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Abstract

High sulfur concentrations lead to soil acidification and, indirectly, to the mobilization
of phytotoxic compounds, including aluminum and selected trace elements. On the other
hand, sulfur deficiency decreases crop yield and quality. Previous studies investigating the
effect of sulfur on the available potassium content of soil delivered inconclusive results.

The aim of this study has been to determine the effect of increasing doses of sulfate
sulfur and elementary sulfur on the content of total sulfur, sulfate sulfur and available
potassium in soil samples collected at a depth of 0-40 and 40-80 cm. A three-year field
experiment was conducted on acid brown soil of the grain size distribution of heavy loamy
sand. The soil was acidic in reaction (pH; .| kc1 d¢m=3 of 5.30) and contained the following
concentrations of mineral nutrients: mineral nitrogen — 24.0, sulfate sulfur — 4.10, availa-
ble phosphorus — 34.5, available potassium — 110.0 mg kg1 soil. Three sulfate sulfur
(8-SO,) and elementary sulfur (S-S9) fertilization levels were applied each year: S; — 40,
Sy — 80 and S5 — 120 kg hal. In most cases, NPK+S fertilization, in particular the applica-
tion of 120 kg S ha™l, contributed to an increase in total sulfur concentrations in both
sampled soil horizons compared with the NPK treatment. Sulfate accumulation in the soil
increased over time, proportionally to the increasing rates of sulfur fertilizers. The effect
of elementary sulfur application on an increase in the S-SO, content of the 0-40 cm soil
layer was noted in the third year of the study. During the three-year experimental period,
the application of both sulfur forms decreased the available potassium content of soil sam-
ples collected at the depth of 0-40 cm in comparison with the NPK treatment. The available
potassium content of the 40-80 cm soil layer varied after sulfur fertilization. Sulfate sulfur
exerted a stronger effect than elementary sulfur on available potassium levels in the soil.

Key words: fertilization, total sulfur, sulfate sulfur, elementary sulfur, available potas-
sium, soil.
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WPLYW ROZNYCH DAWEK I FORM SIARKI NA ZAWARTOSC JEJ FORM
ORAZ POTASU PRZYSWAJALNEGO W GLEBIE

Abstrakt

Wysoka zawartos¢ siarki w glebie powoduje jej zasiarczenie i zakwaszenie oraz po-
Srednio uruchamia zwigzki fitotoksyczne, szczegdlnie glin i niektére pierwiastki $ladowe.
Niewystarczajace odzywianie roslin tym pierwiastkiem obniza plon i pogarsza jego jakos¢. Ba-
dania dotyczace wpltywu siarki na zawarto$¢ potasu przyswajalnego w glebie sa rozbiezne.

Celem badan byla ocena wplywu nawozenia wzrastajacymi dawkami siarki w formie
siarczanowej i elementarnej na zawartosé siarki ogélem, siarki siarczanowej oraz potasu
przyswajalnego w poziomie gleby 0-40 i 40-80 cm. Trzyletnie do$wiadczenie polowe prze-
prowadzono na glebie brunatnej kwasnej, o sktadzie granulometrycznym piasku gliniaste-
go mocnego. Gleba przed zalozeniem do$wiadczenia charakteryzowata sie odczynem kwa-
$nym (pH ; .1 kel am=3 Wynosito 5,30), zawarto§é skladnikéw mineralnych wynosila: azot
24,0, siarka siarczanowa 4,10, fosfor przyswajalny 34,5 i potas 110,0 mg kg1 gleby. Corocz-
nie stosowano: S; — 40, S, — 80 i S; — 120 kg ha~! siarki siarczanowej (S-SO,) i elemen-
tarnej (S-S0). Nawozenie NPK + S, szczegélnie 120 kg S ha~l, spowodowalo na ogét wzrost
zawarto$ci siarki ogotem w obu poziomach gleby, w odniesieniu do obiektu NPK. Wraz ze
wzrostem dawek siarki i uplywem czasu trwania do$wiadczenia nastepowalo nagromadze-
nie siarczanéw w glebie. Wplyw nawozenia siarka elementarng na zwiekszenie zawartoSci
S-SO, w glebie, w poziomie 0-40 cm, uwidocznil si¢ dopiero w trzecim roku. W okresie
trzech lat trwania doswiadczenia dodatek obu form siarki spowodowal na ogét zmniejsze-
nie zawartoSci potasu przyswajalnego w poziomie gleby 0-40 cm w poréwnaniu z obiektem
NPK. Po nawozeniu siarka, w warstwie gleby 40-80 c¢m, zmiany zawartoSci potasu przy-
swajanego byly nieregularne. Siarka siarczanowa oddzialywata silniej na zawarto§é potasu
przyswajalnego niz forma elementarna.

Stowa kluczowe: nawozenie, siarka ogotem, siarka siarczanowa, siarka elementarna,
potas przyswajalny, gleba.

INTRODUCTION

Both sulfur deficiency and excess can be harmful to plants (TERELAK et
al. 2001, Komarnisky et al. 2003). Recently, there has been a growing inter-
est in sulfur fertilizers, mostly in non-industrialized areas distant from large
urban agglomerations, where signs of plant sulfur deficiencies are particu-
larly noticeable. The observed sulfur deficiency is associated with sulfur emis-
sion limits and a low sulfur content of mineral fertilizers (MECHTELD et al.
2003, WALKER, Dawson 2003). In Europe, sulfur deficiency occurs not only in
plants with high sulfur requirements but is also frequently reported in cere-
als (ScHUNG et al. 1993, ZHAO et al. 1996, ScHERER 2001).

Available potassium concentrations are considered to be low in nearly
half of the total utilized agricultural area in Poland (Braszczyk, Dupys 2000).
LaBrTOowicz et al. (2005) observed negative potassium balance at 45% of the
investigated farms. According to LipiNski (2005), potassium deficiency is one
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of the most common nutrient deficiencies in soils. Researchers differ in their
opinions regarding the effect of sulfur on the available potassium content of
soil. MoTowicka-TERELAK et al. (1995) reported that changes in available po-
tassium levels in soil caused by excessive sulfur emissions are irregular and
typical of the negative consequences of soil acidification. High sulfur concen-
trations in soil enhance potassium leaching (Murawska et al. 1999, KiepuL
1999). Krzywy et al. (2000) found that phosphogypsum fertilization increases
the available potassium content of soil. According to AGrawaL and VERMA (1997),
soil potassium availability reduces the adverse effect of sulfur on plant
growth.

The aim of this study has been to determine the effect of increasing
doses of sulfate sulfur and elementary sulfur on the content of total sulfur,
sulfate sulfur and available potassium in soil samples collected at a depth of
0-40 and 40-80 cm.

MATERIALS AND METHODS

A three-year field experiment was conducted in Byszwald near Lubawa,
in 2000-2002, on acid brown soil of the grain size distribution of heavy loamy
sand. The uppermost soil layer had pH g, = 5.30 and contained the follow-
ing concentrations of mineral nutrients: mineral nitrogen — 24.0, sulfate
sulfur — 4.10, available phosphorus — 34.5, available potassium — 110.0 mg
kg! soil. Three sulfate sulfur (S-SO,) and elementary sulfur (S-S°) fertiliza-
tion levels were applied each year: S; — 40, S, — 80 and Sg3 — 120 kg ha-1.
The experiment was carried out in a randomized block design and com-
prised eight fertilization treatments in four replications: 1) 0; 2) NPK;
3) NPK + S;-SO4; 4) NPK + S,-SO4; 5) NPK + S3-SO,; 6) NPK + S;-S%
7) NPK + S, - S% 8) NPK + S3 — SC.

The following fertilizers were used: nitrogen — ammonium saltpeter or
ammonium sulfate, phosphorus — triple superphosphate, potassium — 60%
potash salt or potassium sulfate, sulfur — potassium sulfate + ammonium
sulfate and elementary sulfur (Table 1). The tested crops were common cab-
bage (Brassica oleracea var. capitata alba) — medium late cv. Glory of Enkhu-
izen, onion (Allium cepa var. cepa) — cv. Wolska, and spring barley (Hordeum
sativum var. nutans) — cv. Rodion.

Soil samples were collected in each plot, at a depth of 0-40 ¢cm and
40-80 cm, before setting up the experiment, after harvest of each crop and
prior to the sowing of the next crop. In the spring of 2001, soil samples
were collected only from the 0-40 cm soil layer due to persistent precipita-
tion. Air-dried soil samples were passed through a 1 mm mesh sieve. The
content of total sulfur and sulfate sulfur was determined in soil samples by
the turbidimetric method and available potassium concentrations were meas-
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Table 1
Doses of NPK applied in the experiment
N P K
Plant
(kg ha™1)
Head cabbage 200.0 52.5 180.0
Common onion 160.0 60.0 183.0
Spring barley 90.0 80.0 111.0

ured by Egner-Riehm method. The results were verified statistically by an
analysis of variance for two-factorial experiments in a randomized block de-
sign. Experimental factor ¢ was a sulfur form and experimental factor b
consisted of a sulfur dose. Regression analysis was performed using Statisti-
ca 6.0 PL software. The significance of differences between group means
was determined by Duncan’s test.

RESULTS AND DISCUSSION

Before setting up the experiment, the total sulfur content of soil was
comparable across all experimental plots, in both sampled horizons (0-40 cm
and 40-80 cm). Total sulfur concentrations were approximately 2.5-fold lower
in the 40-80 cm soil layer than in the 0-40 cm layer. At the completion of
the experiment, significant increase in the total sulfur content was noted in
both soil horizons following the application of a single and triple dose of
S-SO4 and a double and triple dose of elementary sulfur, compared with the
NPK treatment. In the remaining treatments, the total sulfur content of
soil was similar to the values observed after NPK fertilization (Table 2).
At the end of the experiment, in the treatments not fertilized with sulfur,
the total sulfur content of soil decreased considerably (by around 16%) in
the 0-40 cm layer but increased (from 11% to 36%) in the 40-80 cm horizon
in comparison with the samples collected in the spring of 2000 (Table 2).

The S-SO, content of soil was affected by the dose and form of sulfur
and the duration of the experiment. In most treatments, increasing sulfur
doses contributed to an increase in the sulfate content of soil. Similar re-
sults were reported by KurLczycki (2003), who noted the highest concentra-
tions of total sulfur and S-SO, in a treatment fertilized with the highest
sulfur rate.

In the fall of 2000 and 2001 (after cabbage and onion harvest), following
the application of single and double doses of sulfur, the S-SO, accumulation
in both sampled soil horizons was similar to or lower than in the NPK
treatment (Tables 3 and 4). The only exception was the double dose of
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Table 2
Effect of different rates and forms of sulfur on the content of total sulfur
in soil 0-40 cm and 40-80 cm (mg kg~ soil)
Before After cmBefore After
Treatment experiment experiment experiment experiment

0-40 cm 40 - 80 cm
0 54.6 45.6 19.9 244
NPK 54.8 45.6 20.2 22.5
NPK+ S,-SO, 58.2 50.3 22.8 31.6
NPK+ S,-SO, 57.9 45.2 20.9 20.5
NPK+ S3-SO, 53.6 57.6 23.2 48.6
NPK+Sl-S-O 49.1 46.6 22.3 21.3
NPK+Sz-S-0 58.5 51.7 24.0 25.7
NPK+SS—S—0 57.8 55.6 19.5 435

LSD‘p-0.05

a n.s. 1.59 n.s. 1.06
b n.s. 2.25 n.s. 1.50
axb n.s. 3.18 n.s. 2.12

SO, — sulfate sulfur; SO — elementary sulfur; S;-40kg ha1, Sy — 80 kg ha1, S;—120 kg ha1,
a — form of sulfur; b — dose of sulfur; a x b interaction, n.s. — no significant difference

S-SO, applied in 2001, which increased the S-SO, content of the 0-40 cm
soil layer. An increase in the sulfate content of soil, caused by the applica-
tion of increasing sulfur doses, was reflected in the levels of sulfate sulfur
and total sulfur in plants. At the completion of the study, the sulfate con-
tent of soil samples collected at the depth of 0-40 cm (Table 3) after the
application of 40 kg ha™! S-SO, and S-S% was similar to the level before
setting up the experiment. Increasing sulfur doses considerably increased
sulfur concentrations. In the 40-80 cm soil layer, the application of 40 kg
S-SO4 did not result in any S-SO, accumulation in the soil. The values
noted in the remaining treatments were substantially higher (Table 4). This
could have been due to a relatively low sulfur uptake by spring barley, as
described by SkwiErawska et al. (2008), and to the migration of sulfate sulfur
from the uppermost soil layer, particularly after the application of increas-
ing S-SO, doses. As demonstrated in a laboratory experiment performed by
ZAwARTKA and SKWIERAWSKA (2005), S-SO, ions are readily translocated down-
ward and upward in the soil profile. Sulfate accumulation in both sampled
soil horizons was considerably higher in the spring than in the fall of the
preceding year, particularly after the application of S—SO.

Sulfate accumulation in both sampled soil horizons was observed in the
third year of the study in NPK+S treatments. It was dependent on a sulfur
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Table 3
Effect of different rates and forms of sulfur on the content of sulfate sulfur
in soil 0-40 cm (mg kg soil)
After Bef.'ore After onion Before After barley
Treatment cabbage onion barley
. harvest . harvest
harvest sowing sowing
0 0.9 2.3 0.9 2.1 1.60
NPK 0.0 2.3 1.1 2.0 1.10
NPK+ S;-SO, 0.0 5.1 1.6 2.3 5.30
NPK+ S,-SO, 0.0 6.3 3.2 2.6 9.70
NPK+ S3-SO, 9.8 6.2 3.6 4.2 12,5
NPK+8;-S-0 0.0 2.2 1.2 45 5.40
NPK+SZ-S-0 0.0 2.6 15 8.4 9.60
NPK+85-S- 0.0 6.7 15 10.2 11.0
LSD-, .05
a 0.01 0.20 0.09 0.35 0.37
b 0.07 0.28 0.13 0.49 0.52
axb 0.10 0.39 0.18 0.69 0.74
Explanations see Table 2
Table 4
Effect of different rates and forms of sulfur on the content of sulfate sulfur
in soil 40-80 cm (mg kg! soil)
After Before After onion Before After barley
Treatment cabbage onion barley
. harvest . harvest
harvest sowing sowing
0 0.9 - 1.7 2.2 2.1
NPK 0.0 - 2.0 2.3 3.0
NPK+ S;-SO, 0.0 - 1.2 2.0 3.5
NPK+ S,-SO, 0.0 - 1.6 4.3 6.9
NPK+ S3-SO, 5.8 - 2.7 7.5 9.2
NPK+Sl—S—0 0.0 - 19 3.3 5.3
NPK+S,-S-0 0.0 - 2.3 3.4 5.2
NPK+S3-S-0 0.0 - 4.0 6.7 7.3
LSD-, 0.05
a 0.06 r.n. 0.390 0.25
b 0.09 - 0.39 0.558 0.35
axb 0.12 0.55 0.790 0.49

Explanations see Table 2
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dose, reaching the highest level after the application of 120 kg S. The effect
of elementary sulfur on an increase in the S-SO, content of soil was not
noted in the first and second year of the study; in the third year, the
S-S0, concentrations in soil were comparable, regardless of the type of sul-
fur fertilizer. The above testifies to the gradual oxidation of elementary sul-
fur, observed also by WEN et al. (2001). Duncan’s test revealed that the
application of 80 kg and 120 kg S ha~! over three years caused an increase
in S-SO, accumulation in the soil in comparison with the NPK treatment
and control (Table 5).

Table 5
Significance of differences in the content of sulfate sulfur in soil between particular
objects according to Duncan's test. Differences statistically significant at (p<0.05)
?niitt- 0 NPK I-S-S0, | II-S-SO, | III-S-SO, 1-S-S0 I1-S-S0 | I11-S-S°
0
NPK 0.823871
S;-S0, | 0.352961 | 0.280555
S9-S0, | 0.003800* | 0.002095* | 0.042855*
S3-SO, | 0.000004* | 0.000005* | 0.000004* | 0.000013*
S;-80 0.142091 | 0.104797 | 0.529193 | 0.138759 | 0.000004*
S-S0 | 0.006260* | 0.003697* | 0.059573 | 0.830541 | 0.000004* | 0.174804
S3-S0 | 0.000004* | 0.000004* | 0.000031*| 0.028410* | 0.010105* | 0.000328* | 0.021563"*
x 2.1091 1.9909 2.6023 3.7705 6.3000 2.9364 3.6568 4.9341

* gignificant difference,
#% ¥ _ average content of sulfate sulfur in soil in particular objects for the years 2000-2003 (mg kg1 soil)
S0, - sulfate sulfur, S° - elementary sulfur, S;— 40 kg ha~!, S, — 80 kg ha~1, S5 — 120 kg ha~!

In the fall, after cabbage harvest, the available potassium content of soil
samples collected at the depth of 0-40 cm ranged from 39.1 to 73.0 mg
K kg! soil (Table 6). The potassium content of soil was significantly affect-
ed by the form and dose of sulfur. The application of increasing S-SO, dos-
es, in particular 80 kg and 120 kg ha™!, led to a decrease in available potas-
sium concentrations compared with the NPK treatment and the treatments
fertilized with elementary sulfur. In the first year of the experiment, ele-
mentary sulfur — due to its slow oxidation — had less pronounced influence
on changes in the available potassium content of soil, which is consistent
with the findings of Jagar et al. (1999) and WEI ZHou et al. (2002). The avail-
able potassium content of the 40-80 cm soil layer was substantially lower
than in the uppermost soil layer in the same treatments, ranging between
38.1 and 67.1 mg K kg ! soil (Table 7). Both the form and dose of sulfur had
a significant effect on changes in available potassium concentrations in soil.
In most cases, the application of sulfate sulfur and elementary sulfur con-
tributed to a significant decrease in the potassium content of soil in compar-
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ison with the NPK treatment, except in the treatment fertilized with a sin-
gle dose of elementary sulfur, where available potassium levels were compa-
rable to those noted in the NPK treatment.

Soil samples collected in the spring of 2001 at the depth of 0-40 cm
were characterized by a higher available potassium content than the sam-
ples analyzed in the fall (Table 6), which could have resulted from the mobi-
lization of potassium reserves by precipitation. The applied sulfur doses
caused irregular changes in the available potassium content of soil. A con-
siderable decrease in potassium levels was observed only in the treatment
fertilized with 120 kg ha=! S-SO. The 0-40 cm soil horizon contained larger
quantities of available potassium than the soil samples collected before set-
ting up the experiment and after the first year of the study.

Table 6

Effect of different rates and forms of sulfur on the content of available potassium
in soil 0-40 cm (mg kg1 soil)

After Before After onion Before After barley
Treatment cabbage onion barley
. harvest . harvest
harvest sowing sowing
0 39.1 40.8 33.6 44.6 14.2
NPK 73.0 67.6 117.7 92.3 102.1
NPK+ S;-SO, 67.6 86.2 95.8 81.8 106.6
NPK+ S5-SO, 52.6 68.0 68.6 75.7 107.1
NPK+ S3-SO, 52.6 70.0 43.6 76.9 64.1
NPK+SI-S-0 67.0 69.0 48.3 93.3 50.2
NPK+SZ-S-0 69.1 74.6 55.0 59.5 99.6
NPK+S3-S-0 71.0 50.8 111.6 95.6 79.8
LSD‘p-O.os
a 3.11 r.n. 3.52 3.28 3.98
b 4.40 464 498 4.64 5.63
axb 6.23 6.56 7.04 6.56 7.96

Explanations see Table 2

In the fall, after onion harvest, the available potassium content of the
0-40 cm soil layer was in the range of 33.6-117.1 mg K kg~! (Table 6). Sulfur
fertilization caused a substantial decrease in potassium levels, compared with
the NPK treatment, which could have been due to the leaching of potassi-
um ions. Similar results were obtained by ZAawARTKA and SKWIERAWSKA (2004,
2005) in laboratory experiments. In the treatment fertilized with 120 kg ha1
elementary sulfur, available potassium levels were comparable with those
noted in the NPK treatment. This indicates a slower release of elementary
sulfur than sulfate sulfur, observed also by Kaczor, BrRopowska (2008). The
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concentrations of available potassium in the 40-80 c¢cm soil layer varied over
a narrower range than in the 0-40 cm horizon, and they depended on the
applied fertilizer (Table 7). S-SO, at a rate of 120 kg and elementary sulfur
in all the doses decreased the available potassium content of soil in compar-
ison with the NPK treatment. Increasing sulfur doses reduced the accumu-
lation of available potassium in the 40-80 cm soil layer.

Table 7

Effect of different rates and forms of sulfur on the content of available potassium
in soil 40-80 cm (mg kg1 soil)

After Before After onion Before After barley
Treatment cabbage onion barley
. harvest . harvest
harvest sowing sowing
0 46.3 - 31.1 14.7 12.7
NPK 64.0 - 49.3 41.7 54.7
NPK+ S;-SO, 42.5 - 48.8 24.5 40.5
NPK+ S,-SO, 49.0 - 48.8 28.1 27.6
NPK+ S;-SO, 41.3 - 43.0 29.9 11.7
NPK+S,;-S-0 67.1 - 45.8 31.8 24.3
NPK+S,-S-° 43.8 - 35.6 15.7 16.8
NPK+S,-S-0 38.1 - 33.6 21.3 13.2
LSD-, .05
a 2.39 - 1.42 2.44 2.48
b 3.39 2.01 3.46 351
axb 4.79 2.84 4.89 4.96

Explanations see Table 2

In the spring, before barley sowing, the available potassium content
of the 0-40 cm soil horizon was insignificantly higher than in the previous
years (Table 6). The changes in potassium levels were random. Sulfur appli-
cation decreased the potassium content of soil compared with the NPK treat-
ment, except in the treatments fertilized with 40 and 120 kg elementary
sulfur. Elementary sulfur, in comparison with sulfate sulfur, caused a signif-
icant increase in potassium concentrations in soil. Potassium levels were
much lower in the 40-80 c¢cm soil layer than in the 0-40 cm horizon (Table 7).
The application of both sulfate sulfur and elementary sulfur (in particular
a double dose of elementary sulfur) significantly reduced available potassium
concentrations in the soil in comparison with the NPK treatment.

In the fall, after barley harvest, a considerable increase in the available
potassium content of the 0-40 cm soil layer was noted in the treatments
fertilized with 40 and 80 kg ha~! sulfate sulfur and 80 kg elementary sulfur.
The application of elementary sulfur caused irregular changes in potassium
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levels. Sulfate sulfur, compared with elementary sulfur, contributed to a sig-
nificant increase in potassium concentrations. Soil samples collected at the
depth of 40-80 cm (Table 7) were characterized by a considerably lower avail-
able potassium content than those collected at the depth of 0-40 cm (Ta-
ble 6). NPK+S fertilization, in particular the application of a triple dose of
sulfate sulfur and elementary sulfur, significantly decreased available potas-
sium levels compared with the control treatment.

During the three years of the experiment, application of either sulfur
form led to a significant decrease in the available potassium content of the
0-40 cm soil layer in comparison with the NPK treatment (Table 6), except
the treatments fertilized with a single dose of sulfate sulfur and a triple
dose of elementary sulfur. Increasing doses of sulfate sulfur tended to de-
crease potassium levels while the application of elementary sulfur contribut-
ed to an increase in potassium concentrations. The application of both sul-
fur forms caused a decrease in the available potassium content of the
40-80 cm soil layer compared with the NPK treatment (Table 7). Increasing
doses of sulfate sulfur and elementary sulfur (in particular the latter) re-
duced potassium concentrations in soil. The fluctuations in available potassi-
um content could have been due to the acidifying effect of sulfur, also ob-
served in our previous study (SKwIERAWSKA et al. 2006). As shown by the
results of Duncan’s test, the differences noted between the treatments over
the three-year experimental period were statistically significant (Table 8).
The average available potassium content of soil was the lowest in the treat-
ment fertilized with a triple dose of sulfate sulfur (a statistically significant
difference).

CONCLUSIONS

1. In most cases, NPK+S fertilization, in particular the application of
120 kg S ha™l, contributed to an increase in total sulfur concentrations in
both sampled soil horizons (0-40 and 40-80 cm) compared with the NPK
treatment.

2. The application of sulfate sulfur caused an increase in the S-SO, con-
tent of the 0-40 cm soil layer as early as the first year of the study, while
the effect of elementary sulfur was not noted until the third year. The above
trend was not observed with respect to the 40-80 cm soil horizon. Sulfate
accumulation in soil increased over time, proportionally to the increasing
rates of sulfur fertilizers.

3. During the three years of the experiment, the application of both
sulfur forms decreased the available potassium content of soil samples col-
lected at the depth of 0-40 cm in comparison with the NPK treatment, where-
as the available potassium content of the 40-80 cm soil layer varied.
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4. Sulfate sulfur exerted a stronger effect on available potassium levels
in soil than elementary sulfur.
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