
Sulphur (S) is an essential nutrient for plants. Proper S 
supply has a positive effect on vegetative growth, modi-
fies protein content, and influences the amount and 
proportion of protein-forming amino acids (Aula et al. 
2019). Sulphur is vital for the synthesis of cysteine and 
methionine; thus, it is an important factor affecting the 
bread-making quality of wheat as well (Tisdale et al. 1985).

The total S content of soil generally varies from 
0.01% to 0.1% (Balík et al. 2009) and can be found in 
inorganic and organic forms. The different organic and 
inorganic S forms can be transformed in the process of 
mineralisation, immobilisation, oxidation and reduction 
(Siwik-Ziomek et al. 2013). Basically, these processes 
determine the short- and long-term S supplying capacity 

of the soil (Kovar and Grant 2011). Plant-available S can 
be divided into soluble inorganic sulphate, absorbed 
sulphate, and the fraction of soil organic S, which is 
mobilised during vegetation (Blair 2015).

In the past decades, the plant-available S in the soil 
is decreasing due to the limited use of superphos-
phate and sulphate-containing fertilisers and the 
enormous reduction of atmospheric S deposition, 
and these changes can cause S deficiency in plants 
(Schnug and Haneklaus 2005, Sutar et al. 2017). 
Since 2010, it has also become a common practice 
in Hungary to replace superphosphate fertiliser by 
monoammonium-dihydrogen-phosphate (MAP). 
Superphosphate is a mixture of monocalcium phos-
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phate [Ca(H2PO4)2] and gypsum (CaSO4). It was used 
as a source of phosphorus (17–18% P2O5), but it also 
contains 10–11% S (Scherer 2001). Superphosphate 
application over several years might build up soil S 
reserves. In this case, only a maintenance fertilisa-
tion rate should be required to compensate for the 
S losses from the soil-plant systems (Nguyen et al. 
1989). Without effective S supply, plants can reach 
neither their maximum potential in terms of yield 
and quality nor can make efficient use of applied 
nitrogen (N) (Yu et al. 2018). Constant application 
of N fertiliser without any S supply may decrease the 
quality properties, especially the baking quality of 
wheat (De Ruiter and Martin 2001, Flaete et al. 2005).

Nowadays, climate change is making the imple-
mentation of irrigation increasingly important in 
intensive crop production systems. Irrigation not only 
provides water for the plant but also can influence 
soil properties. Adequate irrigation management can 
increase the moisture content of the soil, enhance 
biological activities as well as the accumulation of 
organic matter (OM) and increase the efficiency of 
organic and mineral fertilisers (Nikolskii et al. 2019). 
Under laboratory conditions, S mineralisation was 
positively correlated with soil moisture content. 
According to Yavitt et al. (1993), the rate of S min-
eralisation increased as soil moisture enhanced. 
However, the mineralisation of organic S to sulphate 
under wet conditions also promotes the leaching of 
the highly soluble sulphate form.

N and S are important protein components, and 
the right N/S ratio significantly contributes to grain 
quality as well as to the optimal yield of crop plants 
(Klikocka et al. 2018). Therefore besides the total S 
concentration, the N/S ratio of the wheat grain is 
a vital factor for the evaluation of the S supply of the 
plant. Other plant parameters can be used for iden-
tifying S status as well, i.e. SO4

2– (Scaife and Burns 
1986), the SO4

2–/total S (Spencer and Freney 1980) or 
SNI (sulphur nutrition index) (Sedlář et al. 2019), but 
the most commonly used indicators to evaluate the 
S supply are the S concentration and the N/S ratio.

In our experiment, NPK containing fertilisers were 
supplied continuously for 34 years. S supplementa-
tion as superphosphate stopped from year 27 of the 
experiment and was not supplied thereafter until 
the time of sampling in 2017. The main goal of this 
work was to evaluate the S supply of winter wheat 
in a long-term NPK fertilisation experiment based 
on N and S balances, soil KCl soluble sulphate, N, S 
concentration and N/S ratios of wheat.

MATERIAL AND METHODS

A long-term field experiment. A multifactorial 
long-term field experiment was established on a typi-
cal Chernozem in 1983 at the Research Station of the 
University of Debrecen (47°33'N, 21°27'E) in Hungary. 
The long-term fertilisation experiment consists of 
a control and increasing NPK treatments with and 
without irrigation. The treatments were designed 
in a randomised block model with 4 replicates. The 
size of the experimental plots was 46 m2. The main 
properties of the experimental soil (sampled in 1983) 
as the average for the field are pHKCl = 6.46 (Metson 
1961); Corg = 1.75% (Walinga et al. 1992); AL-P = 
133.4 mg/kg; AL-K = 199.0 mg/kg; KCl-SO4

2–-S = 
9.13 mg/kg. Based on these parameters, the experi-
mental soil was well supplied with N, medium with 
P and poorly with K.

The average total precipitation in 2017 in the grow-
ing season was 369 mm (30 years average: 411 mm), 
and the average annual mean temperature is 7.2 °C 
(30 years average: 6.9 °C). Winter wheat (Triticum aes-
tivum L.) and maize (Zea maize L.) were cropped in 
a crop rotation (one crop/year). In the period from 
1983 to 2010, the N, P and K nutrients were supplied as 
NH4NO3, superphosphate (with 10.9% S content) and 
KCl, respectively. Since 2010 superphosphate has been 
replaced by MAP, and S was not supplied anymore in 
the experimental area. 100% of the P and K doses were 
applied in the autumn, before sowing, while considering 
the environmental pollution risk, 50% of N was applied 
in autumn and the other 50% in spring for both crops.

In 2017, winter wheat (Triticum aestivum L.) was 
cropped in the experiment, and the following treat-
ments were selected for our study: control, NPK1 
(100 kg N/ha, 31 kg P/ha, 66 kg K/ha) and NPK2 
(200 kg N/ha, 62 kg P/ha, 132 kg K/ha) in irrigated 
and non-irrigated treatments. In the sampling year, ir-
rigation was supplied two times in the irrigated plots. 
The first irrigation (2 × 20 mm) was on 27–28 May, 
5 days before the second soil and plant sampling 
date, and the second irrigation (2 × 20 mm) was on 
1–2 June, one month before the third sampling date.

Calculation of nutrient balances. The cumula-
tive N and S balances were calculated from the dif-
ferences of input (applied mineral fertilisers) and 
output (as nutrient uptake by plants) of N and S for 
1983–2016. The cumulative nutrient balances in dif-
ferent treatments for maize and wheat, respectively, 
were calculated based on the yearly nutrient balances. 
Based on our calculations, a significant negative S 

626

Original Paper	 Plant, Soil and Environment, 67, 2021 (11): 625–632

https://doi.org/10.17221/247/2021-PSE



balance (–619.65 kg S/ha) and negative N balance 
(–5 248.8 kg N/ha) were observed in control. The S 
balance turned to positive in the fertilised treatments 
(NPK1: 226.3 kg S/ha; NPK2: 1 373.0 kg S/ha), while 
the N balance remained negative even at the highest 
fertiliser dose (–1 073.6 kg N/ha).

Plant sampling and analysis. Plant samples were 
collected in 2017 in three different growth stages of 
winter wheat according to the BBCH scale: at BBCH 
30–32 stage – stem elongation (leaves) on 24th April, 
at BBCH 61–65 stage – flowering (leaves) on 31st May 
and at BBCH 89 stage – ripening (grain and straw) 
on 5th July. The total N and S concentration of winter 
wheat was measured by elemental analysis (Elementar 
Vario EL, Hanau, Germany). N/S ratios of wheat were 
calculated. The S containing amino acids in grain 
samples were measured by ion-exchange chroma-
tography (MSZ EN ISO 13903, 2005, Csapó et al. 
2005). The nutrient uptake by grain and straw was 
calculated from the yield of wheat and the N and S 
concentration of plant samples.

Soil sampling and analysis. Soil sampling was per-
formed three times in 2017 (at the same time as plant 
sampling) from the topsoil 0–25 cm of experimental 
plots for all treatments. Soil samples were air-dried, 
ground and passed through a 2 mm sieve. The sul-
phate fraction of soil was measured in 1 mol/L KCl 
extractant. 10 g soil was shaken with 25 mL extractant. 
Extracts were filtered, and sulphate was measured by 
the turbidimetric method. This method is based on 
the forming of BaSO4 precipitate in a slightly acid 
medium when excess BaCl2·2 H2O is added to the solu-
tion containing sulphate-S (Zhao and McGrath 1994).

Statistical analysis. For statistical analysis of 
measured plant and soil data, Microsoft Excel 2016 
(Redmond, USA) and IBM SPSS Statistics 22 pro-
grams (Chicago, USA) were used. The results were 
statistically analysed by using two factors (fertilisa-
tion, irrigation) analysis of variance (significance 
level of P < 0.05) with post hoc comparisons using 
the Tukey test. The relationship between sulphate 
fraction of soil and plant parameters were determined 
by Pearson’s correlation.

RESULTS AND DISCUSSION

KCl soluble sulphate concentration in soil. In 
order to follow the residual effect of superphosphate 
applications, 7 years after the use of S containing 
fertiliser, the KCl soluble sulphate fraction of soil 
was measured (Table 1).

The SO4
2–-S in KCl solution ranged between 2.26 

and 5.23 mg/kg and was the lowest in spring, at the 
stage of stem elongation of wheat and increased in 
time. Förster et al. (2012) and Reich et al. (2016) also 
measured lower SO4

2–-S levels in soil in spring and 
explained this by leaching of sulphate and low miner-
alisation rates of S. There were no differences between 
KCl soluble SO4

2–-S values of the control and NPK1 
treatment, where 42.4 kg S/ha/year has been supplied 
for 23 years. Significantly higher SO4

2–-S values were 
measured in the NPK2 treatment compared to control, 
where 84.8 kg S/ha/year had been supplied for 23 years. 
This could be due to the much more positive S bal-
ance resulted by superphosphate which was applied 
between 1983 and 2010. However, according to Brook 
(1979), 10 mg/kg KCl extractable sulphate is reported 
as a critical level for plant-available S in soil. Blair 
et al. (1991) compared different kinds of extract-
ants in their studies and also found that the critical 
level of KCl soluble SO4

2–-S was 6.5 mg/kg. Based 
on these critical values, it can be concluded that the 
KCl soluble SO4

2–-S values of our experiment in 2017 

Table 1. Long-term effect of fertilisation and irrigation 
on the KCl soluble SO4

2–-S (mg/kg) content of soil dur-
ing the growing stages of winter wheat

Treatment Irrigated Non-irrigated Mean

Stem elongation (BBCH 30–32)
Control 2.39 2.89 2.64a

NPK1 2.58 3.14 2.86ab

NPK2 2.86 3.64 3.25b

Mean 2.61A 3.22B 2.92
Flowering (BBCH 61–65)

Control 5.04 2.26 3.65a

NPK1 4.59 3.00 3.79a

NPK2 5.23 3.06 4.15a

Mean 4.95B 2.77A 3.86
Ripening (BBCH 89)

Control 4.79 2.67 3.73a

NPK1 4.88 3.82 4.35ab

NPK2 5.13 4.54 4.84b

Mean 4.93B 3.68A 4.31

The results were analysed separately for each sampling 
date. Different small letters indicate significant differences 
between the fertilisation treatments within a column; differ-
ent capital letters indicate significant differences between 
irrigation treatments within a line (P < 0.05)
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was not sufficient for the wheat development even 
in the NPK2 treatment. However, it is important to 
highlight that sulphate in soil changes continuously 
depending on plant uptake, fertilisation, mineralisa-
tion, immobilisation and reflects only the current 
state of the soil.

The KCl soluble SO4
2–-S of irrigated plots at BBCH 

61–65 and 89 of wheat were higher than the non-
irrigated plots. The increase can be explained by the 
changes in solubility conditions and mineralisation 
processes due to irrigation.

The yield of winter wheat. The grain yield of 
winter wheat ranged between 2.29 and 9.19 t/ha and 
significantly increased as a result of increasing doses 
of NPK fertilisers compared to the control (Figure 1). 
The yield increment in NPK1 and NPK2 treatments 
were 4.09 and 6.31 t/ha compared to the control, 
respectively. According to Wang et al. (2014), irriga-
tion can improve the availability of soil nutrients, 
promoting the absorption of soil nutrients by crops 
and increasing yield. In our experiment, a significant 
yield increase was observed due to irrigation.

The N, S concentration and N/S ratio of winter 
wheat. The lowest N concentration was observed in 
the control plots in all development stages (Table 2). 
As it was expected, the increasing NPK doses caused 
significantly higher N concentration in the plant 
material compared to the control. The highest N 
concentration was found in NPK2 treatment. There 
were no significant changes between the plant N con-
centration in the irrigated and the non-irrigated plots.

The critical N concentration in above-ground 
biomass is described as the lowest N concentration 

required to achieve the maximum yield at any mo-
ment during the development (Plénet and Lemaire 
1999). As stated by Reuter et al. (1997), the critical N 
concentration of wheat at the stage of BBCH 30–32 is 
2.6%. Our N concentration of wheat in all treatments 
were higher than this critical N concentration. The 
critical N concentration of wheat leaves at BBCH 
61–65 is 2.1% (Chapman 1967, Reuter et al. 1997). 
Comparing this critical concentration with our re-
sults, it can be concluded that wheat N concentration 
at the flowering stage was low.

The N concentration of wheat grain varied from 
1.35% to 2.28%. The lowest value was observed in 
the control, while the highest one was found in the 
NPK2 treatment, where the N concentration was 
30–50% higher than in the control. Goos et al. (1982) 
determined 2% as the critical N concentration for 
wheat grain. In our experiment, the N concentration 
of grain was higher than this critical value only in 
NPK2 treatment.

At BBCH 30–32, the S concentration of leaves varied 
between 0.23% and 0.30%. The S concentration did 
not change significantly as a result of increasing NPK 
doses. At BBCH 61–65, the S values of above-ground 
biomass became lower and ranged from 0.11% to 0.15%. 
This is in agreement with the founding of Robson et 
al. (1995), who observed a decrease in S concentration 
with increasing plant age. There were no differences 
between the S concentration of control and fertilised 
plants. From stem elongation to flowering, the irriga-
tion did not affect the S concentration of the plant.

The S concentration of wheat grain ranged between 
0.08% and 0.10%. Sager (2012) found in their similar 

Figure 1. The average grain yield of winter wheat. Different small letters indicate significant differences between 
the fertilisation treatments within a line; different capital letters indicate significant differences between irriga-
tion treatments within a column (P < 0.05)
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research values in winter wheat (average 0.083% S). 
Győri (2005) obtained a higher S concentration of 
wheat grain in a long-term field experiment (average 
0.15% S). According to Reussi et al. (2012), the criti-
cal S concentration of wheat grain is 0.12%. In our 
experiment, the S concentration did not exceed this 
value, even in the NPK2 treatment. The increasing 
NPK fertiliser doses and irrigation did not have any 
significant influence on the S concentration of wheat 
grain. However, Lerner et al. (2006) observed an in-
crease in grain S as a result of N fertilisation. These 
results confirm what was determined by Randall et 
al. (1981), who concluded that S concentration in 
grain depends not only on S availability but also on 
N availability.

In all studied development stages, the smallest 
N/S ratio was found in the control treatment and the 
values enhanced due to the increasing NPK doses. 
The leaves N/S ratio was influenced by irrigation 
only at stem elongation, where these values were 
higher in the non-irrigated plots compared to the 
values of the irrigated plots.

As stated by Randall et al. (1981) and Naeem and 
Macritchie (2003), a grain N/S ratio below 17 : 1 seems 
to be adequate for optimum quality and quantity of 

wheat. In our experiment, only the N/S ratio of wheat 
grain in the irrigated control treatment was lower 
than this critical N/S ratio because of the low plant 
N concentration. As a result of increasing N doses, 
the N/S ratio significantly increased and ranged from 
19.4 to 22.0 and thus exceeded the critical N/S value. 
However, Kalocsai et al. (2006) found that the N/S = 
20–21 : 1 ratio of wheat grain does not necessarily 
mean S deficiency. Moreover, they detected the best 
baking quality at this ratio.

Reussi et al. (2012) suggested that wheat S supply 
should be assessed by taking both S concentration 
(0.12%) and N/S ratio (17 : 1) of grain into account. 
According to our data (S concentration: 0.08–0.10%; 
N/S : 14.9–22.0), it can be stated that wheat was S 
deficient because the N/S ratios were above 17 : 1 and 
the S concentration was below 0.12% in most cases.

The N and S uptake by wheat. The amount of N 
uptake by grain ranged between 28.6 and 208.5 kg/ha, 
while the N uptake by straw was much lower and 
varied from 3.3 to 28.6 kg/ha (Table 3). The signifi-
cantly higher N uptake by grain was due to the higher 
N concentration of grain (Assefa et al. 2021). The 
lowest N uptake was detected in control, and this 
value was increased by N fertiliser doses. Irrigation 

Table 2. Long-term effect of fertilisation and irrigation on changes of nitrogen (N) and sulphur (S) concentration 
as well as the N/S ratio of winter wheat during the growing season

Treatment
N (%) S (%) N/S

irrigated non-irrigated mean irrigated non-irrigated mean irrigated non-irrigated mean
Stem elongation – BBCH 30–32 (leaves)

Control 2.95 3.28 3.11a 0.26 0.23 0.24a 11.56 14.34 12.95a

NPK1 4.12 4.36 4.24b 0.28 0.24 0.26a 14.53 18.35 16.44b

NPK2 4.72 4.85 4.78c 0.30 0.25 0.27a 15.87 19.38 17.63b

Mean 3.93A 4.16A 4.04 0.28A 0.24A 0.26 13.99A 17.36B 15.67
Flowering – BBCH 61–65 (leaves)

Control 1.09 0.99 1.04a 0.11 0.11 0.11a 9.85 9.10 9.47a

NPK1 1.58 1.39 1.48b 0.13 0.10 0.11a 12.60 13.52 13.06ab

NPK2 1.86 1.81 1.83c 0.15 0.13 0.14a 12.73 14.12 13.42b

Mean 1.51A 1.40A 1.45 0.13A 0.11A 0.12 11.73A 12.25A 11.99
Ripening – BBCH 89 (wheat grain)

Control 1.35 1.41 1.38a 0.09 0.08 0.09a 14.88 17.16 16.02a

NPK1 1.86 1.72 1.79b 0.09 0.09 0.09a 21.45 19.38 20.41ab

NPK2 2.28 2.04 2.16c 0.10 0.10 0.10a 21.97 21.07 21.52b

Mean 1.83A 1.72A 1.78 0.09A 0.09A 0.09 19.43A 19.20A 19.32

The results were analysed separately for each sampling date. Different small letters indicate significant differences 
between the fertilisation treatments within a column; different capital letters indicate significant differences between 
irrigation treatments within a line (P < 0.05)
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further increased the N uptake by wheat compared 
to values of non-irrigated plots.

The S uptake varied from 1.83 to 9.50 and 2.03– 
10.76 kg/ha by grain and straw, respectively. The low-
est S uptake of grain and straw was found in control, 
while the maximum S uptake was detected in the NPK2 
treatment. In the case of grain, there were no differ-
ences in S uptake in the control and NPK1 treatments; 
only the highest fertiliser dose caused significantly 
higher grain S uptake compared to the control. In the 
case of straw, both NPK doses enhanced the S uptake.

The total plant S uptake (grain + straw) varied from 
3.93 to 18.75 kg S/ha and significantly enhanced in 
NPK1 and further increased in NPK2 treatments, 
which might have been caused by the positive S 
balance. Irrigation had no effect on total S uptake.

Overall, grain N uptake was substantially higher 
than straw N uptake, while S uptake was higher in 
the case of straw. Fertilisation increased both N and 
S uptake by wheat (grain + straw), but N uptake was 
about ten times higher than S uptake. In our experi-
ment, only the N uptake was affected by irrigation.

Amino acid concentration of winter wheat grain. 
The S containing amino acids were measured only in 
control and the NPK2 treatment (Table 4). Cysteine 
concentration of grain varied between 0.7 and 
1.2 mg/g, and the methionine concentration ranged 
from 0.6 to 1.4 mg/g. Järvan et al. (2008) measured 
higher cysteine (1.5–3.1 mg/g) and methionine con-

centration (1.1–2.1 mg/g) in winter wheat grain in 
a long-term field experiment with S and N fertilisa-
tion. The NPK2 fertilisation enhanced the amount 
of S containing amino acids, but irrigation had 
a different effect on these parameters because cysteine 
concentration was higher in the irrigated plots, while 
higher methionine concentration was measured in 
the non-irrigated plots. Zhang et al. (2017) also 
measured higher methionine concentration in the 
non-irrigated treatment.

The increased amount of cysteine and methionine 
concentration in NPK2 treatment may be due to the 
positive S balance and the yearly application of high 
N fertiliser dose.

Correlation between the plant and soil param-
eters. Pearson’s correlation was used to evaluate 
the relationship between S uptake of wheat and KCl 
soluble sulphate in soil. The relationships between 
plant and soil parameters were examined at three 
development stages of wheat.

The weakest relationship between plant S uptake 
and KCl soluble SO4

2–-S in soil was observed at the 
flowering stage of wheat (r = 0.15). Tighter, however, 
still not significant correlation (r = 0.59 and 0.60) 
were found between plant S uptake and KCl soluble 
SO4

2–-S fraction of soil at stem elongation and ripen-
ing of wheat, respectively.

The lack of a strong correlation between soil sul-
phate concentration and plant sulphur uptake might 

Table 3. Long-term effect of fertilisation and irrigation on sulphur (S) and nitrogen (N) uptake by grain, straw 
and the total biomass

N uptake (kg/ha) S uptake (kg/ha)
irrigated non-irrigated mean irrigated non-irrigated mean

Grain

control 28.6 31.5 30.1a 1.90 1.83 1.87a

NPK1 120.3 105.4 112.9b 5.64 5.49 5.57ab

NPK2 208.5 168.1 188.3c 9.50 7.99 8.75b

mean 119.1B 101.7A 110.4 5.68A 5.10A 5.39

Straw

control 3.5 3.3 3.4a 2.03 3.21 2.62a

NPK1 14.3 11.7 13.0b 6.28 8.54 7.41b

NPK2 28.6 19.5 24.0c 8.34 10.76 9.65c

mean 15.4B 11.5A 13.5 5.55A 7.50B 6.53

Total uptake

control 32.1 34.8 33.4a 3.93 5.04 4.59a

NPK1 134.6 117.1 125.9b 11.92 14.03 12.98b

NPK2 237.0 187.6 212.3c 17.84 18.75 18.29c

mean 134.6B 113.2A 123.9 11.23A 12.61A 11.92

The results were analysed separately for each sampling date. Different small letters indicate significant differences 
between the fertilisation treatments within a column; different capital letters indicate significant differences between 
irrigation treatments within a line (P < 0.05)
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be due to the high variability of sulphate concentra-
tion in soil solution.

In our experiment, the effect of S application sup-
plied as superphosphate for 27 years until 2010 can 
still be measured in 2017 (despite the continuous 
crop production and presumable leaching) in terms 
of increased KCl soluble sulphate fraction of soil. 
However, even in the NPK2 treatment, S deficiency 
of wheat was observed based on S concentration 
and N/S ratios. N deficiency was also detected in 
the control and NPK1 treatments. The N supply 
of wheat was adequate for wheat growth and yield 
formation in NPK2 treatment despite of the nega-
tive cumulative N balance, which can be attributed 
to the good N supplying capacity of the Chernozem 
soil (Izsáki 2010). Irrigation can lead to better soil 
moisture resulting in enhanced mineralisation of 
the organic S fraction; thus, significantly higher KCl 
soluble sulphate was measured in the irrigated plots. 
Plant N and S concentrations were not affected by 
irrigation. Our results show that under the conditions 
of our long-term field experiment on soil with high 
soil organic matter (Chernozem), where continuous 
S application with a dose of 84 kg S/ha was applied 
between 1983 and 2010, followed by 7 years without S 
fertilisation, S supply has to be recommended despite 
of the positive cumulative S balance (+1 373 kg S/ha) 
related to the period of 1983–2016.
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