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A b s t r a c t. The aim of the experiment was to determine the 
mass yield and amount of total carbon accumulated by spring rye 
biomass in individual stages of growth determined according to 
the BBCH scale (Biologische Bundesanstalt, Bundessortenamt 
und CHemische Industrie): BBCH 30–31 – leaves, BBCH 55–59 
– whole plants, BBCH 89–92 – grain and straw). The required 
results were obtained by conducting a field experiment (2009-
2011) which tested the effect of the application of nitrogen (0, 
30, 60, 90 kg ha−1) and sulphur (0, 40 kg ha−1) on biomass yield, 
carbon content and accumulation, and also the C:N ratio. N appli-
cation in the amount of 60 and 90 kg ha−1 was shown to have the 
most beneficial effect on biomass yield at each stage of growth. 
Carbon was accumulated in the amount of 1 294 kg ha−1 by the 
leaves (BBCH stage 30–31), 2 365 kg ha−1 by the whole plants 
(BBCH 55–59), 1 334 kg ha−1 by the grain (BBCH 89–92), and 
2 062 kg ha−1 by the straw (BBCH 89-92). The total accumulation 
of carbon by the dry matter of grain + straw increased up to the 
application rate of 90 kg N ha−1 following the addition of sulphur. 
The average total accumulation of C was 3 408 kg ha−1. The unit 
accumulation of carbon was reduced following the application of 
30 kg N ha−1, but increased significantly with the level of nitrogen 
applied, averaging 892.7 C t−1. In general, it may be concluded 
that under conditions without manure application, ploughing the 
green matter and straw of spring rye is a good source of carbon in 
the soil, and is furthermore a technique aimed at limiting global 
warming by reducing greenhouse gases emissions. 

K e y w o r d s: nitrogen, sulphur, rye biomass, carbon  

1. INTRODUCTION

One of the most important crop plants in Poland is rye. 
As a weed in wheat, rye (Secale cereale L.) spread from 
Asia to Europe in the Neolithic age (Tarkowski, 1983). In 
the 16th and 17th centuries, rye became the basic cereal 
for consumption in Central and Eastern Europe, as wheat 
bread was scarcer and its price was 4-5 times that of rye 
bread (Li, 2012). In the 20th century, spring rye was culti-
vated quite widely in Poland (Dopka et al., 2007). Before 
1945, there were two spring rye cultivars registered. One 
of the cultivars - Strzekęcińskie was registered in 1964 and 
was cultivated in practice until 1981 (Grochowski, 1995). 
In 1999, two new cultivars, Abago and Bojko, were intro-
duced. Similarly, in Germany, the new Ovid cultivar of 
spring rye was registered in 1995 (Galek and Grochowski, 
1998). The countries with the highest production of rye 
are the Russian Federation, Poland and Germany, which 
account 57.66% of global rye production (Narolski, 2016) 
The average yield of spring rye grain obtained in the 
COBORU (Research Centre for Cultivar Testing) trials 
in Słupia Wielka (Poland) for the cultivars registered in 
2022 amounted to 4.11 t ha−1 (COBORU, 2022). Poland, 
Belarus, Ukraine and Germany are the largest consumers 
of rye (Narolski, 2016; Podleśna et al., 2018; Klikocka et 
al., 2020, 2022). 
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Spring rye has taken on great economic importance 
in recent years. Grown for grain, it can be used in bread 
production (Narolski, 2016). The Bojko cultivar can be 
a useful addition to animal feeds, this is due to its favourable 
amino acid composition and high protein content, i.e. 23.7-
14.8% (Galek and Grochowski, 1998). The Bojko cultivar 
is also characterized by a large proportion of green matter 
and straw, which remains green practically until harvest, 
so that it may be used as a green fertilizer (Dopka et al., 
2012). Therefore, current forms of spring rye are used as 
a green fertilizer, green forage, and grain. Short-straw forms 
can be an excellent supporting species in mixed crops with 
legume plants (Galek and Grochowski, 1998). Apart from 
the traditional uses of rye (fodder, human consumption, 
and alcohol production), spring rye can be a very good sub-
strate for the production of biogas. It can also be used as 
an important phytosanitary plant in increasingly simplified 
crop rotations. Moreover, it can be useful in cases where 
the re-sowing of winter wheat and winter rye is necessary 
if the crop is attacked by snow mould or completely frozen 
(Narolski, 2016).  

In order to meet the goals of the Paris Agreement adopt-
ed during the 21st Conference of Parties (COP21) of the 
Parties to the United Nations Framework Convention on 
Climate Change (UNFCCC), it was assumed that in order 
to reduce global warming to below 2°C, greenhouse gas 
emissions (GHG) must be reduced by introducing differ-
ent technologies of CO2 removal from the atmosphere 
(UNFCCC, 2023). One of these is carbon capture by 
agricultural crops which can significantly reduce anthropo-
genic emissions of carbon dioxide (CO2) to the atmosphere. 
Therefore, there is a need for joint efforts to reduce CO2 
emissions to the air and increase C sequestration in the soil. 
The agricultural sector currently has a major carbon (C) 
footprint and is responsible for more than 25% of global 
anthropogenic greenhouse gas emissions (Jat et al., 2022). 
At the same time, agricultural soils have a substantial 
capacity to absorb CO2. During their growth cycle, plants, 
including crop plants, accumulate large amounts of C and 
N from the atmosphere in terms of both yield as well as 
above-ground and underground residues (Klikocka and 
Cybulska, 2014).  

Soil and the agrotechnical treatments performed on 
it play a fundamental role in the global carbon cycle. 
However, the C cycle together with changes in the con-
centration of greenhouse gases in the atmosphere can have 
a significant influence on the global biochemical cycle 
(Heikkinen et al., 2013). Soils are the largest terrestrial res-
ervoir of elements and could be the best means of removing 
carbon from the atmosphere (FAO, 2004). Therefore, in 
practice there is a need for technologies, methods, and tools 
which could potentially lead to the capture of CO2 from the 
atmosphere, resulting in an increase in carbon (C) seques-
tration in the soil (Kalembasa et al., 2023). The addition 
of organic matter from plants or their residues contributes 

to a significant extent to carbon storage and sequestration 
in the soil which can lead to a reduction in greenhouse gas 
emissions (Powlson et al., 2011). The storage of organic 
matter in the soil is directly linked to the amount of C intro-
duced to it by ploughing in straw, biomass, underground 
roots, and rhizomes (Pasricha, 2017; Dopka et al., 2012). 
Stores of organic C in the soil undergo changes due to the 
biotic activity of plants, microbes (fungi and bacteria), and 
‘ecosystem engineers’ i.e. earthworms, termites, and ants 
(Dignac et al., 2017). C sequestration in agroecosystems 
can easily be increased by returning vegetation to the soil 
and incorporating organic soil components (Fang et al., 
2015). Depending on the type of land use and environmen-
tal conditions, as well as the agricultural practices applied, 
mineral soils can either be a carbon source or sink (FAO, 
2004; Eglin et al., 2010; Bardule et al., 2017).  

In order to establish the amount of total carbon accu-
mulated by the biomass of spring rye, the biomass yield, 
carbon content and its accumulation and also the C:N ratio, 
in individual stages of growth (BBCH 30-31: in leaves, 
BBCH 55-59: in whole plants, BBCH 89-92: in grain and 
straw), a field experiment was carried out using different 
doses of nitrogen (0, 30, 60, 90 kg ha−1) and sulphur (0, 
40 kg ha−1). 

2. MATERIAL AND METHODS

The experiment was located in the village Malice, 
which is situated in south-eastern Poland. Its precise loca-
tion is defined by the following coordinates: east longitude 
23º45’ E and north latitude from 50º42’ N. The follow-
ing macroregions are distinguished in the Zamość region: 
the Lublin Upland, Roztocze, the Sandomierz Basin, 
Volhynian Polesie, the Western-Volhynian Upland and 
Pobuże (Kondracki, 1980).

Weather conditions were highly varied during the study 
period (2009-2011). The total precipitation during the grow-
ing season (March-July) in 2009 amounted to 300.2 mm, 
which was 12.8 mm lower than the long-term average (1971-
2005: 313.0 mm). In the 2010 growing season, rainfall 
amounted to 357.3 mm and exceeded the long-term average 
by 44.3 mm. By contrast, in 2011, precipitation amounted 
to 261.0 mm and was 52.0 mm lower than the long-term 
average. In 2009, a particularly high level of precipitation 
was observed in May (102.6 mm) and June (124.4 mm), 
whereas July was dry (24.2 mm). In 2010, May (98.2 mm) 
and July (143.5 mm) were wet, while the amount of rain-
fall in June was optimal for rye vegetation (62.9 mm). In 
2011, the rainfall distribution was optimal during the peri-
od from April to June, but July was very wet (148.0 mm). 
The air temperature sums during the 2009 growing season 
(March-July) amounted to 2 030ºC and were higher than 
the long-term average (1971-2005: 1 798ºC) by 232ºC. 
The air temperature sums during the 2 010 growing season 
amounted to 2 089ºC and were higher than the long-term 
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average (1971-2005) by 291ºC. The air temperature sum 
during the 2011 growing season amounted to 1 995ºC and 
was higher than the long-term average (1971-2005) by 
197ºC. It is worth emphasizing that in every month of the 
3 years of the study period, the air temperature was higher 
than the long-term average (Fig. 1).

The subject of the study was the Bojko cultivar of 
spring rye (Secale cereale L.), it was fertilized with varying 
amounts of nitrogen (factor I) and sulphur (factor II). The 
paper presents the results of a three-year field experiment 
conducted in 2009-2011. 

The experiment was set up on Cambisols (Ditzler et 
al., 2017) consisting of a light silty sand (sand 68%, loam 
31%, clay 1%), this has been classified as a good rye 
complex. The experiment was begun in the last 10 days 
of September 2008 and was set up in a split-plot design 
with four replicates. The soil in the experimental field was 
characterized by a slightly acidic reaction (pHKCl = 5.6), 
a high content of available phosphorus (P2O5) (52.1 mg 
kg−1; double-lactate extraction at pH 3.6 (1:50 m/v), a me-
dium content of potassium (K2O) (84.5 mg kg−1; extracted 
as P2O5) and magnesium (Mg) (34.5 mg kg−1; extracted 
with 0.0125 mol L-1 CaCl2 (1:10 m/v ratio). The content 
of sulphate sulphur (S-SO4) was found to be low (12.4 mg 
kg−1; extracted with 0.025 mol L-1 KCl) (Narolski, 2016).  

The forecrop for spring rye was potato, which was fer-
tilized with cattle manure in the amount of 30 t ha−1. After 
harvest, the potato medium ploughing was carried out at 
a depth of 20 cm.   

The field experiment included 2 factors: 
1. Nitrogen application at a dose: 0, 30, 60, 90 kg ha−1.
2. Sulphur application at a dose: 0, 40 kg ha−1. 

The nitrogen was applied in the form of ammonium 
nitrate (34%). Nitrogen in the amount of 30 kg ha−1 was 
applied before sowing. In turn, a dose of 60 kg N ha−1 was 
applied in two equal portions – before sowing and as a top 
dressing at the start of stem elongation (BBCH 30–31). The 
highest nitrogen dose i.e. 90 kg ha−1 was applied in three 
equal portions – before sowing, as a top dressing at the start 
of stem elongation (BBCH 30–31), and as a top dressing 
between the middle and the end of heading (BBCH 55–59). 
Sulphur in the amount of 40 kg ha−1 was applied in two por-
tions – i.e. 30 kg S ha−1 before sowing in the form of kieserite 
(MgSO4 × H2O) and 10 kg S ha−1 as a foliar application, 
this was applied between the middle and the end of heading 
(BBCH 55–59) in the form of magnesium sulphate hep-
tahydrate (MgSO4 × 7H2O) (5% solution of SO3 per 300 L 
H2O ha−1).

Before sowing the rye grain, phosphorus (39.6 kg P ha−1 

in the form of granular triple superphosphate, 46%,) and 
potassium (83 kg K ha−1 as potassium chloride, 60%,) fer-
tilizers were applied in all experimental plots. Magnesium 
lime and calcium carbonate were applied to the plots with 
various fertilizer combinations in order to balance the 
soil pH.

The area of the plots for sowing and observation was 
30 m2, while the area for harvest was 20 m2 (4 × 5 m). 
The seeds of the Bojko cultivar of spring rye were sown 

Fig. 1. Monthly precipitation totals (mm) and average air temperature in each month (°C) in the years 2009-2011 and the long-term 
averages (1971-2005) (Research Station in Zamość).
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in the third decade of March or in the first decade of April, 
depending on climate and soil conditions, and the grain har-
vest was performed by hand in the first decade of August. 
The sowing rate was 140 kg ha−1, assuming a density of 350 
germinating seeds per m2. 

Before sowing and before the growing season com-
menced, the spring rye grain was treated with Vitavax 200 
FS (carboxin + thiram), in the amount of 300 ml per 100 kg 
of grain, in order to protect the plants from fungal dis-
eases. During the growing season, the dicotyledonous and 
monocotyledonous weeds were controlled during tiller-
ing (BBCH 28) by using the herbicides Puma Uniwersal 
069 EW (fenoxaprop-P-ethyl) in the amount of 1 L ha−1 + 
Granstar 75 WG (sulfmetmetonmethyl). In order to obtain 
shorter rye stems, the growth regulator Stabilan 750 SL 
(chlormequat chloride) was applied in the amount of 1.8 L 
ha−1 at the start of the stem elongation phase (BBCH 30–31). 
Disease and pest control agents were not applied in the 
growing season, as there were no agents recommended for 
this purpose by the Institute of Plant Protection in Poznań.  

During the field experiment, the phaenological stages of 
the plants were noted (Witzenberg et al., 1989) (Table 1).  

The plant material was sampled during the three devel-
opment stages, i.e. stem elongation to the first node stage 
(BBCH 30–31), the stage between the middle and the end 
of the heading process (BBCH 55–59), and the stage of 
fully ripened grain and straw (BBCH 89–92). In the devel-
opment stages of BBCH 30–31 and 55–59, the plants were 
collected from an area of 1 m2 in order to determine the 
fresh and air-dry weight. At the BBCH stage 89–92 sam-
ples of mature plants were collected for the assessment of 
the effect of nitrogen and sulphur fertilizers on the grain and 
straw yields. Fresh samples of plant material were weighed 
and then subsequently crushed and dried at 60°C. The dry 
matter content was determined by applying the oven-dry 
method at 105°C. The total carbon content in the dry matter 
of the samples (g kg−1 d.m.) was determined using a Carbon 
Elemental Analyser LECO CNS-2000 belonging to the 
Department of Forest Ecology, University of Agriculture 
in Kraków. The total carbon content was used to perform 
the calculation of its accumulation (uptake) in plants. The 
following calculation method and terminology were used 
according to Grzebisz (2009): 

CA = C × DMY, (1)
where: CA – carbon accumulation (kg ha-1), C – carbon 
content (g kg-1 d.m.), DMY – dry matter yield (t ha-1).

For the statistical analysis, an analysis of variance with 
Snedecor’s F-test was applied, this was followed by the cal-
culation of its distribution. The significance of differences 
was determined using Tukey’s test (α = 0.05, α = 0.01). 
The standard deviation was also determined. An Excel 7.0 
spreadsheet and Statistica 12 software (StatSoft Inc., 2013) 
were used for the compilation and statistical analysis of the 
results.    

3. RESULTS

An analysis of variance showed that for the fresh and 
air-dry yield of spring rye in the tillering (BBCH 30–31) 
and heading (BBCH 55–59) stages, its weight increased 
significantly following the application of the highest nitro-
gen dose i.e. 90 kg N ha−1 (Tables 2, 3). The addition of 
sulphur significantly increased the fresh and air-dry yield 
of the plants in both of these stages of growth. The fresh 
yield and air-dry weight of the plants following the addition 
of sulphur increased by 4.3 and 7.8% at BBCH 30–31 and 
by 5.0 and 4.6% at BBCH 55–59, respectively. The interac-
tion of the nitrogen and sulphur applications stemmed from 
the fact that the nitrogen was applied three times (30 kg N 
ha−1 before sowing, 30 kg N ha−1 at BBCH 30–31, and 
30 kg N ha−1 at BBCH 55–59), therefore up to the BBCH  
30–31 stage at all tested doses of nitrogen (i.e. 30, 60 and 
90 kg N ha−1) only the first portion of N was applied, while 
for BBCH 50–59 only combinations with a total N dose of 
60 and 90 kg N ha−1 were fertilized with the next 30 kg N 
ha−1. This means that the increase in biomass in individual 
development stages and after the application of various fer-
tilizer combinations was not uniformly proportional to the 
level of nitrogen application and the addition of sulphur. 
Moreover, the conditions which occurred during the study 
years influenced the fresh and air-dry yields of the plants, 
which were at their highest in 2011 and significantly lower 
in 2009-2010. In the presented study, the dry matter yield 
of the stems and leaves of spring rye was the lowest from 
the start of stem elongation to the first node stage (BBCH 

Ta b l e  1. Dates of phenological stages of spring rye growth in the experiment

Year BBCH 00* BBCH 10 BBCH 23 BBCH 31 BBCH 51 BBCH 83 BBCH 99

2009 8 Apr 17 Apr 4 May 20 May 7 Jun 26 Jul 10 Aug

2010 3 Apr 12 Apr 30 Apr 18 May 3 Jun 23 Jul 5 Aug

2011 31 Mar 11 Apr 1 May 17 May 5 Jun 17 Jul 3 Aug

*Explanatory notes: BBCH 00 – Dry seed (caryopsis), BBCH 10 – First leaf through coleoptiles, BBCH 23 – 3 tillers detectable, BBCH 
31 – First node at least 1 cm above tillering node, BBCH 51 – Beginning of heading: tip of inflorescence emerged from sheath, first 
spikelet just visible, BBCH 83 – Early dough, BBCH 99 – Harvested product. 
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30–31) and the highest between the middle and the end of 
heading (BBCH 55–59). The results confirm that dry mat-
ter yield increases with the progress of plant vegetation.

The carbon content at the BBCH 30–31 stage did not 
depend to a significant extent on nitrogen application 
(Table 2). However, a downward trend in total carbon 
content may be observed as N application increases. The 
addition of sulphur and the interaction between the nitro-
gen application level and sulphur fertilization did not cause 
significant changes in the total carbon content of spring rye 

leaves. The carbon content was positively influenced by the 
weather conditions in the years 2010 and 2011, while the 
biomass yield was significantly higher in 2011. 

The highest carbon content in whole plants at BBCH 
55–59 stage was recorded in the plots fertilized with a dose 
of 30 and 90 kg N ha−1, while the lowest C content in the 
biomass was observed in the control treatments (without N) 
and in the plots fertilized with 60 kg N ha−1. Sulphur appli-
cation alone and its interaction with nitrogen application 

Ta b l e  2. Influence of nitrogen and sulphur application on the biomass of spring rye and carbon content at the BBCH 30–31 stage 
(2009-2011)

Fertilization / Year

Mass of stems and leaves
(BBCH 30–31) Total carbon

Fresh Air-dry Content Accumulation
(t ha-1) (g kg-1 d.m.) (kg ha-1)

Nitrogen

0 N 13.76 ± 2.47 d 2.34 ± 0.42 d 412.5 ± 3.2 a   965 ± 164 d
30 N 16.78 ± 0.95 c 2.85 ± 0.17 c 407.0 ± 0.4 a 1 160 ± 67 c
60 N 21.71 ± 1.50 b 3.71 ± 0.26 b 401.5 ± 2.3 a 1 490 ± 98 b
90 N 22.57 ± 1.93 a 3.87 ± 0.34 a 403.5 ± 1.3 a  1 562 ± 134 a

Sulphur
0 S 18.31 ± 0.20 b 3.12 ± 0.03 b 403.8 ± 1.1 a 1 259 ± 17 b
40 S 19.10 ± 0.19 a 3.26 ± 0.03 a 408.0 ± 0.9 a 1 330 ± 18 a

Year

2009 18.47 ± 0.12 b 3.15 ± 0.02 b 395.1 ± 5.5 b 1 240 ± 27 c
2010 18.41 ± 0.15 b 3.15 ± 0.02 b 414.5 ± 4.2 a 1 303 ±  4 b
2011 19.23 ± 0.26 a 3.28 ± 0.04 a 408.8 ± 1.3 a 1 340 ± 23 a

Mean 18.71 3.19 406.1 1 294

Different letters denote significant differences (p ≤ 0.05) between the treatments. SD ± standard deviation.

Ta b l e  3. Influence of nitrogen and sulphur application on the biomass of spring rye and carbon content at the stage BBCH 55–59 
(2009-2011)

Fertilization / Years
Whole plant mass (BBCH 55–59) Total carbon

Fresh Air-dry Content Accumulation
(t ha-1) (g kg-1 d.m.) (kg ha-1)

Nitrogen

0 N 20.04 ± 3.37 d 4.19 ± 0.70 d 418.9 ± 1,7 d 1 757 ± 304 d
30 N 24.71 ± 1.03 c 5.13 ± 0.23 c 423.4 ± 0.5 b 2 175 ± 95 c
60 N 29.70 ± 1.46 b 6.26 ± 0.33 b 422.3 ± 0.1 c 2 643 ± 139 b
90 N 32.67 ± 2.94 a 6.78 ± 0.59 a 424.8 ± 1.2 a 2 883 ± 259 a

Sulphur
0 S 26.12 ± 0.33 b 5.47 ± 0.06 b 421.1 ± 0.6 a 2 305 ± 30 b
40 S 27.4 ± 0.323 a 5.72 ± 0.06 a 423.7 ± 0.6 a 2 424 ± 29a

Years

2009 26.26 ± 0.26 b 5.51 ± 0.04 b 420.2 ± 1.1 b 2 315 ± 25 ab
2010 26.48 ± 0.15 b 5.52 ± 0.03 b 415.4 ± 3.5 bc 2 299 ± 33 b

2011 27.60 ± 0.41 a 5.74 ± 0.07 a 431.5 ± 4.5 a 2 479 ± 57 a

Mean 26.78 5.59 422.4 2 365

Explanations as in Table 2. 
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did not significantly affect the carbon content. The highest 
carbon content in leaves and ears of rye was found in 2011 
(Table 3). 

The total C accumulation by the rye dry matter at the 
BBCH 30–31 and BBCH 55–59 stages was higher in the 
conditions of each level of nitrogen application and with 
the addition of sulphur, but it was most favourable follow-
ing the application of 60 and 90 kg N ha1 (Tables 2, 3). 
At BBCH 30–31 the leaves accumulated on average 
1 294 kg ha−1 of carbon, while the whole plants at BBCH 
55–59 accumulated 2 365 kg of carbon per hectare. The 
weather factor influenced the accumulation of total carbon; 
the highest level of its accumulation in biomass in both of 
the aforementioned development stages was noted in 2011. 

An analysis of the results showed the significant bene- 
ficial effect of nitrogen (factor I) on the straw yield of 
spring rye. The straw yield increased significantly in pro-
portion to the increase in the nitrogen dose application. 
A sulphur application (factor II) also had a beneficial impact 
on the straw yield. However, the interaction between the 
different nitrogen application rates and sulphur fertilization 
(factor II) was not apparent. Regardless of sulphur applica-
tion, straw yield was most favourable on plots where 60 
and 90 kg N ha-1 were applied. Similarly, irrespective of 
the nitrogen application rate, supplementation with sulphur 
in the amount of 40 kg ha−1 (factor II) improved the straw 
yield (although this was not confirmed statistically). In gen-
eral, sulphur application enhanced the impact of nitrogen 
on straw yield. The greatest straw yield in spring rye was 
obtained in 2011 and it was lower by 3.5% on average in 
the years 2009-2010 (Table 4). 

The carbon content in the straw was not significantly 
influenced by nitrogen application. However, it was found 
to be dependent on the addition of sulphur, which benefi-

cially increased the content of this element in the straw. No 
interaction was noted between the nitrogen application rate 
and the addition of sulphur. The weather conditions also 
had no significant influence on the value of this feature. 
The average total carbon content in the straw was 474.3 g 
kg−1 d.m. Moreover, the accumulation of C by the straw 
increased in direct proportion to the level of nitrogen appli-
cation and the addition of sulphur. The total carbon content 
was significantly higher in plants that were fertilized with 
the highest nitrogen dose, i.e. 90 kg N ha−1 (Table 4). The 
dry matter content of the straw in the fully matured stage 
(BBCH 92) accumulated on average 2 062 kg ha−1 of total 
carbon. The weather factor did not influence the carbon 
content, but the high point of its accumulation was noted in 
2011 (Tables 4, 5).

An analysis of the results showed that the beneficial 
effects of nitrogen application occurred to a significant 
extent (factor I) on the grain yield of spring rye. After 
harvest, at the time of rye maturity, the grain yield had an 
average moisture content of 11.5% and was highest on the 
plot with the 60 kg N ha−1 (3.99 t ha−1). Grain yield also 
increased significantly by a further 0.10 t ha-1 (2.8%) in 
a plot treated with 90 kg N ha−1 (Table 6). Sulphur applica-
tion (factor II) had a beneficial influence on the spring rye 
yield, this was expressed as an increase in the grain yield by  
2.53%. The interaction of various nitrogen rates (factor I) 
and sulphur application (factor II) in grain yield production 
by spring rye was not apparent. However, irrespective of 
the addition of sulphur, the grain yield directly after harvest 
and the dry matter yield of the grain were greatest after the 
application of 60 and 90 kg N ha−1. Moreover, irrespective 
of the dose of nitrogen applied, sulphur supplementation 
in the amount of 40 kg ha−1 (factor II) improved the va-
lues of these features (although this was not confirmed 

Ta b l e  4. Influence of nitrogen and sulphur application on the straw yield of spring rye and carbon content at the stage BBCH 89–92 
(2009-2011)

Fertilization / Years
Straw mass (BBCH 89–92) Total carbon 
Fresh Air-dry Content Accumulation

(t ha-1) (g kg-1 d.m.) (kg ha-1)
Nitrogen 0 N 3.70 ± 0.57 d 3.32 ± 0.51 d 474.4 ± 0.1 a 1 574 ± 244 d

30 N 4.27 ± 0.29 c 3.83 ± 0.26 c 473.5 ± 0.4 a 1 812 ± 125 c
60 N 5.49 ± 0.32 b 4.92 ± 0.28 b 474.9 ± 0.3 a 2 335 ± 136 b
90 N 5.94 ± 0.54 a 5.33 ± 0.49 a 474.4 ± 0.1 a 2 529 ± 233 a

Sulphur 0 S 4.73 ± 0.06 b 4.24 ± 0.05 b 473.5 ± 0.4 b 2 010 ± 26 b
40 S 4.96 ± 0.05 a 4.45 ± 0.05 a 475.1 ± 0.4 a 2 114 ± 26 a

Years 2009 4.76 ± 0.04 b 4.28 ± 0.03 b 474.0 ± 0.02 a 2 030 ± 16 b
2010 4.83 ± 0.01 b 4.32 ± 0.01 b 474.2 ± 0.01 a 2 043 ±  9 b
2011 4.97 ± 0.06 a 4.45 ± 0.05 a 474.7 ± 0.02 a 2 114 ± 26 a

Mean 4.85 4.35 474.3 2 062

Explanations as in Table 2. 
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statistically). Results indicate that sulphur application can 
enhance the effect of nitrogen application on the grain yield 
of spring rye. The values of these traits increased at each 
level of N application, and the highly beneficial effect was 
found at 60 and 90 kg N ha−1 enriched with mineral sulphur 
applied in the amount of 40 kg ha−1 (Table 5). In spite of fer-
tilization, the highest grain yield of spring rye was obtained 
in 2011 and in 2009-2010 it was lower, on average by 6.2%. 

The carbon content in the grain was not determined by 
nitrogen and sulphur fertilization to any significant extent. 
However, the highest C content was found in the control 
treatments and those fertilized with 30 and 60 kg N ha−1, 
whereas the highest nitrogen application (90 kg N ha−1) 
exhibited a trend in the reduction of the carbon content, on 
average from 419.7 to 414.8 g kg-1 d.m. (Table 5). Sulphur 
application caused a minor trend to develop in terms of an 
increase in the C content in the grain of spring rye, from 
417.0 to 419.8 g kg-1 d.m. The highest carbon content was 
found in the grain of spring rye harvested in 2009 and 2011, 
and the lowest in 2010. Also, the total C accumulation by 
the dry matter of the grain was favourable for each nitro-
gen application rate and with the addition of sulphur, but it 
was the greatest after the application of 60 and 90 kg N ha1 

(Table 5). The rye grain accumulated on average 1 334 kg 
of carbon per hectare. 

Nitrogen and sulphur application influenced the C:N 
ratio in the grain and in the straw of rye for the BBCH 
30–31 and BBCH 55–59 phases. Fertilization with nitrogen 
produced the following effects: As N application increased, 
the C:N ratio decreased (Table 6). In the case of sulphur 
application together with NPK fertilizers a reduction in the 
C:N ratio of the grain and in the straw occurred. However, 
it was not shown that the addition of sulphur influenced the 

N:S ratio in the rye biomass at the BBCH 30–31 or BBCH 
55–59 stages. The weather factor influenced the C:N ratio 
at each of the aforementioned stages of growth i.e. in the 
biomass, grain and straw of rye. The interaction between 
the varied nitrogen rates and the sulphur dose in the forma-
tion of the C:N ratio values was only demonstrated in the 
case of BBCH 55–59 (Table 6). 

The analysis of variance showed that the total carbon 
accumulation increased significantly in proportion to the 
nitrogen dose up to the highest level of 90 kg N ha−1 (Table 7). 
The addition of sulphur also had a significant positive 
influence on the total carbon accumulation in the grain and 
straw, although no statistically significant interaction of 
these factors was demonstrated. The passing of the years 
in the study did not have any significant influence over the 
total carbon accumulation, which amounted to an average 
of 3 408 kg ha−1. The unit carbon accumulation decreased 
following the application of 30 kg N ha−1, but this was sig-
nificantly increased in plots with the use of 60 and 90 kg 
N ha−1. Sulphur application also significantly increased the 
unit carbon accumulation, while the weather conditions 
occurring over the years of the study did not have any sig-
nificant effect on this feature (Table 7). 

Table 8 presents selected correlation coefficients bet-
ween the biomass yield at various growth stages and carbon 
content, carbon accumulation, and the C:N ratio. A signifi-
cant positive correlation was found between the biomass of 
the spring rye (determined at each stage) and carbon accu-
mulation (uptake). No significant correlations were shown 
between the biomass and its carbon content. The grain and 
straw yield was negatively correlated with the C:N ratio. 

Ta b l e  5. Influence of nitrogen and sulphur application on the grain yield of spring rye and carbon content at the stage BBCH 89–92 
(2009-2011)

Fertilization / Years
Grain mass (BBCH 89–92) Total carbon 

After harvest Air-dry Content Accumulation
(t ha-1) (g kg-1 d.m.) (kg ha-1)

Nitrogen 0 N 2.94 ± 0.31 d 2.64 ± 0.27 d 419.7 ± 0.6 a 1 106 ± 114 c
30 N 3.19 ± 0.18 c 2.86 ± 0.16 c 419.1 ± 0.3 a 1 197 ± 68 b
60 N 3.99 ± 0.21 b 3.58 ± 0.19 b 420.2 ± 0.9 a 1 504 ± 85 ab
90 N 4.10 ± 0.27 a 3.68 ± 0.24 a 414.8 ± 1.8 a 1 528 ± 97 a

Sulphur 0 S 3.51 ± 0.02 b 3.15 ± 0.02 b 417.0 ± 0.7 a 1 312 ± 11 b
40 S 3.61 ± 0.02 a 3.23 ± 0.02 a 419.8 ± 0.7 a 1 356 ± 11 a

Years 2009 3.46 ± 0.05 b 3.11 ± 0.04 b 418.4 ± 0.0 a 1 301 ± 16 b
2010 3.51 ± 0.02 b 3.14 ± 0.02 b 418.1 ± 0.1 a 1 313 ± 10 b
2011 3.60 ± 0.02 a 3.32 ± 0.06 a 418.8 ± 0.2 a 1 387 ± 26 a

Mean 3.56 3.19 418.4 1 334

Explanations as in Table 2. 
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4. DISCUSSION

The results revealed a fairly complex picture of the 
response of spring rye to nitrogen and sulphur applica-
tion, in relation to yield, carbon content and accumulation, 
and the carbon-to-nitrogen ratio (C:N) in the biomass. The 
search for optimal nitrogen application rates for the cul-
tivation of spring rye has been the subject of research by 
the other authors (Kadłubiec and Bojarczuk, 2003). In these 
studies, spring rye fertilized with nitrogen in the amount 
of 80 kg N ha−1 on soil classified as a good rye complex 
produced a yield at the level of 5.1 t ha−1. In the present 

study with spring rye, increasing the nitrogen doses also 
positively influenced the grain yield which was the highest 
in the plot with the highest level of nitrogen fertilization 
occurring at 90 kg N ha−1 which amounted to 4.08 t ha−1.

In the presented study, sulphur application in the 
amount of 40 kg S ha−1 significantly increased the grain 
yield of spring rye on average by 0.10 t ha−1, i.e. by 2.8%, 
in comparison with the control. Another study showed that 
the fertilization of spring barley with 40 kg S ha−1 also sig-
nificantly increased grain yield, by about 11.9% (Klikocka, 
2010; Klikocka et al., 2014). No interaction between 
increasing the nitrogen application and the sulphur dose was 
obtained for grain yield or for the other features examined. 
Both of these factors, however, independently increased 
yields and the values of a number of other features. No 
interaction was observed in terms of the dry matter yield in 
phases BBCH 30–31 and BBCH 55–59 as well as for the 
carbon content in the rye biomass in stage BBCH 55–59 
and in the grain. This type of sulphur influence as a yield-
improving factor indicates its additive effect in relation to 
nitrogen. This type of response is revealed in the conditions 
of the moderately weak effect of the deficient factor and is 
called the law of diminishing increments of production, in 
scientific terms it is known as Mitscherlich’s law (Grzebisz, 
2009). 

The weather factor in the present study had a significant 
effect on the grain yield of spring rye. According to Gooding 
et al. (2003) high grain yields are generally dependent on 
low levels of precipitation in the winter and in April, but on 
a greater level of rainfall during the phases of stem elonga-
tion and flowering. In the research of Dopka et al. (2013), 
concerning good rye complex soil, the highest grain yield 
of spring rye was obtained when the total rainfall during 
the growing season was 254.3 mm. In the present study, the 

Ta b l e  6. Influence of nitrogen and sulphur application on the C:N ratio (2009-2011)

Fertilization / Years

C:N ratio
Biomass yield

Stems and leaves 
BBCH 30–31

Whole plants
BBCH 55–59

Grain
(BBCH 89–92)

Straw
(BBCH 89–92)

Nitrogen 0 N 15.84 ± 1.11 a 20.01 ± 1.07 a 20.13 ± 0.93 a 91.77 ± 1.99 a
30 N 12.93 ± 0.34 b 17.32 ± 0.27 b 18.33 ± 0.03 b 90.15 ± 1.18 a
60 N 12.83 ± 0.39 b 17.08 ± 0.39 b 17.87 ± 0.20 bc 85.97 ± 0.91 b
90 N 12.86 ± 0.37 b 17.09 ± 0.39 b 16.74 ± 0.76 c 83.27 ± 2.26 c

Sulphur 0 S 13.56 ± 0.02 a 17.73 ± 0.07 a 18.70 ± 0.21 a 88.45 ± 0.33 a
40 S 13.67 ± 0.03 a 18.01 ± 0.07 a 17.83 ± 0.22 b 86.08 ± 0.85 b

Years 2009 18.42 ± 2.40 a 18.76 ± 0.44 b 18.20 ± 0.03 a 87.26 ± 0.26 b
2010 11.59 ± 1.01 b 19.95 ± 1.04 a 18.69 ± 0.21 a 89.84 ± 1.02 a
2011 10.83 ± 1.39 b 14.90 ± 1.48 c 17.91 ± 0.18 b 86.26 ± 0.76 b

Mean 13.61 17.87 18.27 87.79

Explanations as in Table 2. 

Ta b l e  7. Influence nitrogen and sulphur application on total and 
unit carbon accumulation (grain + straw) (2009-2011)

Fertilization / Years

C:N ratio
Biomass yield

Stems and leaves 
BBCH 30–31

Whole plants
BBCH 55–59

Nitrogen 0 N 2725 ± 341 d 894.1 ± 1.0 a
30 N 3009 ± 199 c 892.6 ± 0.3 b
60 N 3840 ± 216 b 895.0 ± 1.5 a
90 N 4056 ± 324 a 889.2 ± 1.4 b

Sulphur 0 S 3323 ± 42 b 890.5 ± 0.7 b
40 S 3493 ± 42 a 894.9 ± 1.4 a

Years 2009 3365 ± 21 a 892.3 ± 0.1 a
2010 3356 ± 26 a 892.4 ± 0.2 a
2011 3502 ± 47 a 893.5 ± 0.7 a

Mean 3 408 892.7

Explanations as in Table 2. 
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highest grain yield of spring rye, (on average 3.60 t ha−1), 
was obtained in the 2011 growing season, in which total 
precipitation amounted to 261.0 mm. According to Rymuza 
et al. (2012) air temperature is the main factor influenc-
ing the rate of plant growth and development, while the 
water factor influences cereal yield, especially in the criti-
cal period between stem elongation and heading. However, 
in the present study the rainfall and temperature distribu-
tion did not influence the development stages of spring rye 
to a significant extent. However, the positive effect of all of 
the nitrogen application levels and the addition of sulphur 
on straw yield was noted. Another study conducted with 
oats showed that, in comparison with the control, sulphur 
application significantly increased the straw yield (Barczak 
and Nowak, 2010). 

According to other authors, increasing the levels of 
nitrogen application increased the dry matter yield of the 
crop plants (Ercoli et al., 2009). A significant increase in 
the dry matter yield of wheat during the heading stage was 
also observed as a result of nitrogen application at a dose 
of 80 kg N ha−1 in comparison to the control (Jaśkiewicz, 
2004). 

The present study showed that sulphur application 
before the sowing of spring rye in the amount of 40 kg S 
ha−1 caused a significant increase in the dry matter yield of 
the stems and leaves from the start of stem elongation to the 
first node stage (BBCH 30–31) in comparison with the con-
trol (without S). The application of sulphur before sowing 
in the amount of 40 kg S ha−1 also significantly increased 
the dry matter yield of the whole plants at the stage between 
the middle and the end of heading (BBCH 55–59) in com-
parison to the control. These results indicate that sulphur 
application leads to an increase in the dry matter yield of 
the plant during the ontogenesis. The biomass yield was 
also influenced by the prevailing weather conditions. As 
noted by other authors, water deficiency during the grow-
ing period reduces the dry matter yield of plants (Grzebisz 
and Härdter, 2006).  

The carbon content in the rye grain did not depend 
on the nitrogen fertilization level, and its average value 
amounted to 474.3 g kg−1 d.m. On the other hand, the addi-
tion of sulphur increased the carbon content by 1.6 g kg−1 
d.m. However, these results suggest that carbon content 
is a constant feature which is only influenced to a minor 

extent by experimental factors and weather conditions. For 
comparison, in another study it was found that nitrogen 
application did not significantly increase the carbon con-
tent in the roots or in the vegetative parts of the rice, which 
is also a cereal plant (Ye et al., 2014). Other research has 
also shown that a water deficit occurred after the flower-
ing of the wheat decreased the total carbon content in the 
grain by 24% (Palta et al., 1994). Also, in the present study, 
somewhat less carbon was found in the grain yield from 
2010 than in the other, wetter years, but the grain of spring 
rye accumulated on average 1334 kg of carbon per hectare. 
However, in the study of Klikocka and Cybulska (2014) it 
was found that the grain of spring wheat accumulated on 
average 1 510 kg ha−1 carbon.  

According to Grzebisz and Härdter (2006) protein 
production in the plant is possibly an effect of carbon com-
pound use in the process of protein synthesis. According to 
other researchers, plant growth is inhibited during carbon 
starvation, and its protein content is decreased (Sulpice et 
al., 2009). The results of the present study and previously 
published research (Klikocka and Cybulska, 2014) indicate 
that the natural carbon content in a plant varies depend-
ing on its development stage and increases together with 
the period of plant growth. Our research has shown that 
the total accumulation of carbon in the straw of spring rye 
was 13.4% higher than in the grain. Also, Povilaitis et al. 
(2011) found that carbon accumulation in wheat plants 
increased during the growing period, this was confirmed 
by other research. According to the other studies the aver-
age carbon content in straw was 475 g kg−1 d.m. for barley, 
456 g kg−1 d.m. for wheat, 439 g kg−1 d.m. for triticale, and 
466 g kg−1 d.m. for rye (Karcz et al., 2013). In the present 
study, it was found that the straw of spring rye contained 
on average 474.3 g of carbon per kg of d.m. which did not 
depend on nitrogen application. However, the addition of 
sulphur increased the carbon content in the straw by 1.6 g 
kg−1 d.m. This indicates that soil sulphur influences carbon 
metabolism in the plant. Our previously published research 
showed that spring wheat accumulated the least carbon 
at the stage from the start of stem elongation to the first 
node stage (BBCH 30–31), which amounted on average to 
1 292 kg ha−1. The greater accumulation of C (on average 
2 363 kg ha−1) took place at the stage between the mid-
dle and the end of heading (BBCH 55–59) (Klikocka and 

T a b l e  8. Selected correlation coefficients between biomass yield and carbon content, carbon accumulation, and the C:N ratio (2009-
2011) (Variables n = 24)

Parameter (air DM) C content C accumulation C:N ratio
Yield of grain in BBCH 89–92 -0.331 0.999 -0.804
Yield of straw in BBCH 89–92 0.225 0.999 -0.790
Yield of biomass in BBCH 30–31 -0.307 0.524 -0.315
Yield of biomass in BBCH 55–59 0.259 0.928 -0.397

Explanatory notes: significant for α = 0.05: R = 0.406, significant for α = 0.01: R = 0.517.
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Cybulska, 2014). Other authors have also observed a great-
er amount of carbon accumulation by plants fertilized with 
nitrogen in comparison with the controls (Ye et al., 2014). 
The results of the presented study also showed a signifi-
cant increase in carbon accumulation under the influence of 
nitrogen and sulphur application. However, carbon uptake 
resulted from significant increases in straw yield, this was 
possibly an effect of the aforementioned fertilization. 

Some authors have drawn attention to the connection 
between C and N metabolism in the plant (Nunes-Nesi 
et al., 2010). According to others, the products of C and 
N metabolism include not only trophic substances, but 
also compounds that provide information about the cur-
rent status of the cells’ carbon and nitrogen levels and 
the quantitative relationships between carbon and nitro-
gen compounds (mainly carbohydrates), i.e. the C:N ratio 
(Starck, 2006). According to other authors, the C:N ratio 
in the plant influences both the yield and the quality of the 
crop (Ghaley et al., 2015). If the C:N ratio in the plant is too 
high, then yields are reduced (Lu et al., 2009). This may be 
linked with other research which reports that the value of 
the C:N ratio in the plant is regulated by nitrogen accumu-
lation (Starck, 2006). 

The previous research of Klikocka and Cybulska (2014) 
was initiated in the control plot through measuring the 
natural content of nitrogen and sulphur in the topsoil and 
determining that the C:N ratio in the grain of spring wheat 
was 16.7:1. In the present study, this ratio in the grain of 
spring rye in the control, i.e. with a natural content of nitro-
gen and sulphur in the topsoil, was 20.1:1. Fertilization 
with nitrogen and the addition of sulphur significantly 
reduced the C:N ratio. In previous research, it was found 
that the C:N ratio in the grain was also reduced by nitrogen 
and sulphur application (Klikocka and Cybulska, 2014). 
According to other authors, the carbon-to-nitrogen ratio in 
plants varies widely, from about 5 in algae to more than 
100 in trees (Raven et al., 2004). Other authors observed in 
a field experiment that during the tillering stage the C:N ratio 
ranged from 9:1 to 26:1, and its average value amounted 
13:1 (Ort et al., 2013). In the case of wheat stems, the C:N 
ratio after flowering was 17:1 (Simpson et al., 1983). In 
the present study, the C:N ratio in the straw of the matured 
rye (BBCH 92) was much higher than in the grain (about 
87.8:1), and was reduced through nitrogen and sulphur ferti-
lization. Similarly, other authors have observed an increase 
in the C:N ratio in rice from emergence to harvest (Ye et al., 
2014). According to Sardans et al. (2012) nitrogen applica-
tion, a lower or moderate air temperature and a sufficient 
water supply reduces the C:N ratio in the biomass. Other 
researchers also reported a high C:N ratio, at the level of 
100:1, in the straw of cereals (Król et al., 2007). Then, Kuś 
et al. (2008) found that the C:N ratio in the straw ranges 
from 60:1 in spring barley to 100:1 in winter wheat. These 
results reflect the data obtained in the present study. Larsen 
et al. (2011) observed that in conditions of drought and 

moderate temperatures, the C:N ratio in the plant increases. 
The present study also showed that the air temperature and 
precipitation significantly influenced the C:N ratio in the 
grain and in the straw. The chemical composition of the 
plant residues (C:N ratio and lignin content) determines 
their decomposition rate and the predominant type of pro- 
duct generated by the transformation of plant residues, 
straw, as well as natural and organic fertilizers, which 
together are referred to as fresh organic matter (FOM). 
Depending on the C:N ratio, the following fate of soil nitro-
gen and its availability to plants can be distinguished:

1. C:N ratio higher than 33.3:1 – permanent immobili-
zation of soil mineral nitrogen,  

2. C:N ratio in the range of 22.2–33.3:1 – temporary 
immobilization of soil mineral nitrogen, 

3. C:N ratio less than 22.2 – direct mineralization of 
orga-nic nitrogen.

In the present study, a C:N ratio of over 22.2 was only 
noted in the straw (average 87.79:1). For this reason, during 
the ploughing of the straw in the field, a compensatory por-
tion of the nitrogen should be applied. Its amount should be 
determined according to the following formula (Grzebisz, 
2009):

Dk N = Pno (12 – Nno), (2)
where: Dk N – compensatory portion of nitrogen (kg N ha−1), 
Pno – weight of organic fertilizer (t ha−1), Nno – current nitro-
gen content in fertilizer (kg t−1). 

Numerous experiments have shown that from the entire 
weight of carbon applied to the soil as FOM, 20–25% 
remains in the form of humic compounds after a 4(5)-year 
rotation. For example, when young plants rich in labile 
compounds and nitrogen but poor in compounds resistant 
to microbial degradation are introduced to the soil, it may 
be expected that 50% of the mineral compounds will be 
released after three months. For example, when a green 
fertilizer rich in carbohydrates and nitrogen is applied to 
the soil, the ploughing date must be effectively controlled, 
because the leaching of nitrate nitrogen (NO3

-) takes place 
during mild, rainy winters (Grzebisz, 2009).    

5. CONCLUSIONS

In the present study, the Bojko cultivar of spring rye 
was grown on Cambisols consisting of light silty sand, 
it is classified as a good rye complex and showed a posi-
tive response to nitrogen and sulphur application, this was 
expressed in the form of the carbon content in its vegetative 
and generative parts. 

1. The grain and straw yield of the spring rye as well as 
its carbon content and accumulation were the factors most 
positively influenced by the application of nitrogen (factor I) 
in the amount of 60 and 90 kg N ha−1 and sulphur (factor II) 
in the amount of 40 kg S ha−1. The biomass yield of spring 
rye at the BBCH 30–31 and BBCH 55–59 stages increased 
in proportion to the level of nitrogen application and the 
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addition of sulphur. The average fresh matter yield for these 
stages was 18.71 and 26.78 t ha−1 while the grain and straw 
yield amounted to 3.56 and 4.85 t ha−1, respectively.

2. The carbon content at the BBCH 30–31 stage did 
not depend on the experimental factors but they influenced 
the C content at the BBCH 55–59 phase to a significant 
extent. The accumulation of C in the plants increased sig-
nificantly with the level of nitrogen applied. In the BBCH 
30–31 stage the rye leaves accumulated on average 1294 
kg C ha−1, while at the BBCH 55–59 stage, the whole 
plants accumulated 2365 kg C ha−1. The average C:N ratio 
in the BBCH 30–31 and BBCH 55–59 stages amounted to 
13.61:1 and 17.87:1, respectively. 

3. The carbon content in the grain decreased signifi-
cantly due to the effect of nitrogen application at a dose 
of 90 kg ha−1 but it increased in plants that were also ferti-
lized with sulphur. Carbon accumulation increased due to 
the effect of nitrogen and sulphur fertilization. The average 
C uptake by the dry matter of the grain at the fully ripe 
stage (BBCH 89–92) was 1 334 kg ha−1. The C:N ratio in 
rye plants decreased due to the application of nitrogen and 
sulphur. 

4. Nitrogen fertilization and supplementation with sul-
phur did not affect the carbon content in the straw. The 
accumulation of C in straw increased in direct proportion 
to the level of the nitrogen dose and the addition of sulphur. 
The average C accumulation in the dry matter of straw in 
the over-ripe stage (BBCH 89–92) was 2 062 kg ha−1. 

5. The total accumulation of carbon by the dry matter of 
grain and straw increased up to a rate of 90 kg N ha−1 with 
the addition of sulphur. The average total accumulation of 
C in rye plants was 3 408 kg ha−1. The unit accumulation of 
carbon was reduced following the application of 30 kg N 
ha−1, but it increased significantly with the increase in the 
nitrogen fertilization level. Its mean accumulation in the 
rye amounted to 892.7 C t−1.

6. In cultivation conditions without manure application 
the green matter and straw of the spring rye ploughed under 
the soil are a good source of carbon for successive plants. 
Furthermore, this treatment is an important factor with the 
potential to decrease the level of global warming by reduc-
ing greenhouse gas emissions. 

Conflict of interest: The authors declare no conflict of 
interest.

6. REFERENCES

Barczak, B., Nowak, K., 2010. Effect of the sulphur dose and form 
on yielding and protein content in Komes cultivar of oat 
grain. Fragm. Agron. 27(1), 14-20, https://pta.up.poznan.pl/
pdf/2010/FA%2027(1)%202010%20Barczak.pdf.

Bardule, A., Lupikis, A., Butlers, A., Lazdins, A., 2017. Organic 
carbon stock in different types of mineral soils in cropland 
and grassland in Latvia. Zemdirbyste-Agriculture 104, 3-8. 
https://doi.org/10.13080/z-a.2017.104.001

COBORU (Centralny Ośrodek Badania Odmian Roślin 
Uprawnych), 2022. Preliminary yield results in post-regis-
tration experiments. Spring cereals (in Polish). COBO 
104/2022 n. 350, https//www.coboru.gov.pl

Dignac, M.-F., Derrien, D., Barré, P., Barot, S., Cécillon, L., 
Chenu, C., et al., 2017. Increasing soil carbon storage: 
mechanisms, effects of agricultural practices and proxies. 
A review. Agron. Sustain. Dev. 37, 14. https://doi.
org/10.1007/s13593-017-0421-2

Ditzler, C., Scheffe, K., Monger, H.C., (Eds.). 2017. Soil survey 
manual. Soil Science Division Staff. USDA Handbook 18. 
Government Printing Office, Washington, D.C.

Dopka, D., Korsak-Adamowicz, M., Starczewski, J., 2007. 
Influence of selected physical properties of soil on spring 
rye field. Fragm. Agron. 1(93), 33-40, https://pta.up.poznan.
p l / p d f / F r a g m . % 2 0 A g r o n . % 2 0 v o l . % 2 0 2 4 % 2 0
(2007)/24(1)%202007.pdf

Dopka, D., Korsak-Adamowicz, M., Starczewski, J., 2012. Biomass 
of stubble catch crops and their impact on spring rye yield 
in monoculture cultivation. Fragm. Agron. 29(2), 27-32, 
https://pta.up.poznan.pl/pdf/2012/FA%2029(2)%20
2012%20Dopka.pdf

Dopka, D., Korsak-Adamowicz, M., Starczewski, J., Paluszkiewicz, 
J., 2013. Economic evaluation of monoculture cultivation 
of spring rye. Fragm. Agron. 30(1), 20-26, https://pta.up.
poznan.pl/pdf/2013/FA%2030(1)%202013%20Dopka.pdf

Eglin, T., Ciais, P., Piao, S.L., Barre, P., Bellassen, V., Cadule, P.,  
et al., 2010. Historical and future perspectives of global soil 
carbon response to climate and land-use changes. Tellus B: 
Chemical Physical Meteorol. 62, 700. https://doi.
org/10.1111/j.1600-0889.2010.00499.x

Ercoli, L., Masoni, A., Mariotti, M., Arduini, I., 2009. 
Accumulation of dry matter and nitrogen in durum wheat 
during grain filling as affected by temperature and nitrogen 
rate. Ital. J. Agronomy 4, 3. https://doi.org/10.4081/ija.2009.1.3

Fang, J., Yu, G., Liu, L., Hu, S., Chapin, F.S., 2018. Climate 
change, human impacts, and carbon sequestration in China. 
Proc. Natl. Acad. Sci. U.S.A. 115, 4015-4020. https://doi.
org/10.1073/pnas.1700304115

FAO (Food and Agriculture Organization of the United Nation). 
2004. Carbon sequestration in dry land soils: World soil 
resources reports 102. Rome 2004, http://www.fao.org/3/
y5738e/y5738e00.htm

Galek, R., Grochowski, L., 1998. Diversification of yield and 
quality characteristics in spring rye collection. Biul. IHAR 
205/206, 45-50.

Ghaley, B.B., Sandhu, H.S., Porter, J.R., 2015. Relationship 
between C:N/C:O stoichiometry and ecosystem services in 
managed production systems. PLoS ONE 10, e0123869.
https://doi.org/10.1371/journal.pone.0123869

Gooding, M.J., Ellis, R.H., Shewry, P.R., Schofield, J.D., 2003. 
Effects of restricted water availability and increased tem-
perature on the grain filling, drying and quality of winter 
wheat. J. Cereal Sci. 37, 295-309. https://doi.org/10.1006/
jcrs.2002.0501

Grochowski, L., 1995. Preliminary assessment of collectible 
forms of spring rye. Biul. IHAR 195/196, 317-321.

Grzebisz, W., 2009. Fertilization of cultivated plants. Part II. 
Fertilizers and fertilization systems. Ed. PWRiL, Poznań 
376 pp.

https://pta.up.poznan.pl/pdf/2010/FA%2027(1)%202010%20Barczak.pdf
https://pta.up.poznan.pl/pdf/2010/FA%2027(1)%202010%20Barczak.pdf
https://doi.org/10.13080/z-a.2017.104.001
http://https//www.coboru.gov.pl
https://doi.org/10.1007/s13593-017-0421-2
https://doi.org/10.1007/s13593-017-0421-2
https://pta.up.poznan.pl/pdf/Fragm.%20Agron.%20vol.%2024%20(2007)/24(1)%202007.pdf
https://pta.up.poznan.pl/pdf/Fragm.%20Agron.%20vol.%2024%20(2007)/24(1)%202007.pdf
https://pta.up.poznan.pl/pdf/Fragm.%20Agron.%20vol.%2024%20(2007)/24(1)%202007.pdf
https://pta.up.poznan.pl/pdf/2012/FA%2029(2)%202012%20Dopka.pdf
https://pta.up.poznan.pl/pdf/2012/FA%2029(2)%202012%20Dopka.pdf
https://pta.up.poznan.pl/pdf/2013/FA%2030(1)%202013%20Dopka.pdf
https://pta.up.poznan.pl/pdf/2013/FA%2030(1)%202013%20Dopka.pdf
https://doi.org/10.1111/j.1600-0889.2010.00499.x
https://doi.org/10.1111/j.1600-0889.2010.00499.x
https://doi.org/10.4081/ija.2009.1.3
https://doi.org/10.1073/pnas.1700304115
https://doi.org/10.1073/pnas.1700304115
http://www.fao.org/3/y5738e/y5738e00.htm
http://www.fao.org/3/y5738e/y5738e00.htm
https://doi.org/10.1371/journal.pone.0123869
https://doi.org/10.1006/jcrs.2002.0501
https://doi.org/10.1006/jcrs.2002.0501


H. KLIKOCKA et al.254

Grzebisz, W., Härdter, R., 2006. Kieserite – natural magnesium 
sulphate. Verlagsgesseischaft für Eckerbau GmbH, Kassel, 
Germany 125 pp.

Heikkinen, J., Ketoja, E., Nuutinen, V., Regina, K., 2013. 
Declining trend of carbon in Finnish cropland soils in 1974-
2009. Global Change Biology 19, 1456-1469. https://doi.
org/10.1111/gcb.12137

Jaśkiewicz, B., 2004. Growth and accumulation of Fidelio triti-
cale mass under conditions of differentiated nitrogen 
fertilization and sowing density. Biul. IHAR, 231, 
185-189.

Jat, M.L., Chakraborty, D., Ladha, J.K., Parihar, C.M., Datta, A., 
Mandal, B., et al., 2022. Carbon sequestration potential, 
challenges, and strategies towards climate action in small-
holder agricultural systems of South Asia. Crop Environ. 1, 
86-101. https://doi.org/10.1016/j.crope.2022.03.005

Kadłubiec, W., Bojarczuk, J., 2003. Evaluation of the interaction 
of spring triticale and spring rye families with the environ-
ment. Message. Biul. IHAR 230: 187-193.

Kalembasa, S., Siczek, A., Kalembasa, D., Spychaj-Fabisiak, 
E.U., Becher, M., Gebus-Czupyt, B., 2023. Fractions of 
nitrogen (including 15N) and also carbon in the soil as 
affected by different crop residues. Int. Agrophys. 37, 265-
278. https://doi.org/10.31545/intagr/166586

Karcz, H., Kantorek, M., Grabowicz, M., Wierzbicka, K., 2013. 
The possibility of using straw as a fuel source in power 
boilers. Piece Przem. Kotły XI-XII, 8-15, https://www.
i n f o n a . p l / r e s o u r c e / b w m e t a 1 . e l e m e n t .
baztech-fbba5e97-d49d-48a7-b7e4-efc594706415

Klikocka, H., 2010. The importance of sulfur in the biosphere and 
plant fertilization. Przem. Chem. 89/7: 903-908.

Klikocka, H., Cybulska, M., 2014. Sulphur and nitrogen fertiliza-
tion of spring wheat. LAP LAMBERT Academic Publishing, 
Saarbrücken, Germany, 122 pp.

Klikocka, H., Narolski, B., and Michałkiewicz, G., 2014. The 
effects of tillage and soil mineral fertilization on the yield 
and yield components of spring barley. Plant Soil Environ. 
60 (6), 255-261. https://doi.org/10.17221/14/2014-PSE

Klikocka, H., Podleśna, A., Podleśny, J., Narolski, B., Haneklaus, 
S., Bloem, E., Schnug, E., 2020. Improvement of the 
Content and Uptake of Micronutrients in Spring Rye Grain 
D.M. Through Nitrogen and Sulfur Supplementation. 
Agronomy 10(1), 35, 1-11. https://doi.org/10.3390/
agronomy10010035

Klikocka, H., Skwaryło-Bednarz, B., Podleśna, A., Narolski, B., 
2022. The response of spring rye (Secale cereale L.) to 
NPK and S fertilizers. The content and uptake of macroele-
ments and the value of ionic ratios. J. Elem. 27(2), 249-263. 
https://doi.org/10.5601/jelem.2022.27.1.2257

Kondracki, J., 1980. Physical Geography of Poland. PWRiL, 
Warszawa, 196-215.

Król, M.J., Perzyński, A., Leśniak, A., 2007. The use of straw as 
a carbon source in the fixation of free nitrogen by bacteria 
of the genus Azospirillum. Pam. Puł. 146, 21-31.

Kuś, J., Krasowicz, S., Kopiński, J., 2008. Assessment of sustain-
ability opportunities, livestock farms. In: From the research 
on socially sustainable agriculture. Ed. Zegar, J.. Ed. 
IERGŻ Warszawa 87,11-38.

Larsen, K.S., Andresen, L.C., Beier, C., Jonasson, S., Albert, 
K.R., Ambus, P., et al., 2011. Reduced N cycling in response 
to elevated CO2, warming, and drought in a Danish heath-

land: Synthesizing result of the CLIMAITE project after 
two years of treatments. Global Change Biol. 17, 1884-
1899.ht tps : / /www.researchgate .net /publ ica t ion/ 
268801953_Reduced_N_cycling_in_response_to_elevat-
ed_CO2_warming_and_drough t_ in_a_Dan i sh_
h e a t h l a n d # f u l l Te x t F i l e C o n t e n t ,  h t t p s : / / d o i .
org/10.1111/j.1365-2486.2010.02351.x

Li, Y., 2012. Association analysis of frost tolerance in rye (Secale 
cereale L.) using candidate gene polymorphisms data from 
controlled, semi-controlled, and field phenotyping plat-
forms. Doctors Dissertation. Technical University of 
Munich. Department of Plant Breeding, Munich, Germany.

Lu, Y., Duan, B., Zhang, X., Korpelainen, H., Berninger, F., Li, C., 
2009. Intraspecific variation in drought response of Populus 
cathayana grown under ambient and enhanced UV-B radia-
tion. Annal. Forest Sci. 66(6), 1-613. https://doi.
org/10.1051/forest/2009049

Narolski, B., 2016. Yield efficiency of sulfur and nitrogen in 
spring rye production. Ph.D. Thesis. Typescript, IUNG-PIB 
Puławy, Poland.

Nunes-Nesi, A., Fernie, A.R., Stitt, M., 2010. Metabolic and sign-
aling aspects underpinning the regulation of plant carbon 
nitrogen interactions. Molecular Plant 3, 973-996. https://
doi.org/10.1093/mp/ssq049

Ort, S.B., Ketterings, Q.M., Swink, S.N., Godwin, G.S., Gami, S., 
Czymmek, K.J., 2013. Spring carbon and nitrogen pools of 
wheat and cereal rye following corn silage. What's Cropping 
Up? http://nmsp.cals.cornell.edu/Announcements/
SpringCNcovercropsaftercorn.pdf

Palta, J.A., Kobata, T., Turner, N.C., Fillery, I.R., 1994. 
Remobilization of carbon and nitrogen in wheat as influ-
enced by postanthesis water deficits. Crop Sci. 34, 118-124. 
https://doi.org/10.2135/cropsci1994.0011183X003400010
021x

Pasricha, N.S., 2017. Conservation agriculture effects on dynamics 
of soil C and N under climate change scenario. In: Advances 
in Agronomy. Elsevier 269-312. https://doi.org/10.1016/
bs.agron.2017.05.004

Podleśna, A., Klikocka, H., Narolski, B., 2018. Efficiency of ferti-
lization and use of nitrogen and sulfur by spring rye. Przem. 
Chem. 97(8), 308-1311.

Povilaitis, V., Lazauskas, S., Antanaitis, Š., Sakalauskaitė, S., 
Pšibišauskienė, G., Auškalnienė, O., Raudonius, S.,  
Duchovskis, P., 2011. Carbon accumulation in winter wheat 
under different growing intensity and climate change. Inter. 
Schol., Sci. Resch. Innov. 5(11), 1510-1513. 

Powlson, D.S., Whitmore, A.P., Goulding, K.W.T., 2011. Soil car-
bon sequestration to mitigate climate change: a critical re‐ 
examination to identify the true and the false. European J. 
Soil Sci. 62, 42-55. https://doi.org/10.1111/j.1365-2389. 
2010.01342.x

Raven, J.A., Handley L.L., Andrews M., 2004. Global aspects of 
C/N interactions determining plant-environment interac-
tions. J. Exp. Botany 55, 11-25. https://doi.org/10.1093/jxb/
erh011

Rymuza, K., Marciniuk-Kluska, A., Bombik, A., 2012. Yielding 
of winter cereals depending on thermal and precipitation 
conditions in the production fields of the Agricultural 
Experimental Station in Zawady. Woda-Środowisko-

https://doi.org/10.1111/gcb.12137
https://doi.org/10.1111/gcb.12137
https://doi.org/10.1016/j.crope.2022.03.005
https://doi.org/10.31545/intagr/166586
https://www.infona.pl/resource/bwmeta1.element.baztech-fbba5e97-d49d-48a7-b7e4-efc594706415
https://www.infona.pl/resource/bwmeta1.element.baztech-fbba5e97-d49d-48a7-b7e4-efc594706415
https://www.infona.pl/resource/bwmeta1.element.baztech-fbba5e97-d49d-48a7-b7e4-efc594706415
https://doi.org/10.17221/14/2014-PSE
https://doi.org/10.3390/agronomy10010035
https://doi.org/10.3390/agronomy10010035
https://doi.org/10.5601/jelem.2022.27.1.2257
https://doi.org/10.1111/j.1365-2486.2010.02351.x
https://doi.org/10.1111/j.1365-2486.2010.02351.x
https://doi.org/10.1051/forest/2009049
https://doi.org/10.1051/forest/2009049
https://doi.org/10.1093/mp/ssq049
https://doi.org/10.1093/mp/ssq049
http://nmsp.cals.cornell.edu/Announcements/SpringCNcovercropsaftercorn.pdf
http://nmsp.cals.cornell.edu/Announcements/SpringCNcovercropsaftercorn.pdf
https://doi.org/10.2135/cropsci1994.0011183X003400010021x
https://doi.org/10.2135/cropsci1994.0011183X003400010021x
https://doi.org/10.1016/bs.agron.2017.05.004
https://doi.org/10.1016/bs.agron.2017.05.004
https://doi.org/10.1111/j.1365-2389.2010.01342.x
https://doi.org/10.1111/j.1365-2389.2010.01342.x
https://doi.org/10.1093/jxb/erh011
https://doi.org/10.1093/jxb/erh011


SPRING RYE AS A BIOMASS AND CARBON IN THE SOIL 255

Obszary Wiejskie 12, 2(38), 207-220. http://www.itp.edu.
p l /o ld /wydawnic two/woda /zeszy t_38_2012/en /
Rymuza%20i%20in.pdf

Sardans, J., Rivas-Ubach, A., Peñuelas, J., 2012. The C:N:P stoi-
chiometry of organisms and ecosystems in a changing 
world: A review and perspectives. Perspectives Plant 
Ecology, Evolution Systematics 14, 33-47. https://doi.
org/10.1016/j.ppees.2011.08.002

Simpson, R.J., Lambers, H., Dalling, M.J., 1983. Nitrogen redis-
tribution during grain growth in wheat (Triticum aestivum 
L.): IV. Development of a Quantitative Model of the 
Translocation of Nitrogen to the Grain. Plant Physiol. 71, 
7-14. https://doi.org/10.1104/pp.71.1.7

Starck, Z., 2006. Diverse functions of carbon and nitrogen in 
plants. Kosmos. Prob. Nauk Biol. 55, 2-3(271-272): 243-
2 5 7 .  h t t p : / / k o s m o s . i c m . e d u . p l / P D F / 2 0 0 6 / 2 4 3 .
pdf?ref=ARKADASBUL.NET

Sulpice, R., Nikoloski, Z., Tschoep, H., Antonio, C., Kleessen, S., 
Larhlimi, A., et al., 2013. Impact of the carbon and nitrogen 

supply on relationships and connectivity between metabo-
lism and biomass in a broad panel of arabidopsis accessions. 
Plant Physiol. 162, 347-363. https://doi.org/10.1104/
pp.112.210104

Tarkowski, C., 1983. Rye biology. PWN Warszawa 367 pp. 
Witzenberg, A.H., Hack, H., van den Boom, T., 1989. Erläuterungen 

zum BBCH Dezimal-Code für die Entwicklungsstadien des 
Getreides – mit Abbildungen. Gesunde Pflanzen. 41, 384-
388, https://pascal-francis.inist.fr/vibad/index.php?action=
getRecordDetail&idt=6598504

United Nations Framework Convention on Climate Change 
(UNFCCC), 2016. The Paris Agreement. https://unfccc.int/
process-and-meetings/the-paris-agreement

Ye, Y., Liang, X., Chen, Y., Li, L., Ji, Y., Zhu, C., 2014. Carbon, 
nitrogen and phosphorus accumulation and partitioning, 
and C:N:P stoichiometry in late-season rice under different 
water and nitrogen managements. PLoS One 9, e101776. 
https://doi.org/10.1371/journal.pone.0101776

http://www.itp.edu.pl/old/wydawnictwo/woda/zeszyt_38_2012/en/Rymuza%20i%20in.pdf
http://www.itp.edu.pl/old/wydawnictwo/woda/zeszyt_38_2012/en/Rymuza%20i%20in.pdf
http://www.itp.edu.pl/old/wydawnictwo/woda/zeszyt_38_2012/en/Rymuza%20i%20in.pdf
https://doi.org/10.1016/j.ppees.2011.08.002
https://doi.org/10.1016/j.ppees.2011.08.002
https://doi.org/10.1104/pp.71.1.7
http://kosmos.icm.edu.pl/PDF/2006/243.pdf?ref=ARKADASBUL.NET
http://kosmos.icm.edu.pl/PDF/2006/243.pdf?ref=ARKADASBUL.NET
https://doi.org/10.1104/pp.112.210104
https://doi.org/10.1104/pp.112.210104
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=6598504
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=6598504
https://unfccc.int/process-and-meetings/the-paris-agreement/the-parisagreemen
https://unfccc.int/process-and-meetings/the-paris-agreement/the-parisagreemen
https://doi.org/10.1371/journal.pone.0101776

	Zakładka 2
	_GoBack
	_GoBack
	_GoBack

