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Abstract

The objective of the study was to investigate the impact of sulphur application on the con-
tent (g kg') and uptake (kg ha') of phosphorus and potassium with the yield of potato tubers.
In 2004-2006, a field experiment on potato was conducted, in which S was applied in different
forms (elemental and K,SO,) and doses (0, 25 and 50 kg ha™).

The content and uptake of P and K in the dry mass of potato tubers was significantly in-
creased by sulphur. The application of sulphur increased the P content and uptake irrespective
of the S dose, but elemental S proved more effective. The K content was the highest when sul-
phate was applied at 50 kg S ha'. The K uptake by tubers was significantly increased by both
of the applied doses versus the control plots. The tuber yield depended substantially on the rate
of S fertilizer.

Sulphur applied as sulphate increased the content of SO,-S in the soil. The application of
elemental S in a dose of 50 kg ha! decreased the soil pH. The soil content of total C was depen-
dent on each dose and form of the applied sulphur. The content of SO,-S and total C in the soil
positively correlated with the P content and uptake by potato tubers. A negative correlation was
found between the pH value and content and uptake of P by potato tubers. No correlation was
found between K and soil parameters, but a positive correlation was found between the P and K
uptake by tubers and between the P and K uptake versus tuber yield.
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INTRODUCTION

The clean air laws have drastically restrained SO, emissions in Europe,
including Poland, up to the point when macroscopic sulphur deficiency be-
came a widespread nutrient disorder in agricultural production (HANEKLAUS
et al. 2003, SIEBIELEC et al. 2012). Sulphur application has been found to in-
crease yields of potato tubers, improve tuber quality and strengthen resis-
tance to Streptomyces scabies and Rhizoctonia solani (Kuikocka et al. 2005,
Kuikocka 2010). According to Wana et al. (2008), potato is not a highly sul-
phur demanding crop, with the S concentrations ranging from 1.2 to 2.8 g
kg! in the dry matter of tuber and haulm, but considerable amounts of S can
be removed from the soil over years when potato yields are high. In S-defi-
cient soil, application of S fertilizer can significantly increase the tuber yield
and starch content of potato, while contributing to a decrease in the tuber N
concentration owing to increased dry matter production (KoronzieJczyk 2014).
Furthermore, EPPENDORFER and EccuMm (1994) found that S deficiency signifi-
cantly influenced the amino acid composition of potatoes; the concentration
of the S-containing amino acids methionine and cysteine decreased by 30%
and 60%, respectively, in S-deficient soil.

Potatoes (Solanum tuberosum L.) are the fourth most important food
crop in the world, providing more food than the combined world output of
fish and meat. Potato tubers contain 1-1.2% mineral compounds, of which
the most basic ones are potassium, magnesium, calcium and phosphorus
(Gucara, Zarzecka 2011, Kuikocka,Growacka 2013). Potassium and phospho-
rus perform important building functions, they are also an integral part of
enzymes and play an important role as regulators of metabolic processes
(Rivero al. 2003). Research by WicHrROWSKA et al. (2009) has indicated that a
portion of about 300 g of potatoes provides the human body with 48.6% of
the recommended daily dietary intake of potassium and 25.1% of the recom-
mended intake of phosphorus.

However, little information is available on the influence of S supply on
the phosphorus and potassium content in potato tubers. Thus, an attempt
was made to determine the effect of the form (sulphate or elemental) and
dose (0, 25, 50 kg ha'') of soil-applied sulphur on the content and uptake of P
and K in the dry mass of potato tubers.

MATERIAL AND METHODS

In 2004-2006, field experiments on potatoes were conducted at Malice
(N 50°42'; E 23°15'), south-eastern Poland. They were set up in a split plot
design with four replications, on Cambisols (WRB 2007) consisting of light
silty sand. The soil pH was 5.2. The average soil content (g kg of soil) of to-
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tal C was 7.4 and total N was 0.7. The soil content (mg kg of soil) of P was
41.7, K- 76.8, Mg — 30.8 and S-SO, — 10.1 (analytical methods for soil para-
meters are in Table 1).

Table 1
Analytical methods for plant tissue materials and for soil
Parameter Method
Plant tissue materials
Dry matter | by the oven method (at 105°C)
P determined by the photometric method
K extraction with 2 N HCI, determined by atomic absorption spectrophotometry (AAS)
Soil
pH potentiometrically in 0.01 M CaCl, suspension using a Methrohm 605 pH-meter
C-total combustion by LECO EC-12®, model 752-100
N-total determined by the Kjeldahl’s method
P determined by the photometric method
K determined by AAS
Mg determined by AAS
SO,-S extracted by 0.025 M KCl and determined by ion-chromatograph

The area of the plots was 30 m?for planting and observation, and 19.5 m?
(3.0 mx 6.5 m) for harvesting. A medium-early, edible potato variety called
Iriga was planted.

The following S treatments were tested: 0, 25 and 50 kg ha'as K,SO,
and as elemental S. After harvesting of spring triticale, 3 t ha! straw from
that cereal (as organic fertilizer) and 46 kg N ha' (urea CO(NH,),, for stabi-
lization of the C:N ratio) were applied, and the soil was ploughed (20 cm,
second or third decade of August). Spring field work was carried out in the
third decade of March, using shallow ploughing (15 cm). Each year, mineral
fertilizers were applied pre-planting (kg ha’): 100 N (as ammonium nitrate);
40 P (as mineral superphosphate — triple granular); and 140 K (as potassium
chloride in control plots and in plots with elemental S, and as potassium
chloride balanced with potassium sulphate in plots with sulphate sulphur —
116 kg of K as K,SO, + 24 kg of K as KCI). Potato planting was carried out
in the second decade of April. The inter-row space was 67.5 cm with 44,000
tubers planted per ha. The distance between plants in a row was 30 cm.

Chemical application of fungicides and herbicides for control of pests and
potato diseases was carried out as recommended by the Institute of Plant
Protection (IOR-Poland).

Precipitation (April-September) was similar to the long-term average

during the potato growing seasons in 2005-2006. The long-term average
(1971-2005) was 329.8 mm, while in 2005 and 2006 it was 315.2 and
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329.8 mm. In 2004, precipitation was higher than the long-term average
(less than 54.3 mm). The sum of mean monthly temperatures (April-Septem-
ber) during the analysed period was higher than the sum of mean monthly
temperatures in the long-term: 2901°C in 2004, 2949°C in 2005, and 3142°C
in 2006, while in the long-term it was 2687°C.

Potato dry matter was determined by the oven method (at 105°C). The P
content in the dry mass of tubers was determined by the photometric me-
thod, and K by atomic absorption spectrophotometry (Table 1).

Statistical analysis of data was carried out using Manova in Excel 7.0
and Statistica (StatSoft Polska’97). The differences between means were de-
termined using the Tukey’s test at a significance level of P = 0.05.

RESULTS AND DISCUSSION

The analysis of variance showed that the differences in the content and
uptake of phosphorus and potassium with the yield of potato tubers were
statistically significant. The experimental factors had different effects on the
analysed characteristics (Table 2).

The content and uptake of P with the yield of tubers depended signifi-
cantly on the dose of S and form of S fertilizer as well as their interaction,
and on the year of the study. Doses of 25 and 50 kg ha'!, irrespective of the
form of S fertilizer, significantly increased the P content and P uptake with
yield in comparison to the control, but the difference between the two doses
of S was not significant. The effect of both forms of S fertilizer was favoura-
ble in comparison to the control. As regards the dose X form interaction, the
highest P content in the dry mass of tubers was observed after an applica-
tion of elemental S, irrespective of the dose, and after a double dose of sul-
phate. The uptake of P with the yield of tubers was increased by the S appli-
cation, irrespective of the dose and form of S fertilizer.

In 2004 and 2006, the content of P in the dry mass of tubers was higher
than in 2005. The uptake of P with the yield of tubers was higher in 2006
and 2004 than in 2005 (Table 2).

The K content in the dry mass of potato tubers was higher after the dose
of 50 kg S ha'in the form of sulphate than in the control, the dose of 25 kg
ha' and the application of elemental form. However, taking into account the
interaction between the S form and dose, the highest K content was noted in
the combinations with 50 kg S ha’, both sulphate and elemental sulphur.
The lowest uptake of K by tubers was observed in the control and in the
plots with 25 kg of elemental form ha'. The years of the study did not modi-
fy the K content in the dry mass of tubers, but the K uptake with the yield
of tubers was dependent on the growing season. The highest K uptake was
in 2005 and 2006, whereas the highest content of K in tubers was noted in
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Table 2

The influence of S application on the content (g kg!) and uptake (kg ha')
of P and K in potato tubers and yield of tubers (t ha'), as well as the soil characteristics

S dose S Phosphorus Potassium pH Content | Content
(kg ha) | form Tuber | (0.01 M | C-total | SO,-S

g A¥ B** A B vield | caCl) | (gkeg") | (mgkg?)

(t ha')
content in dry mass of potato tubers content in soil

0 — control 2.95 17.10 | 20.19 | 1174 | 25.56 | 5.25-5.33 7.97 24.78
25 SO,-S| 3.11 19.54 | 21.88 | 137.5 | 28.06 | 5.18-5.40 7.88 28.73
25 SO 3.29 19.06 20.17 116.6 26.17 | 5.19-5.32 9.69 25.83
50 SO4-S 3.22 18.69 22.97 132.6 27.02 | 5.20-5.42 9.01 33.07
50 SO 3.39 20.20 | 22.42 132.4 | 27.44 | 5.08-5.21 9.33 26.26
0 — control 2.95 17.10 | 20.19 | 117.4 | 25.56 | 5.25-5.33 7.97 24.78
25 mean | 3.20 19.30 | 21.03 127.0 | 27.12 | 5.21-5.31 8.79 27.28
50 3.30 19.35 | 22.69 132.5 | 27.23 | 5.15-5.32 9.17 29.66
0 — control 2.95 17.10 20.19 117.4 25.56 | 5.25-5.33 7.97 24.78
SO4-S mean 3.17 19.11 22.42 135.1 27.54 | 5.24-5.32 8.45 30.90
SO 3.34 19.54 21.30 124.5 26.81 | 5.15-5.23 9.51 26.05

2004 2.87 16.01 21.84 121.8 | 25.03 | 5.26-5.33 7.61 23.50
Years 2005 3.72 22.34 | 21.25 127.6 | 27.07 | 5.26-5.38 9.12 35.44
2006 2.98 18.29 | 21.49 132.4 | 28.46 | 5.23-5.35 9.61 24.26

R 11.88 9.80 3.99 4.62 5.20 - 24.78 2.43
F-distri- F 10.63 7.81 3.77 5.16 6.55 - 67.21 5.58
bution |RxF| 4.73 4.12 3.72 3.93 3.11 - 18.55 3.47
Y 57.69 57.06 0.33 1.99 15.67 - 50.85 23.49
R 0.0001 | 0.0006 | 0.0303 | 0.0188 | 0.0123 - 0.0001 | 0.1070
p-value F 0.0004 | 0.0021 | 0.0359 | 0.0126 | 0.0048 - 0.0001 | 0.0116
R x F| 0.0028 | 0.0064 | 0.0107 | 0.0081 | 0.0242 - 0.0001 | 0.0149
Y 0.0001 | 0.0001 | 0.7181 | 0.1479 | 0.0001 - 0.0001 | 0.0001
R 0.17 1.19 1.75 8.30 1.13 - 0.28 n.s.
LSD F 0.17 1.19 1.75 8.30 1.13 - 0.28 3.34
P=005|RxF| 0.22 1.56 1.90 10.05 1.60 - 0.54 5.07
Y 0.17 1.19 n.s. 8.30 1.13 - 0.28 3.34

*A — content in d.m. of tubers (g kg?), **B — uptake with the yield of tubers (kg ha?)

Variable: R — dose (df, = 2, df, = 27), F — form (df, = 2, df, = 27), RF — dose x form (df, = 4, df, = 45),
Y — years (df; = 2, df, = 45): where df, — variable degree of freedom, df, — error degree of freedom,
F — distribution in analysis of variance, p-value of F variance ratio, LSD — least significant dif-
ference, n.s. — not significant

2004, although the final K uptake was the lowest. It was so because the
2004tuber yield was the lowest (Table 2). Praza (2004) found out that a
warm year with high precipitation in August and low precipitation in Sep-
tember was the best for the content of macronutrients (N, P, K, Mg, Ca) in
potato tubers. Less rain in August and more rain in September proved less
beneficial, and a growing season with a shortage of precipitation in August
and excess precipitation in September had a negative effect. Such weather
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conditions are not conducive to the concentration of macronutrients in potato
tubers. In the present study, the precipitation in August in 2004, 2005 and
2006 was 71.9, 52.7 and 144.8 mm, respectively, and in September — 36.3,
15.8 and 0.8 mm. The data show that in the case of lower rainfall in August
and September the tubers contained more P, while higher rainfall in August
and September was conducive to a higher potassium content. Wapas et al.
(2008) also confirmed that the weather conditions affect the phosphorus con-
tent in potato tubers.

ErpPENDORFER and Eccum (1994) as well as SincH et al. (1995) or EL
-Favoumy and EL-GamaL (1998) state that S application increased the tuber
total-N, P, K, Na, Ca, Mg, Zn Mn, Cu and Fe content.

In general, S application had a positive effect on the tuber yield. The
application of 25 kg ! elemental S per ha was an exception, failing to cause
a significant increase in tuber yield. However, a significant effect on the in-
creaseing tuber yield was attributed to each dose and form of sulphur fertili-
zation in relation to the control object (without sulphur) — Table 2. As repor-
ted by Krikocka et al. (2005), elemental sulphur must undergo a number of
biochemical and microbiological processes in the soil before it becomes ava-
ilable to plants, so a dose of 25 kg ha! in the elemental form is not as effec-
tive as sulphate, which is directly available to plants.

Positive impact of sulphur fertilization (in the form of potassium sulpha-
te, ammonium sulphate, single superphosphate, gypsum and elemental sul-
phur) on potato yields has been reported by numerous authors, e.g. EL
-Favoumy and ErL-GamaL (1998) and CarRew et al. (2009). WaNG et al. (2008)
state that application of S fertilizer to S-deficient soil can significantly incre-
ase the tuber yield and starch content of potato, while decreasing the tuber
N concentration owing to an increased dry matter production. Kumar et al.
(2007) reported that the tuber dry matter percentage was higher after appli-
cation of K in the form of potassium sulphate and nitrate than potassium
chloride.

Table 2 presents the soil pH and soil content of total carbon and SO,-S
after the potato harvest. Generally, S application significantly increased the
soil SO,-S content. The soil content of SO,-S depended more on the form of S
than on the applied dose, and was the highest after the application of ele-
mental S at 50 kg ha''.

Elemental S noticeably reduced the soil pH. The S application in the
form of sulphate generally increased the content of SO,-S in the soil, while
fertilization with elemental S at a dose of 50 kg ha! decreased soil acidity.
Irrespective of the form of S, the dose of 50 kg ha! was more favourable to
the total C content in soil. WaNG et al. (2006) found significant correlation
between the soil organic carbon and organic sulphur. Sulphate applied with
mineral fertilizers has been found to be more prone to leaching, and S sequ-
estration depends on both the fertilizer type and S applicationdose (SCHERER
et al. 2012).
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The content of SO,-S in the soil positively correlated with the content and
uptake of P by the yield of tubers (Table 3). The content of total C in the soil
positively correlated with content and uptake of P with the yield of tubers. A
negative correlation was found between pH and the content or uptake of P
with the yield. No correlation was found between K and soil parameters. The
total C in soil was positively correlated with the tuber yield, while the soil pH
was negatively correlated with the tuber yield. A negative correlation was
also found between the soil pH and total C content in the soil. A positive cor-
relation was noted between the P and K uptake by tubers. Another positive
correlation was noted between the P and K uptake and yield of tubers (Figure 1).
There was also a positive correlation between the P content and P uptake as
well as between the K content and K uptake (Table 3).

40 40
y=0.349x + 20.25 y=0.072x + 17.67
R*=0.23, P<0.001 R’*=0.32, P<0.001
35 35
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Fig. 1. Relationship between tuber yield of potato and uptake of P and K (n = 60, P = 0.05)

As reported by Jacar et al. (2005) and ScHERERet al. (2012), S deficiency
in soils in several parts of the world has encouraged farmers to use S fertili-
zers to enhance the production and quality of crops. Among S-containing
fertilizers, elemental S (S°) is becoming increasingly popular for use on field
crops. The use of S° helps to reduce leaching and run-off losses, leaving pro-
longed residual effects on the S nutrition of the succeeding crop. The bioche-
mical oxidation of S° produces H,SO,, which decreases soil pH and solubilizes
CaCO, in alkaline calcareous soils, making soil conditions more favourable
for plant growth, including better availability of plant nutrients, especially P
(Jacar et al. 2005, SArFrA et al. 2013). This effect was confirmed in the present
study. Therefore, supplementation of mineral fertilization under potatoes
with sulphur, particularly its elemental form, should be advised.

Based on the present study, an optimal dose of 50 kg ha' of elemental
sulphur under potato may be recommended. This will introduce an additio-
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Table 3
Significant correlation coefficients between elements in plants, soil properties
and yield of potato tubers (mean from 2004-2006)
Elements in tubers
Specification Total C Yield of P K
(n = 60) in soil tubers
content uptake content uptake
pH of soil -0.33* -0.28 -0.25 -0.25
Total C in soil - 0.34 0.25 0.28
SO,-S in soil - - 0.47 0.50
Yield of tubers - - - 0.48 - 0.56
P content - - - 0.90
P uptake - - - - - 0.31
K content - - - - - 0.83

* significant coefficients (P = 0.05)

nal 39.9 mg SO,-S kg of soil (assuming that the average depth of the topso-
il is 25 cm and soil density is 1.5 M g m*). At present, 90% of soil profiles in
Poland contain less than 16.5 mg SO,-S kg, hence they are classified as lo-
w-sulphur, and this entails a possible risk of possibility of sulphur deficit in
these soils (SieBIELEC et al. 2012). The soil on which the experiment was
conducted contained 10.1 mg SO,-S kg, which was a very low content.

CONCLUSIONS

The application of S increased P content and uptake irrespective of the S
dose or form of fertilizer. The K content was the highest when sulphate was
applied at a dose of 50 kg S ha'. The K uptake by the yield of tubers was si-
gnificantly increased by both application doses and both forms of S fertilizer.

The tuber yield depended substantially on the form and application dose
of S fertilizer. Positive correlation was found between the P and K uptake by
the yield of tubers and between the P and K uptake and tubers yield.

The content of SO,-S and total C in soil were positively correlated with
the content and uptake of P by the yield of tubers. A negative correlation
was found between the soil pH value and the content and uptake of P by the
yield of tubers. No correlation was found between K and soil parameters.
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