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Abstract. This paper presents the results of a four-year field
study on the effect of sulphur fertilization on nitrogen uptake and
its utilization efficiency by winter wheat. A two-factor field ex-
periment was carried out over 1999-2002 in a randomized blocks
design. The first factor was fertilization with sulphur (in the form
of sulphate) in doses of 0 and 60 kg ha’!, while the second fac-
tor — nitrogen fertilization (in the form of ammonium nitrate) in
doses of 0, 30, 60, 90, 120 and 150 kg N ha!. Nitrogen was ap-
plied in doses of 30 kg N ha™!, at two-week intervals after the start
of growing season. The research showed that sulphur fertiliza-
tion increased on average the nitrogen uptake by wheat by 3.5%.
The efficiency index of nitrogen fertilization of wheat had higher
values after application of fertilizers containing sulphur with
a tendency to decrease as the dose N increased. Sulphur fertiliza-
tion increased the agronomic efficiency of nitrogen in the range
of low doses from 30 to 90 kg N ha™'.

Keywords: nitrogen doses, sulphur fertilization, nitrogen uptake,
efficiency of nitrogen utilization

INTRODUCTION

Most Polish mineral soils are characterized by a low
content of total sulphur, which in the arable layer of culti-
vated soils, ranges between 0.01-0.15%. The average con-
tent of sulphur in Polish soils is assumed to be between 15
and 20 mg S (100 g)' of soil (Motowicka-Terelak, Terelak
1998). According to Krél (1978), sulphur occurs in about
30% in mineral form and about 70% in organic form. Ac-
cording to Litynski and Jurkowska (1982), the proportion
of organic sulphur in the humus horizons of mineral soils
is 50-80%, while in organic soils it reaches 97%. In agri-
culturally used soils, only 10% of total sulphur is in forms
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easily available to plants, 90% of which comes from organ-
ic sulphur (Diamont, Hanley, 1970). The release of min-
eral sulphur into the soil from organic compounds occurs
when the C:S ratio in the microbial decomposed substance
is less than 200. Under aerobic conditions, the product of
mineralisation of organic sulphur compounds is sulphate
(Motowicka-Terelak, Terelak, 1998).

Plants take up sulphur in the form of anions (SO,?)
in the range pH 4-7. Other naturally occurring forms of
sulphur, such as thiosulphates, polithionates, and elemen-
tal sulphur, must first be oxidized to sulphates or reduced
to sulphides before they can enter the sulphur amino acid
biosynthesis reaction (Krol, 1978; Sulphur Institute Mate-
rials, 1995). Cereal crops and grasses (e.g. wheat) have the
lowest sulphur requirement. This requirement ranges from
12-25 kg S ha'! rok™ (Podle$na, 2013). It was found that
wheat needs about 3 kg S ha' to produce 1 ton of seeds
with an equivalent amount of straw (Zhao et al., 1999).

Sulphur metabolism in the plant is closely related to
nitrogen metabolism (De Kok et al., 2002) and deficiency
of one component inhibits the action of the other (Janzen et
al., 1984). The degree of sulphur uptake and utilization by
plants is dependent on soil nitrogen availability. The opti-
mum N:S ratio, depending on the plant species, should be
15-10:1 (Blake-Kalff et al., 2002). The optimum ratio of
nitrogen to sulphur in whole winter wheat plants before
flowering is 1:0.68, according to Grzebisz (1997). The is-
sue of N:S ratio also has an environmental dimension, as
sulphur deficiency leads to lower efficiency and nitrogen
utilization rates of commonly used nitrogen fertilizers
(Brown et al., 2000).

The yield-forming role of nitrogen in relation to cere-
als is supported by the results of numerous experiments
(Boreczek, 2000; Fotyma, 1997, 1999). On the other hand,
the total nitrogen uptake is always higher for plants fer-
tilized with sulphur, which is significantly influenced by
the pool of the component accumulated in seeds (Podlesna,
2013).
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The objective of this study was to determine the effect
of sulphur fertilization on nitrogen uptake and utilization
by winter wheat.

MATERIALS AND METHODS

In 1999-2002, studies on winter wheat of Kobra culti-
var were carried out in a long-term, static field experiment
located at the Agricultural Experimental Station Grabow
n. Wista (Mazowieckie voivodeship), in a randomized
sub-block design in four replications, far from industrial
centers, where no manure had been used for many years
and the soil had a natural, low sulphur content (0.12—
0.18 mg S-SO, (100 g)' of soil) (Terelak, Motowicka-
Terelak, 1998). In a two-factorial experiment carried out
on lessive soil formed from light clay containing from 26
to 35% of silt and clay fraction, belonging to very good rye
complex, winter rapeseed, winter wheat, maize and spring
wheat were grown in a four-field crop rotation. The first
experimental factor was sulphur fertilization and the sec-
ond was nitrogen fertilization. In the treatment without sul-
phur, NPK fertilizers (nitrogen — ammonium nitrate 34%,
phosphorus — granular potassium superphosphate 46%,
potassium — granular potassium salt 60%) not containing
this component were applied, while in the treatment with
sulphur — NPKS fertilizers mentioned above plus sulphur
in the form of potassium sulphate 50%, simple superphos-
phate 32% were used. PKS fertilizers were applied before
sowing. The doses of NPKS were adjusted to the nutrient
requirements of the crop. The average dose of sulphur in-
troduced with these fertilizers was about 20 kg S ha™' (1999
—21,2000 — 22, 2001 — 20, 2002 — 20 kg Stha™'). Nitrogen
fertilizers, in the form of ammonium nitrate, were applied
in 6 doses: 0, 30, 60, 90, 120 i 150 kg N ha'. Nitrogen
was applied in doses of 30 kg N ha’', at two-week intervals
after the start of growing season. The area of plots to be
harvested was 19.75 m?. The plants were harvested at full
maturity stage. After harvest, grain (at 15% humidity) and
straw yields were determined and nitrogen content (Kjel-
dahl metod) of green tops was determined, and then its
uptake was calculated. Next, the efficiency indices of ni-
trogen fertilization under sulphur fertilization and without
sulphur were calculated in the form of nitrogen utilization
from fertilizers (W, ), agricultural efficiency of fertilization
(Ap) and physiological efficiency of nitrogen (P).

The indicators in question were calculated using the
following formulas (Pecio, 2017):

Nitrogen use efficiency from fertilizers (W) by plants:

W, = [(Un - Uk)/D] - 100%

where:

Un — total uptake of nitrogen in the treatment with N fertilization,
kg ha',

Uk ffotal uptake of nitrogen in the treatment without N fertiliza-
tion, kg ha'!,

D — nitrogen input in the fertiliser, kg ha™'.

Agricultural efficiency of nitrogen — A,

A= (YN -YO)N

Physiological efficiency of nitrogen — P

P.= (YN -YO0)/(PN - P0)
where:
YN — grain yield in the treatment with N fertilization,
YO0 — grain yield in the control treatment without N fertilization,
N — nitrogen input in the YN treatment,
PN — nitrogen uptake with crop yield at the YN treatment,
PO — nitrogen uptake with crop yield in control treatment YO.

The results of the study were processed by analysis of
variance (ANOVA) using Statistica 10.1 statistical soft-
ware. The significance of differences was determined us-
ing Tukey’s test at the significance level = 0.05.

WEATHER CONDITIONS

The 1998/1999 growing season saw the highest pre-
cipitation of 641 mm. After sowing, which took place in
the 3rd decade of September, heavy rains fell which, on
the one hand, caused the crusting of the topsoil and, on
the other hand, improved water conditions in the soil. The
vegetation started at the beginning of March, whereas in
April and June the monthly rainfall significantly exceeded
the multi-year norm. In spite of humid weather conditions
that promoted the development of fungal diseases, a satis-
factory grain yield was obtained at the level of 6 t ha™'.

The second period of the study (1999-2000) saw less
rainfall (622 mm). After sowing the seeds (in October),
abundant rains occurred, which significantly improved the
soil water balance. After overwintering, from the second
decade of April, high daily temperatures, which caused
significant transpiration of water from the soil. The nega-
tive water balance in the period from shooting to flowering
resulted in soil drought which became severe at the end of
June and accelerated plant ripening.

The third period of the study (2000-2001, with rainfall
619 mm) started with intense rainfall in the second decade
of September. This was followed by a drought phase last-
ing until the end of October, which in effect inhibited plant
development. During winter, high temperatures accom-
panied by lack of snow cover occurred. Thus, there were
fears of hardening off and freezing of plants, especially in
the early spring, but eventually the plants survived this pe-
riod in quite good condition. The spring and summer of
2001 brought varied temperature and moisture conditions.
A very wet April was followed by dry first two decades of
May, followed by further rainfall from the 3rd decade of
May. The amount and distribution of the rainfall improved
considerably and had a beneficial effect on the condition
of plants which resulted in the grain yield at the level of
5.8 tha'.
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Figure 1. Rainfall during the 1998-2002 growing seasons compared to the long-term period.
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Figure 2. Air temperature during the 1998-2002 growing seasons compared to the long-term period.

Table 1. ANOVA results for the main effects.

33

One-dimensional significance tests for N uptake

Effect SS Df MS F P
Free term 3176220 1 3176220 18238.79 0.00
Sulfur 586 i 586 336 0.07
N dose 340647 5 68129 391.22 0.00
Sulfur x N dose 118 5 24 0.14 0.98
Error 31346 130 174

SS — sum of squares, Df — degrees of freedom, MS — mean square, F — mean squares quotient, p — level of significance
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In the last period of the study (2001-2002) with total
precipitation (425 mm), grain sowing occurred in well-
humidified soil. In winter, from the third decade of Janu-
ary, air temperatures increased considerably as a result of
which the snow cover disappeared and plants were stimu-
lated to further vegetation. Also in February, the average
monthly temperature was positive and amounted to 3.3°C
(with the long-term mean of -2.4°C). The warm winter af-
fected the development of plants, which at the beginning of
April had developed 56 lateral shoots. Since April weather
conditions have changed. Weak precipitation in April and
its lack in the first half of May (drought as in the second
year of the study), and high temperatures caused inhibition
and differentiation of further growth and development of
plants. The weather conditions affected the obtained grain
yield which on average amounted to 5.1 t ha™’.

In summary, the years 2000 and 2002 had very similar
weather patterns of prolonged drought during the grain for-
mation period.

The distribution of precipitation and total temperatures
from 1999 to 2002 are shown in Figures 1 and 2.

RESULTS
Nitrogen uptake

Nitrogen uptake by winter wheat increased up to
the highest nitrogen dose applied in the experiment of
150 kg N ha'!, which for the maximum yield, both with
and without sulphur fertilization, was 191.4 kg N ha'. Sul-
phur fertilization resulted in a non-significant increase in
nitrogen uptake against increasing N rates (Table 1). On
average, the treatments fertilized with sulphur took up by
3.5 kg N ha! more compared to treatments not fertilized
with this component (Table 2, Fig. 3).
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Table 2. Nitrogen uptake by winter wheat [kg ha'] — average
from 1999-2002.

N dose Total nitrogen uptake
[kg ha'] -S +S mean for N dose
0 66.0 68.6 67.3
30 88.0 92.6 90.3
60 116.0 120.6 118.3
90 138.6 143.2 140.9
120 161.4 165.6 163.5
150 191.2 191.6 191.4
Mean 126.9 130.4 128.6
LSD, s non significant

Nitrogen efficiency indicators

The average efficiency of fertilizer nitrogen (W) utili-
zation by winter wheat was high and ranged from 79.7 to
85.0% for the object with the lowest and highest N dose,
respectively (Table 3). Under sulphur fertilization, nitro-
gen use efficiency was on average 7.4 pp. higher compared
to the treatments without sulphur. Mineral sulphur caused
an increase in nitrogen use from fertilizers at each N dose,
but the highest value of this index was found in treatments
fertilized with lower N doses, i.e. 30—60 kg N ha'.

Of the application rates used in the experiment, the
highest agricultural efficiency (A,,) was achieved for N
30 kg N ha' +S (36.7 kg). The beneficial effect of sulphur
fertilization on increasing agricultural efficiency was ob-
served in the range of low N 30-90 kg N ha™' (Table 3).

The highest physiological efficiency was found for the
dose of N 30 kg N ha! (42.3 and 41.4 kg), while the lowest
for the dose N 150 kg N ha! adequate for -S and +S (24.5
and 22.1 kg) (Table 2). The effect of sulphur fertilization
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Figure 3.

Nitrogen uptake in dependency on fertilization with this nutrient [kg ha™].
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Table 3. Indexes of efficiency of nitrogen use.

W ANE . . 'PNE .
N dose Apparent ni troI;gen recovery Agronom}c efficiency Phy51olog1?al efficiency
(keha") [%] of nltr.ogeg ] of nltr'ogenr |
[kg of grain kg' N] [kg of grain kg' N]
-S +S Average for N dose -S +S -S +S
30 70.8 88.6 79.7 31.0 36.7 42.3 41.4
60 83.4 91.1 87.2 28.3 31.3 34.0 34.4
90 80.6 85.8 83.2 25.1 27.1 31.1 31.6
120 79.5 83.0 81.3 23.1 22.1 29.0 26.6
150 83.5 86.4 85.0 20.5 18.5 24.5 22.1
Average 79.6 87.0 83.3 25.6 27.1 322 31.2

on the physiological efficiency of nitrogen proved to be
ambiguous (Table 3). In most of the N+S-fertilized treat-
ments, the values of this index were lower compared to the
+N plots, i.e. not fertilized with sulphur fertilizer.

DISCUSSION

It was shown that on a control treatment (without nitro-
gen) fertilised with sulphur in the sulphate form at a dose
of ca. 60 kg S ha’l, total nitrogen uptake by winter wheat
was, on average for the study years, 68.6 kg N ha' and was
by 2.6 kg N higher compared to the uptake in the control
treatment without sulphur.

The increase in N uptake obtained by the authors of this
study in the treatments with sulphur (-N+S), compared to
sulphur-free ones, was found to be similar to that obtained
for winter wheat by Fotyma (2003). The mentioned au-
thor conducted a six-year experiment on a similar soil (i.e.
light clay belonging to medium soils with natural sulphur
content) and obtained an increase in nitrogen uptake by
3 kg N ha'! in the treatment with 50 kg S ha'! applied in
a form of potassium sulphate.

It should be added that Fotyma (2003) in experiments
with spring wheat, grain maize and winter rapeseed, con-
ducted under similar conditions as with winter wheat (at
sulphur doses of 40, 50 and 80 kg S ha'), obtained an am-
biguous result, i.e. a decrease or an increase in nitrogen
uptake for treatment with sulphur of about 3 kg N ha™! for
wheat, or it increase by 3 kg N ha'! for rapeseed and maize.
Negative results for spring wheat may indicate overferti-
lization with sulphur as the sulphur requirement for this
species is determined at 20-25 kg S ha™'. In our study, no
significant differences in nitrogen uptake were obtained for
sulphur versus sulphur-free control treatments.

At precipitation rates of 620—640 (the first three periods
of the study) and 425 mm (the last period of the study),
the authors noted an increase in N uptake for treatments
with sulphur compared to those not fertilized with this
nutrient, with increasing nitrogen rates from 0 to 150 kg
N ha! (every 30 kg N). Within rates 30-120 kg N ha™, it

oscillated between 4-5 kg N ha’!, but for the highest rate
(150 kg N ha') it deceased insignificantly to 0.4 kg N ha™'.

Results slightly different from those presented here
(especially for higher nitrogen dose) were obtained by
Winiarski for winter wheat (unpublished materials, 2012)
in a 4-year field research carried out on soil of the good
wheat and very good rye complex at three experimental
points in Poland. The results quoted above showed that for
doses of 120 and 200 kg N ha'!, N uptake from solid NS-
type nitrogen fertilizer (urea-ammonium sulphate: 33% N,
12% S, with which 44 and 73 kg S ha respectively were
introduced), as compared to N fertilizers (urea, 46% N),
increased by, respectively, 1 and 9 kg N ha''. Rusek et al.
(2015) conducted a study with identical lengths of time and
soil conditions with corn grown for green matter in which
they applied rates of 150 and 230 kg N ha'. As a result,
they obtained increased N uptake from the solid NS nitro-
gen fertilizer, relative to the N fertilizer, by respectively
2.5 and 4.3 kg N ha'!. On the other hand, in a three-year
study by Igras et al. (2012) under similar soil conditions
for winter rapeseed cultivation with application rates of
160 and 240 kg N'ha!, an increased N uptake from solid
nitrogen fertilizer type NS, as compared to urea N fertilizer
(46% N), by 0.3 and 3.3 kg N ha"' was obtained. The results
cited above with maize and rapeseed correspond to those
obtained by the authors of the presented paper.

The observed increase in N uptake under increasing
dose of this component in fertilization confirms the re-
sults of studies by Klikocka et al. (2017) and Wang et al.
(2010). Also, a detailed study by Kalembasa et al. (2015)
showed that more total nitrogen (and from mineral fertiliz-
er) was taken up by spring triticale fertilized with a dose of
150 kg N ha'! than 30 kg N ha''. Also the percentage of ni-
trogen taken up from the fertilizer was higher after the appli-
cation of 150 kg N ha'!, compared to a dose of 30 kg N ha™.

An additional contribution to the discussion are results
obtained by Salvagiotti et al. (2009), according to which
N uptake by wheat was affected by both nitrogen fertiliza-
tion up to 80 kg N ha'! as well as sulphur fertilisation at
a rate of 30 kg S ha''. In this case, averaging our own re-



36 Polish Journal of Agronomy, No. 46, 2021

sults showed increasing N uptake for both higher N rates (in
the 90-150 range kg N ha!') as well as the applied dose of S.

In our study with winter wheat no significant differ-
ences in nitrogen uptake were obtained for fertilizer treat-
ments with sulphur compared with those without. Similar
results in studies with this crop were obtained by Fotyma
(2004), while different and statistically significant results
were obtained in experiments with winter rapeseed. In this
case, the justification for significant statistical differences
could be a higher requirement of rapeseed for sulphur fer-
tilization, determined at the level of 5060 kg S ha'.

In our study it was found that with increasing nitrogen
dose, the efficiency of its utilization for treatments with
sulphur compared to the control (without sulphur) showed
a decreasing tendency, which means that the highest ef-
ficiency difference (17.8%) was obtained for the lowest N
dose (30 kg N ha'!), while the lowest (2.9%) for the highest
dose (150 kg N ha'').

Fotyma’s (2003) experiments with winter wheat, with-
in identical N doses and data reference method, showed
that nitrogen use efficiency, although lower than the au-
thor’s, showed a similar increasing decreasing trend and
amounted for the lowest dose to 8.5%, while for the highest
N dose (150 kg N ha'!) — only 2.5%. It should be added that
in this case an increasing trend was recorded only for the
first cycle of crop rotation. On the other hand, for spring
wheat, an upward trend in the efficiency of nitrogen utiliza-
tion with increasing N dose was observed, up to about 7%
in both rotations but opposite to the studies presented in
this paper.

Research results obtained by Winiarski (unpublished
materials) report an in plus (upward) trend in nitrogen use
efficiency with increasing nitrogen dose for sulphur versus
sulphur-free treatments. For winter wheat, this efficiency
increased from 0.9 to 4.5%, respectively, for nitrogen rates
from 120 to 200 kg N ha! while in winter rapeseed it grew
from 0.2 to 1.4% along with an increase in N dose from
160 to 240 kg N ha''. In contrast, Rusek et al. (2015) who
cultivated maize for green matter, found that as the increase
of application rate from 150 to 230 kg N ha'!, brought a
downward trend in nitrogen use efficiency. These efficien-
cies were 4.31 and 0.96%, respectively.

In this study, it was found that the agricultural efficiency
of nitrogen (A,) amounted from 20.5 to 31.0 kg grain kg
N, for treatments without sulphur. According to Tabak et
al. (2020), for wheat crops, A values typically range from
10 to 30 kg kg! N. Agricultural efficiency of nitrogen de-
creased with increasing rates of this nutrient and was the
highest in the treatment fertilized with the lowest dose of
30 kg N ha'!. This trend is consistent with the results of the
study conducted by Fotyma (1999). However, it is different
from the data obtained by Podlesna et al. (2018), in which
an increase in the value of this indicator was found up to
a dose of 60 kg N ha'!, while for higher doses, it decreased.
Authors of this paper obtained an increase in the agricul-

tural efficiency of nitrogen for treatments additionally fer-
tilized with sulphur with respect to sulphur-free treatments
but only for its low doses, i.e. from 30 to 90 kg N ha! (re-
spectively from 5.7 to 2.0 kg grain per 1 kg N).

Physiological efficiency index (P) serves, in addition
to the agricultural efficiency index (A,), to determine the
ability of the plant to convert nitrogen into grain yield. In
the discussed winter wheat experiment, the values of P,
were higher than of A and decreased together with in-
creasing nitrogen rates. Therefore, the highest physiologi-
cal efficiency of nitrogen was found in the treatments with
the lowest dose of nitrogen which is consistent with the re-
sults presented by Fotyma (1999). Also, the work of Szmi-
giel et al. (2016) showed that P, reached the highest val-
ues in the treatments fertilized with a dose of 60 kg N hal,
while doses of 120 and 150 kg N ha! caused its decrease.
The applied sulphur fertilization in our study did not in-
crease P similarly to the study of Podlesna et al. (2018)
with spring rye, where only a slight increase in these val-
ues was observed in treatments fertilized with doses of 60
and 90 kg N ha'!. According to Salvagiotti et al. (2009), the
value of physiological efficiency index is highly dependent
on weather conditions. Thus, with their significant varia-
tion in years, N and S doses do not affect its magnitude.

In conclusion, the subject of this paper concerning the
influence of sulphur fertilization on nitrogen uptake and
utilization by winter wheat is rarely discussed in publica-
tions, probably because of low nutritional requirements of
cereal plants for sulphur. Therefore, this study should be
considered as a valuable piece of literature enriching the
knowledge on this subject.

CONCLUSIONS

1. An increased N uptake was observed under the in-
fluence of applied sulphur fertilizers with increasing nitro-
gen doses.

2. Apparent nitrogen recovery (W) index by winter
wheat within nitrogen doses was higher on sulphur-ferti-
lized treatments compared to sulphur-free treatments (con-
trol). The application of sulphur fertilizers increased the
utilization of applied nitrogen even at high doses of this nu-
trient. Higher utilization of fertilizer nitrogen reduces the
risk of nitrogen loss and associated environmental hazards.

3. Sulphur fertilization caused an increase in the agri-
cultural efficiency of fertilizer nitrogen — A, (18.4-8.0%)
within its low ranges, i.e. from 30 to 90 kg N'ha!

4. Increasing nitrogen fertilization caused a decrease
in the value of its physiological efficiency index (P ;).

REFERENCES

Blake-Kalff M.M.A., Zhao F.J., McGrath S.P., 2002. Sulphur
deficiency diagnosis using plant tissue analysis. Proc. 503.
The International Fertiliser Society, 23 pp., ISBN: 978-0-
85310-139-0.



R. Winiarski and P. Ochal — The effect of fertilization with sulphur on uptake and utilization of nitrogen ... 37

Boreczek B., 2000. Sulphur balance in crop rotation. Nawozy i
Nawozenie, 4(5): 173-184. (in Polish + summary in English)

Brown L., Shoefield D., Jewkes E.C., Preedy N., Wadge K.,
Butler M., 2000. The effect of sulphur application on the ef-
ficiency of nitrogen use in two contrasting grassland systems.
The Journal of Agricultural Science, 135: 131-138.

Diamont S., Hanley P.K., 1970. Soluble sulphate distribution in
some representative Irish soils profiles. Sulphur in Agriculture.
Proc. Confer., Ceastle Wexford, Irleand in October 1969.

Fotyma E., 1997. The efficiency of nitrogen fertilization of some
arable crops. Fragmenta Agronomica, 1(53): 46-66. (in Polish
+ summary in English)

Fotyma E., 1999. Nitrogen uptake and utilization by winter and
spring wheat. Pamigtnik Putawski, 118: 143-152. (in Polish +
summary in English)

Fotyma E., 2003. The influence of sulphur fertilization on nitro-
gen use efficiency by arable crops. Nawozy i Nawozenie,
4(17): 117-136. (in Polish + summary in English)

Grzebisz W., 1997. Czy nawozenie siarkg jest konieczne. Top
Agrar Polska, 1997, 1: 2-23.

Igras J., Winiarski R., Karsznia M., Rusek P., Topolewska
K., Wielicka J., Dancewicz A., 2012. Technologia otrzymy-
wania nawozow plynnych typu NS oraz ocena ich wptywu na
plony nasion rzepaku ozimego. Przemyst Chemiczny, 91/2:
1000-1005.

Janzen H.H., Bettany J.R., 1984. Sulfur nutrition of rapeseed: I.
Influence of fertilizer nitrogen and sulfur rates. Soil Science
Society of America Journal, 48: 100-107, doi: 10.2136/sssaj1
984.03615995004800010019x.

Kalembasa D., Kalembasa S., Wysokinski A., Popek M., 2015.
Nitrogen uptake by spring triticale from mineral fertilizer en-
riched with N isotope — preliminary results. Acta Agrophys-
ica, 22(1): 39-53. (in Polish + summary in English)

Klikocka H., Cybulska M., Nowak A., 2017. Efficiency of fer-
tilization and utilization of nitrogen and sulphur by spring
wheat. Polish Journal of Environmental Studies, 26: 2029-
2036, doi: 10.15244/pjoes/69942.

Kroél M., 1978. Wystepowanie i aktywnos¢ drobnoustrojow
utleniajacych siarke w glebach. PhD thesis, [IUNG Putawy.

Litynski T., Jurkowska H., 1982. Zyzno$¢ gleby i odzywianie
si¢ roslin. PWN Warszawa.

De Kok L.J., Castro A., Durenkamp M., Stuiver C.E.C.,
Westerman S., Yang L., Stulen 1., 2002. Sulphur in plant
physiology. Proc. 500. The Fertilizer Society, 27 pp.

Sulphur Institute Materials, 1995. Catalog

Motowicka-Terelak T., Terelak H., 1998. Siarka w glebach
Polski — stan i zagrozenia. Wyd. PIOS. Biblioteka Monitor-
ingu Srodowiska, Warszawa.

Pecio A., 2017. Efektywno§¢ wykorzystania azotu — sposoby
wyznaczania oraz zastosowanie w badaniach rolniczych. Stu-
dia i Raporty IUNG-PIB, 53(7): 39-53.

Podle$na A., 2013. Studies on role of sulfur at forming of mineral
management and height and quality of chosen crops yield.
Monografie i rozprawy naukowe — rozprawa habilitacyjna.
Wyd. TUNG-Putawy. ISBN 978-83-7562-133-4. ss. 141. (in
Polish + summary in English)

Podlesna A., Klikocka H., Narolski B., 2018. Efektywnos¢
nawozenia oraz wykorzystania azotu i siarki przez zyto jare.
Przemyst Chemiczny, 97/8: 1308-1311.

Rusek P., Karsznia M., Winiarski R., Igras J., Sienkiewicz-
Cholewa U., Mikos-Szymanska M., 2015. Technologia
otrzymywania nawozow ptynnych NS oraz ocena ich wptywu
na plonowanie kukurydzy. Przemyst Chemiczny, 94/7: 1142-
1146.

Salvagiotti F., Castellarin J.M., Miralles D.J., Pedrol H.M.
2009. Sulfur fertilization improves nitrogen use efficiency
in wheat by increasing nitrogen uptake. Field Crops Re-
search, 113(2): 170-177, doi: 10.1016/j.fcr.2009.05.003.

Szmigiel A., Kolodziejezyk M., Oleksy A., Kulig B. 2016. Effi-
ciency of nitrogen fertilization in spring wheat. International
Journal of Plant Production, 10: 447-456.

Tabak M., Lepiarczyk A., Filipek-Mazur B., Lisowska A.,
2020. Efficiency of Nitrogen Fertilization of Winter Wheat
Depending on Sulfur Fertilization. Agronomy, 10: 1304-
1320, doi: 10.3390/agronomy10091304.

Terelak H., Motowicka-Terelak T., 1998. Siarka w glebach Pol-
ski. Stan i zagrozenia. Biblioteka Monitoringu Srodowiska,
PIOS. Warszawa.

Wang Q., Li F., Zhao L., Xinhui Z., Shi S., Zhao W., Song
W., Vance M.M., 2010. Effects of irrigation and nitrogen
application rates on nitrate nitrogen distribution and fer-
tilizer nitrogen loss, wheat yield and nitrogen uptake on
a recently reclaimed sandy farmland. Plant and Soil, 337:
325-339.

Zhao F.J., Hawkesford M.J., McGrath S.P., 1999. Sulphur
assimilation and effects on yield and quality of wheat. Journal
of Cereal Science, 30: 1-17, doi: 10.1006/jcrs.1998.0241.

Author ORCID
Ryszard Winiarski 0000-0002-6036-6982
Piotr Ochal 0000-0002-5246-3192

received — 20 May 2021
revised — 3 August 2021
accepted — 7 September 2021

© DO

BY SA

This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution-ShareAlike
(CC BY-SA) license (http://creativecommons.org/licenses/by/4.0/).



