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Abstract: The climate changes and increased drought frequency still more frequent in recent periods
bring challenges to management with wheat straw remaining in the field after harvest and to its
decomposition. The field experiment carried out in 2017–2019 in the Czech Republic aimed to evaluate
winter wheat straw decomposition under different organic and mineral nitrogen fertilizing (urea,
pig slurry and digestate with and without inhibitors of nitrification (IN)). Treatment Straw 1 with
fertilizers was incorporated in soil each year the first day of experiment. The Straw 2 was placed
on soil surface at the same day as Straw 1 and incorporated together with fertilizers after 3 weeks.
The Straw 1 decomposition in N treatments varied between 25.8–40.1% and in controls between
21.5–33.1% in 2017–2019. The Straw 2 decomposition varied between 26.3–51.3% in N treatments
and in controls between 22.4–40.6%. Higher straw decomposition in 2019 was related to more rainy
weather. The drought observed mainly in 2018 led to the decrease of straw decomposition and to the
highest contents of residual mineral nitrogen in soils. The limited efficiency of N fertilisers on straw
decomposition under drought showed a necessity of revision of current strategy of N treatments and
reduction of N doses adequately according the actual weather conditions.

Keywords: decomposition; winter wheat straw; urea; slurry; digestate

1. Introduction

The fertility and quality of soil depends on the turnover of organic carbon in soils and
therefore on the input of organic matter into soils. The soil organic C decomposition rate is
responsible for the turnover of organic C pools [1] and hence soil health. The loss of soil
organic carbon (SOC) from agricultural soils is a key indicator of soil degradation associated
with reductions in net primary productivity in crop production systems worldwide [2].

The straw residues derived from agricultural crops are critical for the maintenance of
soil quality and belong also among the greatest sources of soil organic matter in agrosys-
tems [3]. The global production of the winter wheat straw was 529 million tons in 2013 [4]
at the global production 710 million tons of grain [5]. The estimated global production of
wheat will be about 765 million tons in 2020 [6]. Nowadays straw production can therefore
reach about 569 million tons. The global data of straw incorporation in soils are unknown,
but the return of crop residues in soils is still more required for maintenance of organic
matter in soil. For instance, China which is one of the greatest global producers of wheat
accounting for about one–third of the global production proposed returning crop straw to
the field soil to practice conservation agriculture [7,8].

The incorporation of crop residues into the soil and its subsequent decomposition
replenishes the soil organic matter content [9]. Post-harvest residues as a part of the plant
biomass, being a harvest by-products, remain in the field after harvesting and favourably
affect soil fertility. They represent an important source of soil organic matter as well as
supporting carbon sequestration and soil organic matter (SOM) formation [10].

The fertilization of soils increases straw decomposition relative to the unfertilized
soil [11]. High content of mineral nitrogen (Nmin) accelerates the decomposition of light
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carbon fractions, while further stabilizing soil carbon compounds that are more difficult for
decomposition [12,13]. The effect of Nmin on the decomposition of post-harvest residues
and the formation of SOM is variable depending also on the N content in post-harvest
residues and soil [14,15]. It also depends on the quantity of accessible nutrients and organic
compound content, N leaching and the structure of the microbial community.

Nitrogen fertilizers are applied to adjust large C:N ratio of wheat straw to enable soil
microorganisms to decompose postharvest residues easily. The carbon content of straw can
increase soil C:N ratio, thereby stimulating soil microbial growth and potentially causing
competition among microbial groups with different life history strategies [16,17]. However,
soil C:N ratio is basically determined by soil organic carbon and total nitrogen [18]. Higher
C:N crop residue ratio than soil microbial biomass can change the availability of mineral
nitrogen (Nmin) and decrease the rate of microbial decomposition of crop residues [19].

Among mineral fertilizers used for stimulation of straw decomposition, the urea
(CO(NH2)2) is one of the most globally used mineral nitrogen fertilizers [20] and is trans-
formed by enzymatic and microbial processes in soils [21]. Application of animal and
other organic residues on arable soil is a common practice. Pig slurry is the mixture of
urine, excrements and water and due to its significant nitrogen consisting of inorganic
and organic compounds [22] is a valuable fertilizer for crop production. However, its
application can pose also significant risks on the environment due to risk of ammonia
volatilization or nitrate leaching [23]. Pig slurry was also found to affect straw mineraliza-
tion on the soil surface whereas less effect was found after incorporation into the soil [24].
Digestates used on agricultural land originating from biogas plants are the organic residues
of anaerobic digestion of plant biomass and manures. Their production increases due to
increasing number of biogas stations and more and more popular renewable energy [25,26].
Digestates contain considerable quantity of nutrients (namely nitrogen and potassium)
suitable as fertilizers on arable land. However, digestate obtained has higher proportions of
mineralized plant-available nutrients than the untreated manure and digestion results also
in a significant odor reduction [25,27,28]. Straw application together with the digestate is o
good source of organic C, easily mineralizable N from digestate supports the degradation
of straw and increase microbial biomass and soil microbial activity, while fertilization with
digestate itself brings an effect in increasing crop yield, but does not improve the level of
soil organic matter significantly [28].

The decomposition of crop residues is governed by both quantity and quality of the
residue, climatic conditions such as temperature and moisture, and soil properties [29].
High moisture and temperatures promote the straw decomposition [9]. Soil water content
is an important factor that affects the decomposition of crop residues [30], first because soil
water potential must be sufficient to provide water for microbial activity [29]. The influence
of climate on decomposition of soil carbon has been well documented, but there remains
considerable uncertainty in the potential response of soil carbon dynamics to the rapid
global increase in reactive nitrogen (coming largely from agricultural fertilizers and fossil
fuel combustion) [12]. The decrease of precipitations followed by drought can therefore
alter the decomposition processes of post-harvest residues and promote N losses.

The aim of the research was to verify the effect of nitrogen mineral and organic
fertilizers on the decomposition of winter wheat straw in summer-autumn period under
natural conditions in the years 2017–2019. The effect of N fertilizers on mineral nitrogen
content in soils with and without straw incorporated in soils was also studied.

2. Materials and Methods
2.1. Field Experiment

The field experiment with different kinds of N fertilization to enhance the winter wheat
straw decomposition was carried out in the years 2017–2019 in Crop Research Institute,
Prague-Ruzyně, Czech Republic (50.0891708 N, 14.2964372 E, altitude = 340 m; annual aver-
age precipitation = 472 mm; annual mean air temperature = 8.4 ◦C; soil type = Illimerized
Luvisol). The experiment was conducted in field conditions. The microplots made of metal-
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lic frames of area 0.25 m2 were installed after the winter wheat harvest, each treatment had
4 repetitions in randomized design with four horizontal rows for each repetition enabling
that no plot was situated in the same vertical line.

The start of the experiment in individual years was as follows: 16 and 17 August 2017;
14 and 15 August 2018; 6 and 7 August 2019. Winter wheat straw was incorporated into
soil together with applied nitrogen fertilizers immediately (Straw 1) or straw (Straw 2) was
left on the soil surface and application of N fertilizers and their incorporation together with
straw took place after three weeks: 11 September 2017; 6 September 2018 and 30 August
2019. Nitrogen fertilizers with straw (Straw 1 and Straw 2) were incorporated up to 10 cm
layer of soil. The winter wheat straw decomposition was evaluated in function of used
type of nitrogen fertilizer and the current weather in the years 2017–2019.

The straw dose was 8 t ha−1 in the year 2017 and 6 t ha−1 in 2018 and 2019. The
straw of cultivar Tobak (grower: M. von Borries-Eckendorf GmbH and KG, Leopoldshohe,
Germany) taken from actual harvest and crushed to pieces of 1–8 cm was used for the
experiment. The N fertilizers were applied in the dose 80 kg N ha−1 in the year 2017 and
60 kg N ha−1 in the years 2018 and 2019.

The fertilizers used in the experiment were: urea, pig slurry, digestate from biogas
stations and pig slurry or digestate amended with nitrification inhibitors (IN) [N-Lock (20%
Nitrapyrin) in 2017 and Piadin (1.5% Methylpyrazol and 3% Triazol) in 2018 and 2019].
Average characteristics of digestate and pig slurry in years 2017–2019 are given in Table 1.
All experimental treatments are given in Table 2.

Table 1. Average characteristics of digestate and pig slurry applied on the wheat straw in the
years 2017–2019.

Digestate Pig Slurry

Dry matter % 6.30 5.60
Ntot % 0.46 0.56

NH4-N % 0.32 0.43
pH 8.07 6.97
P % 0.06 0.07
K % 0.43 0.22

Ntot–total nitrogen; NH4-N–ammonium nitrogen; P–phosphorus; K-potassium.

The trial ended after 10 weeks in 2017 (26 and 27 October 2017) and 2018 (22 and 23
October 2018) and after 12 weeks in 2019 (29 October 2019). The straw bags were removed
from the soil. Before weighing, the soil was removed from the bags and straw was cleaned
by washing in the water. The residual soil was removed by using a water pump equipped
with a nylon cover to avoid straw loss. Straw was subsequently dried at 65 ◦C, weighed
and the loss of straw was calculated. Soil samples from a depth of 0–10 cm and 10–30 cm
were collected to determine NH4-N and NO3-N contents in a soil. The extraction procedure
was as follows: 50 g of soil was shaken in 250 mL 1% K2SO4 for 1 h at 200 mph and
thereafter filtered on Whatman 40 filters. The clear extracts were measured immediately
after filtration by means of flow injection SANPLUS System analyser (Skalar Analytical B.V.;
The Netherlands).
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Table 2. Treatments in the straw decomposition experiment. (Straw: 0 = treatments without straw;
Straw 1 incorporated the 1st day of experiment; Straw 2 = incorporated after 3 weeks of staying
on surface).

Treatment Straw

Control 0
Urea 0

Pig slurry 0
Digestate 0
Control Straw1

Urea Straw1
Pig slurry Straw1
Digestate Straw1

Pig slurry + IN Straw1
Digestate + IN Straw1

Control Straw 2
Urea Straw 2

Digestate Straw 2
IN-inhibitor of nitrification.

Permeable nylon bags with weighed straw (approx. 1.3 g bag−1) were prepared for
the straw decomposition test. Four bags were incorporated in each plot together with major
part of straw (approx. 195/145 g plot−1). The corresponding amount of the N fertiliser was
applied on the individual bags.

2.2. Precipitation and Temperature

2017: The experimental period 2017 (17 August–27 October 2017) was characterised by
the total rainfall of 93.3 mm (August 23.6 mm, September 21.4 mm, October 34.7 mm) while
9.2 mm fell in first 2 days after Straw 1 incorporation and next 3 mm fell on 26 August 2017.
Next higher precipitation was on 31 August and 1 September 2017 (together 22.4 mm) after
which a substantial decrease of temperatures was noted. The warmer weather (mainly in
August) possibly did not allow sufficient straw degradation due to water evaporation and
drier soil. Following experimental period was characterised by insufficient precipitations
(Figure 1a). The average temperature during the experiment was 14.7 ◦C.

2018: The experimental period 2018 (14 August–23 October 2018) was characterised
by dry and hot weather when the total rainfall during the 10 week field trial was only
47.1 mm (August 7.9 mm; September 36.4 mm; October 2.8 mm), the average temper-
ature was 15.9 ◦C. The time following straw incorporation was characterised by lack
of precipitations and by warm weather (Figure 1b). Despite two short periods of rain
(31 August–1 September 2018 and 23 September 2018), these conditions did not allow
sufficient straw decomposition.

2019: The experimental period 2019 (6 August–29 October 2019) was characterized by
higher rainfall and lower average temperatures during the experiment (Figure 1c) com-
pared to 2017 and 2018. In 2019, total rainfall was 148.3 mm (August 57.5 mm; September
63.8 mm; October 27.0 mm) and the average temperature was 15.3 ◦C. Unlike in the year
2018, in 2019, the precipitations came soon after the incorporation of straw with N fertiliz-
ers. The higher precipitations together with higher temperatures especially in August and
early September created more suitable conditions for straw decomposition.
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Figure 1. (a–c): Temperatures and precipitations during field experiments. The arrows indicate dates of straw incorpora-
tion. 

Figure 1. (a–c): Temperatures and precipitations during field experiments. The arrows indicate dates of straw incorporation.
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2.3. Statistical Analysis

Statistical calculations were performed using Statistica 13.0 Software, TIBCO, U.S.A.
The results were expressed as mean values from 4 replicates for each treatment and year.
Two-way ANOVA was used to evaluate effects of years and treatments on straw decompo-
sition and mineral nitrogen contents. The same letters according the Tukey’s test (p < 0.05)
indicate statistically identical values.

3. Results
3.1. Straw Decomposition and Fertiliser Effect

The straw decomposition differed according ANOVA test among studied years
(p < 0.001) when the lowest average decomposition was obtained in the year 2018 and
the highest in 2019. Significant difference was found also among treatments (p < 0.001) and
for the combination year and treatment (p < 0.001) (Figure 2).

2017: The effect of individual fertilizers and incorporation dates on the decomposition
level of straw is shown in Figure 2. Compared to the Straw 1 decomposition in control
treatment (21.5 %), N fertilizers increased the straw decomposition to 26.4–32.5%. Compar-
ing the N and organic fertilizers, the lowest Straw 1 decomposition was found after pig
slurry (26.4%) followed by application of digestate with nitrification inhibitor (N-Lock)
(27.9%). The highest straw decomposition was found under digestate (32.5%), urea (32.0%)
and pig slurry + N-Lock (31.9%) treatments. These treatments differed significantly from
control according to Tukey test at p < 0.05.

The incorporation of Straw 2 after three weeks of laying on the surface showed that the
overall straw decomposition in control soils (Straw 1 and Straw 2) was similar. In case of
Straw 2 the decomposition on the soil surface (2.8%) was included. The significant increase
of Straw 2 decomposition was noted with urea and digestate treatment in comparison with
control. However, both urea and digestate affected the Straw 2 decomposition less (in case
of urea significantly) than it was observed for relevant treatments of Straw 1.

2018: The straw decomposition in 2018 was lower than in 2017, no straw degradation
above 30% was detected in 2018 (Figure 2). During the 10-week experiment, the lowest
decomposition of straw was observed in the non-fertilized treatment Straw 1 (23.6%) and
Straw 2 (25.3%). The use of different nitrogen fertilizers decomposed the Straw 1 up to
25.8% (digestate)–29.8% (digestate + Piadin). The N treatments differed significantly at
p < 0.05 from control but together had similar effect on the straw decomposition.

The amendment of nitrification inhibitor Piadin led to slightly different results in
comparison with the N-Lock used in 2017. The straw decomposition in 2018 was slightly
higher in digestate + Piadin and lower in pig slurry + Piadin treatments in comparison
with digestate and pig slurry treatments without inhibitor of nitrification. However, no
significant differences among N treatments were found for Straw 1 decomposition.

The decomposition of Straw 2 on soil surface was 5.3% and was influenced by the
ongoing weather and especially by drought in 2018. The observed precipitations during
Straw 2 laying on the soil surface were only 24 mm and average temperature higher by
2.9 ◦C (20.2 ◦C) in comparison with the year 2017 (45 mm; 17.3 ◦C). Lower straw dose
(6 t ha−1) was used in the year 2018 due to its lower yield in this dry year and this fact
could be the possible reason for obtaining higher percentage of straw decomposition on
soil surface in comparison with the year 2017.

Application of nitrogen fertilizers to the Straw 2 did not affect its decomposition
sufficiently. Particularly, the urea treatment reached a decomposition rate similar as control
(Figure 2). The application of digestate to Straw 2 led to total straw decomposition of 28.5%.

2019: Total straw decomposition in 2019 was the highest among all tested years
(Figure 2). The straw loss averaged around 36% in 2019, compared with 26% in 2018
and 28% in 2017. During the 12-week experiment in 2019, the application of fertilizers
(urea, slurry and digestate with and without nitrification inhibitor Piadin) increased straw
decomposition to 36.6–40.1% (Straw 1) in comparison with untreated control (33.1%). Tukey
test did not show significant differences between these treatments. The decomposition of
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Straw 2 during three weeks on the surface reached 14.0%, altogether in control soil it was
40.6%. Application of fertilizers on Straw 2 increased the total decomposition of the straw
significantly up to 52.3% (urea) and 50.1% (digestate).
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Figure 2. Winter wheat straw decomposition under different nitrogen fertilizers. The same letters
“a–i” in figures represent statistically identical values of examined tillage practices according to
two-way ANOVA Tukey’s test (p < 0.05) determining the significant differences among the data. Bars
on histograms represent standard deviations. Numbers next to histograms represent cumulative
exact values in relevant treatments. IN = inhibitor of nitrification.

3.2. Mineral Nitrogen (Nmin) Content in Soils

The content of mineral nitrogen was composed mainly of nitrates (NO3-N) which in
the layer 0–10 cm differed according ANOVA test among studied years (p < 0.001) when
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the highest average nitrate contents were obtained in the year 2018 and the lowest in 2019.
Significant difference was found also among treatments (p < 0.001) and for the combination
of year and treatment (p < 0.001) (Figure 3). No significant difference in nitrate contents was
obtained among the studied years in the layer 10–30 cm (p = 0.223), whereas significant
difference was obtained for treatments (p < 0.001) and also for combination of year and
treatment (p < 0.01). Mostly very low contents of ammonium nitrogen contents were deter-
mined in soils. Despite to the significant difference of the combination year × treatment in
the layer 0–10 cm (p < 0.01) and significant differences found for ammonium N in the layer
10–30 cm (year: p < 0.01; treatment: p < 0.05; year × treatment: p < 0.05), the analysis of
Tukey test did not show practically no differences among treatments in all studied years.
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Figure 3. Nmin content in soils under different nitrogen fertilization and straw amendment. The
same letters “a–l” in figures represent statistically identical values of examined tillage practices
according to two–way ANOVA Tukey’s test (p < 0.05) determining the significant differences among
the data. Bars on histograms represent standard deviations. Numbers next to histograms represent
cumulative values of the soil depth 0–30 cm. IN–inhibitor of nitrification.
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2017: The Nmin content (mainly NO3-N) in the control soil non-amended with straw
reached 61.6 kg Nmin ha−1 in the 0–30 cm profile. The straw incorporation led to the Nmin
decrease up to 32.1 kg Nmin ha−1 and 27.8 kg Nmin ha−1 in Straw 1 and Straw 2 control
treatments, respectively (Figure 3). Fertilizer’s application increased Nmin contents in soils
without incorporated straw significantly. Maximum value (140 kg N ha−1) was found in
urea treatment. After application of fertilizers on straw, the Nmin content in soils (pig
slurry: 53.9 kg N ha−1; digestate: 58.3 kg N ha−1; urea: 75.6 kg N ha−1) was lower by more
than half compared to relevant treatments in soils without straw incorporation. Higher
proportion of Nmin was found in deeper soil layer 10–30 cm. The content of Nmin after
slurry and digestate application was approximately 15–20 kg N ha−1 lower than under urea
treatment. Application of a nitrification inhibitor (N-Lock) reduced the Nmin content only
slightly. No effect of N-Lock on Nmin content was observed in pig slurry and digestate
treatments where only negligible amounts of NH4-N were determined.

The content of Nmin in soils after incorporation of Straw 2 and fertilizers after three
weeks was in the studied soil profile 0–30 cm higher by 5–6% compared to Nmin found
in corresponding treatments with Straw 1. The later application of urea and digestate to
Straw 2 led to higher proportion of Nmin in the surface layer 0–10 cm in comparison with
relevant Straw 1 treatment.

2018: The Nmin content (prevailing NO3-N) in all soils due to the lack of precipitations
was the highest in whole three years of studied period and had also greater portion of
Nmin in the surface layer 0–10 cm (Figure 3). The highest content of Nmin was again
found in straw-free soil with urea (228 kg N ha−1), lower after application of pig slurry and
digestate without straw (152 kg N ha−1, 155 kg N ha−1, respectively). The lowest Nmin
content was found in the control soil with Straw 1. Straw 1 incorporation reduced Nmin
contents in all relevant treatments: by 37% in control, 35% in urea, 27% in pig slurry and
51% in digestate treatments. In this year, another type of nitrification inhibitor was used,
but the effect on Nmin content in soil was not significant.

Straw 2 incorporation with fertilizers after 3 weeks led to very similar Nmin content
(150 kg Nmin ha−1) in urea treatment as with Straw 1 (147 kg Nmin ha−1), but with certain
proportion of NH4-N (7.4 kg NH4-N ha−1). Digestate treatment to Straw 2 increased Nmin
content by 59% in comparison with Straw 1.

2019: The Nmin content in soils from the field trial is given in Figure 3. In comparison
with 2018, the Nmin content in soil in relevant N treatments was lower by about 40–60%.
Similarly as in precedent years, the application of fertilizers to straw-free soil resulted in a
higher Nmin content in the soil compared to the soil with incorporated straw. The highest
Nmin content in straw-free soils was noted in urea treatment (100 kg Nmin ha−1), followed
by digestate (90 kg Nmin ha−1) and pig slurry (83 kg Nmin ha−1). The incorporation of
straw together with fertilizers resulted in the decrease of Nmin content in soil to 62–69 kg
N ha−1 without significant differences among treatments. The application of N fertilizers
to Straw 2 led in the year 2019 to lower Nmin contents in a soil in comparison with Straw 1
(about 56 kg N ha−1).

4. Discussion

Based on our results, the straw decomposition was higher in 2019 in comparison with
the year 2017 and particularly with the year 2018. The precipitations achieved over the
duration of experiments were 93 mm in 2017, 47 mm in 2018 and 148 mm in 2019. In
addition, almost no rain was noted in days following the straw incorporation in soil in
2017 and 2018. These conditions did not allow the gradual straw decomposition as the
water limitations negatively affect mineralization of fresh plant litter in soils [31].

The digestate or pig slurry treatments showed often similar straw decomposition as
urea. This was despite to declared lower nitrogen efficiency of these liquid fertilizers of
about 60% in comparison with mineral fertilizers [32]. This may be due to the composition
of liquid fertilizers and low dry matter content (typically about 6–7%) which in dry periods
could moisten and better adhere to the straw and therefore enhance the soil microbial and
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enzyme activities. In fact, the increases in straw decomposition are significantly correlated
with abundances of total bacteria, fungi and activities of cellulose-degrading enzymes [33].

The higher precipitations in 2019 (147 mm) resulted in higher straw decomposition up
to 40% in Straw 1 treatment with urea and 52% in Straw 2 with digestate treatment which
are in a good agreement with Turk and Mihelič [34] who in a field experiment found that
44% of wheat straw was decomposed in two months. An adequate precipitation is required
for the sufficient straw decomposition regardless whether the straw is incorporated in
the soil immediately with N fertilizers or left for some time on the surface. In fact, straw
decomposition was found to be faster in areas with higher mean annual temperatures and
total precipitations [35–37]. Water and residue quality interactions affecting the decomposi-
tion and N dynamics should be therefore considered in residue management strategies for
soil protection and nutrient cycling [38].

The effect of nitrification inhibitors on straw decomposition remains unclear. Our
experimental results in digestate or pig slurry treatments during all three years of the
experiment showed the inconsistent straw decomposition (higher or lower). In addition,
in the year 2019, no effect of nitrification inhibitor was observed on straw decomposition
possibly due to better weather conditions for the process to occur. The presumption
that addition of nitrification inhibitors added to the digestate or slurry should improve
straw decomposition due to longer persistence of NH4-N beneficial for utilization by
soil micro-organisms [39], seems to be less functional particularly in more rainy years.
In an incubation experiment Vargas et al. [40] showed that addition of N fertilizer with
nitrification inhibitor did not affect soil respiration, however they found significantly lower
N2O emissions from soils indicating N immobilization in soils with incorporated straw.

The decomposition of Straw 2 incorporated after three weeks of staying on the soil
surface was effective practically only in more rainy year 2019 when it reached maximum
of 52.3% in digestate treatment. The Straw 2 decomposition in 2019 on the soil surface
reached 14% and the next decomposition after incorporation in the soil during the rest
of period (nine weeks) was practically the same as of the Straw 1 during whole 12 weeks
experiment. This was possibly due to previous partial straw decomposition on the soil
surface (under repeated precipitation).

In all studied years, slightly higher total decomposition of Straw 2 was observed after
the application of digestate in comparison with urea. This may be due to better contact
of liquid digestate with straw (important particularly in dry years 2017 and 2018) which
could promote also soil microbial activities. In fact, Sandor et al. [41] reported that short-
term variation of weather had a significant effect on microbial biomass with dry periods
distinguished by a reduced microbial biomass compared to wet periods.

Weather conditions in the years 2017–2019 affected also Nmin contents in soils. The
year 2018 was exceptional due to very low precipitations. In consequence, higher Nmin
content was found in the studied soil profile 0–30 cm and particularly higher proportion
of Nmin remained in the soil surface layer 0–10 cm in comparison with the other studied
years 2017 and 2019 (Figure 3). In addition, the low straw decomposition probably did not
allow the sufficient nitrogen immobilization. In the wetter summer of 2019, the fertilizers
application did not show so high Nmin contents in the experimental soils compared to
2018, which could be caused by partial N shift into deeper layers of soil after the intensive
precipitation in early September 2019 as suggested by higher NO3-N contents found in
deeper soil layer in our experiment (Figure 3).

As already reported, the straw incorporation led to reduced N loss [42], nitrogen
immobilization in the soil and to newly synthetized soil microbial biomass [39,43,44] and
these reports are in accordance with our observations. We found lower Nmin contents in
soils with applied straw in comparison with soils without straw, and also in years with
more intensive straw decomposition.

Due to repeated precipitations in 2019, the conditions for the straw decomposition in
soil were more favourable than in 2018 and 2017. Yet even in a more favourable year 2019,
the maximum straw decomposition in N treatments reached maximum 40.1% in compari-
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son with control untreated soil (33.1%). The question is whether it makes environmental
and economical sense, especially in dry years, to use the nitrogen fertilizers to enhance
straw degradation, when more unused nitrogen may remain in the soil after harvesting.
In fact, additional amounts of nitrogen can be released from the soil in the process of
mineralisation of organic matter, which is moreover intensified by nitrogen fertilization.

We could assume that applied nitrogen can support the activities of soil micro-
organisms, which use carbon from labile soil organic matter and not from straw, which
begins to decompose later. In fact, the fertilization of soil with compost and mineral N
affects slightly soil total organic C but increases total N and soil microbial biomass [45].

In addition, new wheat cultivars resistant to fungal diseases [46] and variety of
pathogens [47] were bred to improve crop health and yields. However, more resistant
cultivars may negatively affect their straw decomposition in soils. The cultivar Tobak used
in this experiment resists multiple diseases attacking winter wheat, mainly mildew, Septoria
leaf blotch, yellow and brown rust. Lower resistance is reported to Fusaria [48]. These
characteristics support the assumption that observed lower straw decomposition can be
related also to the higher resistance to diseases.

The global amount of wheat straw incorporated into the soil is not clear, but it is an
option for farmers without livestock production to increase the organic matter content of
the soil. Straw incorporation is also one of the most widespread agrotechnical practices [49].
However, many farmers have economic interests and often sell straw for bioenergy pur-
poses or burn it in the field. On the contrary, many other farmers appreciate the use of
straw incorporation for its beneficial effects on soil organic matter content, improving soil
structure, nutrient supply, etc. According to a rough estimate made in Western Europe [50],
around 20% of straw production can be incorporated into the soil. Globally it can exceed
100 million tons. Therefore, up to tens of millions tons of nitrogen fertilisers per year can
be therefore applied to straw. Our results show that the lower nitrogen treatment of straw
incorporated in soils applied with respect to the current temperature and precipitations
conditions can save a substantial amount of fertilizers. In changing weather conditions
and especially under drought, this strategy can pose a significant environmental prob-
lem as well as significant economic losses due to the unnecessary application of nitrogen
fertilisers to straw.

5. Conclusions

The results of the three years of our field experiment show an effect of the irregularity
of precipitation and the variation of straw decomposition depending on current weather
conditions. The limited efficiency of fertilisers on straw decomposition was noted not only
under drought in 2018, but also in more favourable weather conditions. According to
our observations, the straw decomposition was relatively only slightly increased under
N treatments in comparison with non-treated control soils. In view of our results, we
recommend mainly in more rainy weather to keep the straw on the soil surface for several
weeks with subsequent incorporation into the soil together with N fertilizer, amount of
which should be adjusted to current weather conditions and also with regard to nutrient
needs of the following crop. In addition, we observed higher decomposition of straw kept
several weeks on the soil surface with use of liquid fertilizers (digestate) better adhering to
straw. In summary, the weather pattern, the type of fertilizer, and the timing of the straw
incorporation into the soil need to be considered and managed in concert to achieve the
most environmental and economical management of agricultural land.
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34. Turk, A.; Mihelič, R. Wheat straw decomposition, N-mineralization and microbial biomass after 5 years of conservation tillage in
Gleysol field. Acta Agric. Slov. 2013, 101, 69–75. [CrossRef]

35. Bhardwaj, K.K.R.; Novák, B. Effect of Moisture Level on Nitrogen Immobilization as Affected by Wheat Straw Decomposition
in Soil. Zentralblatt für Bakteriologie, Parasitenkunde, Infektionskrankheiten und Hygiene. Zweite Naturwissenschaftliche
Abteilung: Mikrobiologie der Landwirtschaft. Technol. Umweltschutzes 1978, 133, 471–476.

36. Franzluebbers, A.J. Soil organic matter stratification ratio as an indicator of soil quality. Soil Till. Res. 2002, 66, 95–106. [CrossRef]
37. Balota, E.L.; Colozzi-Filho, A.; Andrade, D.S.; Richard, P.D. Microbial biomass in soils under different tillage and crop rotation

systems. Biol. Fertil. Soils 2003, 38, 15–20. [CrossRef]
38. Schomberg, H.H.; Steiner, J.L.; Unger, P.W. Decomposition and nitrogen dynamics of crop residues—Residue quality and water

effects. Soil Sci. Soc. Am. J. 1994, 58, 72–381. [CrossRef]
39. Geisseler, D.; Horwath, W.R.; Joergensen, R.G.; Ludwig, B. Pathways of nitrogen utilization by soil microorganisms—A review.

Soil Biol. Biochem. 2010, 42, 2058–2067. [CrossRef]
40. Vargas, V.P.; Soares, J.R.; Oliveira, B.G.; Lourenco, K.S.; Martins, A.A.; Del Grosso, S.J.; do Carmo, J.B.; Canratella, H. Sugarcane

Straw, Soil Temperature, and Nitrification inhibitor Impact N2O Emissions from N Fertilizer. Bioenergy Res. 2019, 12, 801–812.
[CrossRef]

41. Sandor, M.S.; Brad, T.; Maxim, A.; Toader, C. The Influence of Selected Meteorological Factors on Microbial Biomass and
Mineralization of Two Organic Fertilizers. Not. Bot. Horti Agrobot. Cluj-Napoca 2011, 39, 107–113. [CrossRef]

42. Quan, Z.; Li, S.L.; Zhu, F.F.; Zhang, L.M.; He, J.Z.; Wei, W.X.; Fang, Y.T. Fates of N-15-labeled fertilizer in a black soil-maize system
and the response to straw incorporation in Northeast China. J. Soil Sediment 2018, 18, 1441–1452. [CrossRef]

43. Bhardwaj, K.K.R.; Novák, B. Effect of Moisture and Nitrogen Levels on the Decomposition of Wheat Straw in Soil. Zentralblatt
für Bakteriologie, Parasitenkunde, Infektionskrankheiten und Hygiene. Zweite Naturwissenschaftliche Abteilung: Mikrobiologie
der Landwirtschaft. Technol. Umweltschutzes 1978, 133, 477–482.

44. Cheschire, M.V.; Bedrock, C.N.; Williams, B.L.; Chapman, S.J.; Solntseva, I.; Thompsen, I. The immobilization of nitrogen by straw
decomposing in soil. Eur. J. Soil Sci. 1999, 50, 329–341. [CrossRef]

45. Li, Z.H.; Ji, Q.; Zhao, S.X.; Wei, B.M.; Wang, X.D.; Hussain, Q. Changes in C and N fractions with composted manure plus
chemical fertilizers applied in apple orchard soil: An in-situ field incubation study on the Loess Plateau, China. Soil Use Manag.
2018, 34, 276–285. [CrossRef]

46. Pecheron, A.; Váry, Z.; Malla, K.B.; Halford, N.G.; Paul, M.J.; Doohan, F.M. The wheat SnRK1α family and its contribution to
Fusarium toxin tolerance. Plant Sci. 2019, 288, 110217.

47. Tang, C.; Xu, Q.; Zhao, M.; Wang, X.; Kang, Z. Understanding the lifestyles and pathogenicity mechanisms of obligate biotrophic
fungi in wheat: The emerging genomics era. Crop J. 2018, 6, 60–67. [CrossRef]

48. SAATEN-UNION, GmbH (2020). Available online: https://www.saaten-union.de/index.cfm (accessed on 15 February 2020).
49. Nicholson, F.; Kindred, D.; Bhogal, A.; Roques, S.; Kerley, J.; Twining, S.; Brassington, T.; Gladers, P.; Balshaw, H.; Cook, S.; et al.

Straw Incorporation Review. Tech. Rep. 2013, 74. [CrossRef]
50. Freibauer, A.; Rounsevell, M.D.A.; Smith, P.; Verhagen, J. Carbon sequestration in the agricultural soils of Europe. Geoderma 2004,

122, 1–23. [CrossRef]

http://doi.org/10.1007/s00374-011-0658-x
http://doi.org/10.1016/j.wasman.2016.12.016
http://www.ncbi.nlm.nih.gov/pubmed/28038908
http://doi.org/10.1007/s00253-009-2246-7
http://www.ncbi.nlm.nih.gov/pubmed/19777226
http://doi.org/10.1016/j.soilbio.2015.02.006
http://doi.org/10.17221/530/2015-PSE
http://doi.org/10.1371/journal.pone.0158172
http://doi.org/10.1134/S1064229309110064
http://doi.org/10.1016/j.soilbio.2018.06.001
https://www.zakonyprolidi.cz/cs/2012-262
http://doi.org/10.1016/j.soilbio.2019.05.001
http://doi.org/10.2478/acas-2013-0008
http://doi.org/10.1016/S0167-1987(02)00018-1
http://doi.org/10.1007/s00374-003-0590-9
http://doi.org/10.2136/sssaj1994.03615995005800020019x
http://doi.org/10.1016/j.soilbio.2010.08.021
http://doi.org/10.1007/s12155-019-10015-8
http://doi.org/10.15835/nbha3915579
http://doi.org/10.1007/s11368-017-1857-3
http://doi.org/10.1046/j.1365-2389.1999.00238.x
http://doi.org/10.1111/sum.12417
http://doi.org/10.1016/j.cj.2017.11.003
https://www.saaten-union.de/index.cfm
http://doi.org/10.13140/RG.2.1.2364.2721
http://doi.org/10.1016/j.geoderma.2004.01.021

	Introduction 
	Materials and Methods 
	Field Experiment 
	Precipitation and Temperature 
	Statistical Analysis 

	Results 
	Straw Decomposition and Fertiliser Effect 
	Mineral Nitrogen (Nmin) Content in Soils 

	Discussion 
	Conclusions 
	References

