain the lack
of differences between grass and leguminous species. As
regards the K extraction by plants, no differences among
treatments were observed. As occurred with Ca, neither
the concentration in plant nor the K extraction by plant
correlated with soil K extracted by any of the reagents
studied.

Dry matter yield ranged between 5.5 and 6.1 t ha™ yr'
in the July 1996 harvest and between 3.9 and 4.4 t ha™' yr'
in the July 1997 harvest (Figure 4). These values were
lower than the average range of 6-12 t ha™ yr' reported
by Mosquera and Gonzilez (1999) for Northern Spain.
In July 1996, no differences were observed among treat-
ments either in total or sown-species yields, although a
trend was perceived to higher yields of sown species in
treatments 0.25 and 0.5 (Figure 4). In July 1997 yields of
both total and sown species were somewhat higher in
treatment 0.25 (Figure 4); in the case of sown species the
difference is significant between treatment 0.25 and treat-
ments 4 or control (Figure 4). We interpret the lack of
differences between treatments in total forage yield as a
result of volunteer species adaption to acid conditions.
On the other hand, liming influences yield of sown spe-
cies which are more demanding in terms of soil fertil-
ity.

July 96

L

8000 -
6000 -
4000 -
2000 -

0 4

Dry matter (kg ha"

control 4 2 05 0.25f 0.25

O
-~

July 96

—

1500 -
1000 -

500 -

Dry matter (kg ha™"

0 -

Control 4 2 0.5 0.25f 0.25

A stepwise linear regression analysis was performed
to correlate dry matter yields in summer harvests to sev-
eral soil parameters. Different soil parameters explain
the variance of various yields in both harvests (Table 3).
So, for total dry matter yield, in July 1996 available P
and exchangeable K explained 52% of the variance,
while in July 1997 65% of the variance is explained by
water-soluble K and exchangeable Na. In July 97, the ex-
changeable Ca (extracted by NH,Cl 1 M) explained 60%
the dry matter yield of ryegrass. Hence, Ca and K ex-
tracted by 1 M NH Cl or by water seem to reflect plant
uptake more appropriately than cations extracted by
Mehlich-3 extractant.

Conclusions

The magnesium limestone of particle size < 0.25
mm, applied as a single dose of 3 t ha™', was the most
effective at providing the highest concentrations of soil
extractable Ca and Mg and the highest yield of sown spe-
cies. Ca, Mg and K extracted by 1M NH CI correlated
to the Mehlich-3 and water extractions. The Mg concen-
trations and extractions by plants were much more af-
fected by liming than those of Ca, particularly for the
fine limestone. Water and 1M NH,Cl seem better pre-
dictors of plant uptake than Mehlich-3.
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(p < 0.05) between treatments. The vertical bars represent the standard etrors.

Sci. Agric. (Piracicaba, Braz.), v.68, n.2, p.200-208, March/April 2011



208 Viadé et al.

References

Allué, J.L. 1966. Phytoclimatic Subregions of Spain. L.LF.L.E.
Ministerio de Agricultura, Madrid, Spain. (in Spanish).

Aratjo, S.R.; Dematte, ].A.M.; Garbuio, F.J. 2009. Application of
lime with different reaction degrees: chemical changes in soil
under corn. Revista Brasileira de Ciéncia do Solo 33: 1755-1764
(in Portuguese, with abstract in English).

Aydin, L; Uzun, F. 2008. Potential decrease of grass tetany risk in
rangelands combining N and K fertilization with MgO
treatments. BEuropean Journal of Agronomy 29: 33-37.

Brown, T.T. ; Koenig, R.T.; Huggins, D.R.; Harsh, J.B.; Rossi,
R.E. 2008. Lime effects on soil acidity, crop yield, and aluminum
chemistry in direct-seeded cropping systems. Soil Science Society
of America 72: 634-640.

Buol, S.W.; Sanchez, P.Q.; Cate, R.B.; Granger, M.A. 1975. Soil
fertility capability classification for fertility management. p.
126-141. In: Bornemisza E.; Alvarado, A., eds. Soil Management
in Tropical America. North Carolina State University, Raleigh,
NC, USA.

Cherney, J.H.; Ketterings, Q.M.; Orloski, J.L.. 2004. Plant and Soil
elemental status as influenced by multi-year nitrogen and
potassium fertilization. Journal of Plant Nutrition. 27: 991-1014.

Dugalic, G.; Gajic, B.; Katic, S.; Stevovic, V. 2008. Influence of
liming on yield and chemical composition of alfalfa on an acid
soil. Cereal Research Communications 36: 995-998.

Ernani, P.R.; Nascimento, J.A.L.; Oliveira, L.C. 1998. Increase of
grain and green matter of corn by liming. Revista Brasileira de
Ciéncia do Solo 22: 275-80.

Food and Agriculture Organization of the United Nations [FAO].
1998. World Reference Base for Soil Resources. Rome, Italy.
(World Soil Resources Reports, 84).

Fernandez-Sanjurjo, M.J.; Alvarez, E.; Garcia-Rodeja, E. 1995.
Effect of liming on certain properties of the soil solution, the
colloidal fraction and the availability of phosphorus. Edafologia
1: 19-127. (in Spanish).

Fystro, G.; Bakken, A.K. 2005. Soil reaction, yields and herbage
element content as affected by lime applied on established leys
in a multi-site field trial. Journal of Agricultural Science. 143:
407-420.

Gago, C.; Fernandez Marcos. M.L,; Alvarez, E. 2002. Aqueous
aluminium species in forest soils affected by fluoride emissions
from an aluminium smelter in NW Spain. Fluoride 35: 1-12.

Gartley, K.L.; Sims, J.T.; Olsen, C.T.; Chu, P. 2002. Comparison
of soil test extractants used in Mid-Atlantic United States.
Communications in Soil Science and Plant Analysis. 33: 873-
895.

Haby, V.A; Leonard, A.T. 2002. Limestone quality and effectiveness
for neutralizing soil acidity. Commumications in Soil Science
and Plant Analysis. 33: 2935-2948.

Jones, J.B.; Wolf, B.; Mills, H.A. 1991. Plant Analysis Handbook:
A Practical Sampling, Preparation, Analysis, and Interpreting
Guide. Micro-Macro Publishing, Georgia, GA, USA.

Kovacevic, V.; Banaj, D.; Antunovic, M.; Petosic, D. 2004.
Fertilization impacts on the yield and nutritional status of maize
(Zea mays 1..). Cereal Research Communications 32: 403-410.

McNaught, K.J. 1958. Potassium deficiency in pastures. I. Potassium
content of legumes and grasses. New Zealand Journal of
Agricultural Research 1: 148-181.

Mehlich, A. 1984. Mehlich-3 soil test extractant: a modification of
Mehlich 2 extractant. Communications in Soil Science and Plant
Analysis 15: 1409-1416.

Mello, J.C.A.; Boas, R.L.V.; Lima, E.V.; Crusciol, C.A.C.; Bull,
L.T. 2003. Changes of chemical soil characteristics due to doses
and particle sizes of limestone in no-tillage and conventional
systems. Revista Brasileira de Ciéncia do Solo 27: 553-561 (in
Portuguese, with abstract in English).

Mengel, K.; Kirbky, E.A. 1980. Potassium in crop production.
Advances in Agronomy 33: 59-109.

Monterroso, C.; Alvarez, E.; Fernandez Marcos, M.L. 1999.
Evaluation of Mehlich III reagent as a multielement extractant
in mine soils. Land Degradation & Development 10: 35-47.

Mosquera, R.; Gonzilez, A. 1999. Pasture production in Northern
Spain systems. New Zealand Journal of Agricultural Research
42: 125-132.

Papadakis. J. 1966. Climates of the World and their Agricultural
Potentialities. J. Papadakis, Buenos Aires, Argentina.

Peech, L.; Alexander, L.T.; Dean, L.A. 1947. Methods of Soil
Analysis for Soil-Fertility Investigations, USDA, Washington,
DC, USA. (USDA Circular, 757)

Peregrina, F.; Mariscal, 1.; Ordonez, R.; Gonzélez, P.; Terefe, T.;
Espejo, R. 2008. Agronomic implications of converter basic
slag as a magnesium source on acid soils. Soil Science Society of
America Journal 72: 402-411.

Reid, R.L.; Horvath, D.S. 1980. Soil chemistry and mineral problems
in farm livestock: a review. Animal Feed Science and Technology
15: 95-167.

Riggs, K.S.; Rimmer, D.L.; Syers, J.K. 1995. Effect of liming on the
chemical composition of soils. Journal of the Science of Food
and Agriculture 69: 159-167.

Santano, J.; Espejo, R. 1997. Effects of lime and gypsum
amendments on cation redistribution and copper, zinc, and
manganese availability in a Palexerult from SW Spain.
Agrochimica 41: 233-240.

Scott, B.J.; Conyers, M.K.; Fisher, R.; Lill, W. 1992. Particle size
determines the efficiency of calcitic limestone in amending acidic
soil. Australian Journal of Soil Research 43: 1175-1185.

Stevens, R.J.; Laughlin, R.J. 1996. Effects of lime and nitrogen
fertilizer on two sward types over a 10-year period. Journal of
Agricultural Science 127: 451-461.

Wendt, J.W. 1995. Evaluation of the Mehlich-3 soil extractant for
upland Malawi soils. Communications in Soil Science and Plant
Analysis 26: 687-702.

Whitehead, D.C. 1966. Nutrient Minerals in Grassland Herbage:
A Review. CABI, Wallingford, UK.

Whitehead, D.C. 1995. Grassland Nitrogen. CABI, Wallingford,
UK.

Received July 30, 2009
Accepted July 26, 2010

Sci. Agric. (Piracicaba, Braz.), v.68, n.2, p.200-208, March/April 2011




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


