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Abstract

The fertilization with nitrogen plays a crucial role in today’s agriculture characteristic with a high demand for production.
The utilization of coated fertilizers represents a possible option to lower the number of applications, lower the dose and
limit the risk of environmental losses. The effect of conventional calcium ammonium nitrate (CAN) applied in a single
application in blend (1:1 or 1:2) with oil-based polymer coated CAN in thicknesses of 4 (cCAN,) or 6% (cCANy) by
weight of the fertilizer on the yield and quality of winter wheat and oilseed rape was evaluate. The average yields of winter
wheat were not significantly influenced by the examined fertilization in either the growing season (GS) or the experimental
site. On the contrary, the qualitative parameters on average resulted in lower values in comparison with the control (split
N fertilization), possibly due to the single application of nitrogen in early spring. The examined treatments significantly
influenced the seed yield of oilseed rape in both GS and both experimental sites. On average, the highest yield of seed
(2.8 t/ha) was observed on treatment cCAN, in a 1:2 ratio. This represents a significant increase by 24.8% compared to
the control (2.2 t/ha). Similarly, to winter wheat, the qualitative parameter of oilseed rape (oil content) was lower after the
examined blends with coated CAN. The fertilization of oilseed rape with blends of uncoated and coated CAN applied in
the single application is a validate alternative to commonly used split nitrogen doses applied repeatedly during vegetation.

Keywords Control release fertilizers - Coating - Calcium ammonium nitrate - Winter wheat - Oilseed rape

1 Introduction

The global population is growing exponentially. It was esti-
mated that the population will reach nearly 9.5 billion in
the year 2050 (Yuan et al. 2022). This scenario may lead to
almost double of the food demands, the production of agri-
cultural crops should increase by up to 70%, according to
some authors (Hemathilake and Gunathilake 2022). How-
ever, this would require a heavy reliance of crop production
on the synthesis of mineral nitrogen fertilizers (Coskun et
al. 2017) and doubling the nitrogen doses applied globally

D4 Petr Skarpa
petr.skarpa@mendelu.cz

Department of Agrochemistry, Soil Science, Microbiology
and Plant Nutrition, Faculty of AgriScience, Mendel
University in Brno, Zemédélska 1, Brno

61300, Czech Republic

2 Research Institute of Chemical Technology (VUCHT a.s.),
Nobelova 34, Bratislava 836 03, Slovakia

(Subbarao et al. 2012), which could possibly lead to a sig-
nificant annual loss of nitrogen. One of the key elements is
the harmonic fertilization by macro and micronutrients and
the utilization of organic fertilizers to maintain optimal soil
fertility. However, the most dominant nutrient is still nitro-
gen (synthetic). The application of mineral N fertilizers in
agriculture accounts for more than half of every other fertil-
izer combined (IFA 2023). The positive effect of nitrogen
on yield and quality is well-known, on the other hand, large
amounts of nitrogen are often applied to agricultural eco-
systems to meet the growing global demand for food pro-
duction (Wang et al. 2021). The high mobility of nitrogen
in the environment represents a possible significant loss of
up to 70% (Tian et al. 2020). Studies have shown that crops
use only 50% of the applied N effectively, while the rest is
lost through various pathways to the surrounding environ-
ment (Govindasamy et al. 2023; Zhang et al. 2015). The
efficiency of nitrogen application can possibly be increased
if the fertilization is performed in the correct period of vege-
tation and meets the time of increasing plant demands (Bin-
draban et al. 2015). The NUE could be further influenced by
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the term of application, fertilization method, form of nitro-
gen contained in fertilizers, incorporation of fertilizers into
the soil, and especially by the course of weather (Santillano-
Cazares et al. 2018). Low NUE is related to low profitability
of crop production (Lawrencia et al. 2021), decrease in soil
fertility and reduced potential yield of cultivated crops. It is
also environmentally unsafe and represents a possible risk
to human and animal health due to the leaching of NO;™ (He
et al. 2018), volatilization of NH;, and emission of other
N-containing gases (especially N,O and NO,) (Hakeem et
al. 2016). Therefore, improving the nitrogen use efficiency
from fertilization should be the focus for sustainability in
agriculture. The nitrogen loss, combined with an increased
economic incentive for farmers to increase NUE associ-
ated with rising costs of mineral fertilizers, has placed an
increased emphasis and imperative to implement nutrient
management strategies that reduce nitrogen loss (Duff et al.
2022).

A globally used method to improve NUE in crop produc-
tion is the split application of nitrogen contained in com-
monly available mineral fertilizers. Thus, nitrogen is usually
applied in lower doses several times during the vegetation
(or even before sowing especially for spring crops) with
the goal of increasing yield and limiting the N loss; how-
ever, the additional applications represent a disadvantage
(another field crossing, fuel, time, etc. (Anas et al. 2020).
One of the more sophisticated possibilities to improve NUE
is represented by the application of mineral fertilizers,
which can adjust the release date, release period or release
amount of contained nutrients according to the crop growth
and development, or soil-weather conditions. According to
the principle of nutrient release, these fertilizers can be clas-
sified as (1) slow-release fertilizers (SRF) with part of the
nutrient in slowly soluble form (pattern of nutrient release is
nearly unpredictable and remains subject to changes in soil
type and climatic conditions) or (2) fertilizers with inhibi-
tors of urease or nitrification (or both). Modern research is
also focusing on the application of hydrogels, especially
with natural and biodegradable polymers in combination
with nutrients as a possible alternative (Kriska et al. 2023;
Skarpa et al. 2023). Another group (3) are controlled-release
fertilizers (CRF), where the pattern, quantity, and time of
release can be within the limits predicted (Rajan et al. 2021).
CREF is purposely designed coated or encapsulated fertilizers
by water-insoluble, semipermeable, or impermeable-with-
pores materials. Therefore, CRF release active fertilizing
nutrients in a controlled, delayed manner in synchrony with
the sequential needs of plants for nutrients. Thus, they pro-
vide enhanced nutrient efficiency along with enhanced yield
and quality of products (Gil-Ortiz et al. 2020a; Liu et al.
2021; Zhu et al. 2020). The coating material should be able
to slow down nutrient release to such a pace that a single
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application of CRF fertilizer can meet nutrient requirements
of cultivated crops (Lawrencia et al. 2021). Application of
CREF also has the potential to lower the fertilizer application
dosage by 20—30% of the recommended value to achieve the
same yield (Gil-Ortiz et al. 2020a). Generally, the controlled
release mechanism depends on numerous factors such as the
origin of the coating material, the type of CRF, agronomic
conditions (temperature, moisture, pH) or even micro-
bial activity (Lawrencia et al. 2021). CRF can be possibly
coated by inorganic (e.g., sulphur, bentonite, phosphogyp-
sum) or organic (polyurethane, polyethylene, alkyd resin,
etc.) substances, super-absorbent materials, and even nano-
composites. Currently, one of the most effective methods of
preparing CRF is by coating the surface of fertilizer with
polyurethane materials. However, these coating materials
are commonly linked with higher prices and origins from
non-renewable petrochemical productions (Suryawanshi et
al. 2019). Furthermore, the residue of polyurethane shells in
soils is difficult to degrade and may cause a potential envi-
ronmental risk (Hofmann et al. 2023). Therefore, there is a
necessity for cheap, completely biodegradable, and renew-
able biobased materials (Heinrich 2019; Tian et al. 2021)
that can also reduce dependence on fossil fuels (Smith et
al. 2016). Nowadays, the ideal CRF should be coated with
a natural (e.g., vegetable oil, starch, chitosan, cellulose)
or at least semi-natural, environmentally friendly material
(Mikula et al. 2020). Especially vegetable oil is considered
to be the most significant material for bio-based polymers,
and polymeric material preparation to be an adequate sub-
stitution for polyurethanes (Sun et al. 2019). Several stud-
ies have shown that the utilization of oil-based polymers as
coating materials results in gradual, uniform nutrient release
and proved a high rate of biodegradability (Feng et al. 2019;
Skarpa et al. 2021). The most widely used vegetable oils to
produce bio-based polymers are castor, linseed, canola, sun-
flower, palm, tobacco, corn, soy, and oilseed rape (Abbasi
etal. 2019).

Most applied nitrogen fertilizer in the EU is calcium
ammonium nitrate (CAN), which is characteristic for its
equal proportion of nitrate (13.5%) and ammonium (13.5%)
nitrogen. The aim of this study was to verify the effect of
oil-based polymer-coated CAN fertilizer in two different
coat thicknesses (4 and 6% by weight of granules) and in
two blends (uncoated and coated CAN in 1:1 and 1:2 ratio)
on the yield and quality of winter wheat and oilseed rape.
The blends of uncoated and coated CAN fertilizer were
chosen for two reasons: (1) The combination of quickly
available nitrogen in uncoated CAN provides the necessary
amount of nitrogen in the early stages of vegetation, while
the coated CAN represents a gradual supplement of nitro-
gen; (2) The combination of coated and uncoated fertilizers
is going to be a more available option from an economic
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perspective (only part of the fertilizer is more expensive).
The effect of the single application of these blends was com-
pared to the commonly used nitrogen fertilization based on
three split doses of nitrogen in fertilizers CAN and urea
ammonium nitrate (UAN). The hypotheses were (1) that
the single application of coated CAN fertilizer is going to
increase the yield of winter wheat and oilseed rape and (2)
that the qualitative parameters of model crops are going to
be comparable to the control treatment despite the missing
fertilization later during the vegetation due to the gradual
release of nitrogen from coated CAN. The experiment over
two growing seasons (2020-2021) was established in the
field conditions at the two experimental sites to examine the
suggested hypothesis.

2 Materials and Methods
2.1 Experimental Sites and Climate-soil Conditions

A small plot field experiment was conducted in a random-
ized block design with winter wheat (7riticum aestivum
L.), variety Julie (Selgen, Prague, Czech Republic), and
oilseed rape (Brassica napus L.), variety DK Exception
(Monsanto Technology LLC, USA), which were sown as
model crops in experimental growing seasons (2019-2020
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and 2020-2021). The experiment took place simultane-
ously at two field experimental sites belonging to Mendel
University in Brno. The first experimental area is located
in Zabgice (49.0229836 N, 16.6175028E), the altitude is
180 m above sea level, and it is characterised mostly by
warm and drought climate. In fact, it is one of the warmest
sites in the Czech Republic with an average annual tempera-
ture of about 10 °C. The possible limiting factor for crop
production is the relative deficiency, or rather, the uneven
distribution of precipitation during the year together with
frequent drying winds. According to the long-term normal,
Zabéice is characteristic with a low precipitation of about
490 mm per year. The average monthly temperatures and
precipitation sums during the experiment are shown in
Fig. 1 together with the climate data from the long-term
normal 1990-2020. The second experimental area is located
near Vatin (49.5170872 N, 15.9725964E). The altitude is
560 m above sea level, and it is characteristic with lower
average temperatures and more precipitation in comparison
with Zabéice (lower risk of drought periods). The average
monthly temperatures and precipitation sums during the
experimental years for this site are shown in Fig. 2 together
with the long-term normal 1990-2020.
Due to the permanent influence of groundwater, the soil
type of experimental area Zabéice is the Gleyic Fluvisols
with clay loam structure. The soil type at the site Vatin is
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Fig. 1 Characteristics of average monthly temperatures and precipitation sums with their comparison to the long-term normal during the experi-

mental growing seasons in Zabcice
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Fig. 2 Characteristics of average monthly temperatures and precipitation sums with their comparison to the long-term normal during the experi-

mental growing seasons in Vatin

Table 1 The characteristic of soil at both experimental sites

Site / Analysis Zabgice 2020 Zabgice 2021 Vatin 2020 Vatin 2021
P (mg/kg) 152 92 101 78
K (mg/kg) 283 184 312 294
Ca (mg/kg) 3641 3934 2433 2211
Mg (mg/kg) 411 355 164 173
S (mg/kg) 11 40 9 8
pH (CaCl,) 6.4 59 6.0 5.7
clay (<2 pm) (%) 27.3 11.7

silt (50-2 pm) (%) 26.0 349

sand (2 000-50 um) (%) 11.5 53.4

clay particles (<0.01 mm) (%) 31.0 26.2

bulk density (kg m™) 1370 1197

total porosity (%) 48.0 54.4

maximum capillary water capacity (%) 47.7 39.9

minimal air capacity (%) 11.5 14.5

Cox (%) 1.3 1.8

Cambisols, mostly with sandy soil structure. The average
content of nutrients in the soil before sowing and exchange-
able soil acidity was determined by certified methodol-
ogy (Zbiral et al. 2022) in each growing season, the basic
physical properties of the soils were determined before the
experiment was first established. The basic characteristic of
both experimental sites is given in Table 1. The content of
nutrients in Vatin soils is mostly lower compared to Zabgice,

@ Springer

the soil reaction is moderately acidic. In general, the experi-
mental site Zabgice is considered more fertile in terms of
soil type and soil characteristics, while the experimental site
Vatin is characterized by more deficient and sandy soil.
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2.2 Methodology of the Experiment and Field
Treatments

The Randomized Complete Block Design was used during
the experiment. The fertilizer calcium ammonium nitrate
(CAN; 27% N; up to 13% N-NH,* and 13% N-NO;~;
Lovochemie a.s.; Lovosice, the Czech Republic) was
coated by oil-based polymers using the LDP-3 fluidized bed
granulating machine (Changzhou Jiafa Granulating Drying
Equipment Co., Ltd., Changzhou, China). The coated CAN
(cCAN, Fig. 3) fertilizer was prepared in two variants, coat-
ing up to 4 (cCAN,) and 6 wt% (cCANy) (triglycerides of
fatty acids, up to 75 wt% of which unsaturated were up to 45
wt%, polylactic acid up to 10 wt%; up to 25.9% N in 4 wt%
coat and up to 25.4% N in 6 wt%; VUCHT a.s.; Bratislava;
Slovakia) (Kucera et al. 2021). The nitrogen release dynam-
ics of the coated CAN determined into deionised water is
shown in Fig. 4 (EN 13266:2001).

The examined treatments were: the control treatment
based on the application of commonly used fertilizers CAN
and urea ammonium nitrate (UAN) in three split doses; the
combination of uncoated CAN (4% or 6%) and coated CAN
(c CAN) in a 1:1 ratio; and the combination of uncoated
CAN (4% or 6%) and coated CAN in a 1:2 ratio. The blends
of coated and uncoated CAN were applied in a single appli-
cation in the tillering stage of winter wheat (BBCH 22-25)
and at the start of the side shoot formation of oilseed rape
(BBCH 20-25). Total doses of nitrogen at every treatment
were identical for both model crops (160 kg/ha wheat;
195 kg/ha oilseed rape), as described in Table 2. Every treat-
ment was established in four repetitions. The size of each

Coating layer

41.97 pm

experimental plot of wheat for the fertilization was 16.8 m?
(10 rows with a length of 14 m and inter-row spacing of
0.12 m). The size of the experimental plots of oilseed rape
was 18 m? (6 rows with a length of 12 m and inter-row spac-
ing of 0.25 m). All the fertilizers were manually applied to
each field plot separately.

The winter wheat and oilseed rape were cultivated iden-
tically in both growing seasons at both experimental sites.
The blends of uncoated and coated CAN were applied in
a single application at the end of February or at the begin-
ning of March, depending on the course of weather and the
crop vegetation. The first application of nitrogen (control
treatment with split application) was performed simultane-
ously. The second fertilization of control treatment was then
performed at the turn of March and April, depending on the
BBCH stages of winter wheat and oilseed rape. The third
application of nitrogen in control technology was performed
at the turn of April and May. The winter wheat and oilseed
rape were treated with permitted fungicides and insecticides
as needed during the whole experiment. Upon the full rip-
ening of model crops, plants were harvested from the har-
vested area of 10 m? within each fertilized plot.

2.3 Yield, Grain and Seed Quality Measurements

The weight of winter wheat grain and oilseed rape (kg) from
the harvested area (10 m?) was determined using the digital
scale Kern ECE 20 K-2 N (KERN and Sohn GmbH, Balin-
gen, Germany). The moisture content of harvested prod-
ucts was measured subsequently (portable moisture meter
Wile 78 Crusher, Farmcomp Oy, Finland). The final wheat

Fig.3 2D and 3D rendering of the coated CAN (cCAN,) at a clinical computed tomography (Rigaku Nano3DX)
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Fig. 4 Fertilizer release profiles of nitrogen (% of N in fertilizer) in deionized water. Standard deviation is expressed by error bars

Table 2 The experimental treatments (Zab&ice and Vatin, 2019-2020 and 2020-2021)

Winter wheat

Treatment Tillering Stem elongation start (BBCH 30-32) Heading

(BBCH 22-25) (BBCH 49-51)

N (kg/ha) Fertilizer N (kg/ha) Fertilizer N (kg/ha) Fertilizer
CAN-CAN-UAN 55 CAN 65 CAN 40 UAN
CAN/cCAN, 1:1 160 CAN+c CAN4 1:1 - - - -
CAN/cCANg 1:1 160 CAN+c CANG6 1:1 - - - -
CAN/cCAN, 1:2 160 CAN+c CAN4 1:2 - - - -
CAN/cCAN; 1:2 160 CAN+c CANG6 1:2 - - - -

Oilseed rape

Treatment Side shoot formation Stem elongation start (BBCH 30-32) Flower bud emergence

(BBCH 20-25) (BBCH 50-55)

N (kg/ha) Fertilizer N (kg/ha) Fertilizer N (kg/ha) Fertilizer
CAN-UAN-UAN 105 CAN 45 UAN 45 UAN
CAN/cCAN, 1:1 195 CAN+c CAN4 1:1 - - - -
CAN/cCAN; 1:1 195 CAN+c CANG6 1:1 - - - -
CAN/cCAN, 1:2 195 CAN+c CAN41:2 - - - -
CAN/cCAN; 1:2 195 CAN+c CAN6 1:2 - - - -

grain yield was standardized at a 12.0% moisture content
and expressed as tons per hectare (t/ha), the final yield of
rape seed was standardized at 8% moisture content and also
expressed as tons per hectare.

Wheat Grain Quality The test weight scale Wile 241 (Farm-
comp OY, Tuusula, Finland) was used for the determination
of the hectolitre weight of wheat grains. The content of pro-
tein in the grain was determined by the Kjeltec 2300 device

@ Springer

(Foss, Hillerad, Denmark), followed by the multiplication
by a 6.25 coefficient (the Kjeldahl method). The gluten con-
tent and the sedimentation index known as the Zeleny-test
were estimated by the NIR (Near Infrared Spectroscopy)
method on the Inframatic 9500 NIR grain analyzer (Perten
Instruments, Hagersten, Sweden). The principle of the NIR
method is the transmittance or reflectance measurement of
radiation within the wavelength range of 800 to 2500 nm
(12.500-4000 cm™'), which is related to the different
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chemical groups contained in the sample (Azizian et al.
2007).

Rape Seed Quality The oil content was determined gravi-
metrically after the extraction of the samples with diethyl
ether using the Soxhlet method based on the NMR extrac-
tion of rapeseeds in a continuous flow extractor Minispec mq
series TD-NMR (Bruker Corporation, Ettlinger, Germany).

2.4 Economical Analysis

Economic analysis following a partial budget (CIMMYT
Economics Program 1988) was performed for compared
fertilization treatments. By its nature, this procedure con-
siders only major differences between fertilization technolo-
gies and does not take all costs and benefits into account.
Therefore, only the cost of applied fertilizers, the number
of their applications and the price of commodities (winter
wheat grain, oilseed rape seed) were considered. The cost of
1 tonne of used fertilizers was: CAN — 290 €; UAN — 315 €;
cCAN, —376 €; cCAN, — 428 €. The prices of coated fertil-
izers were calculated as the sum of the price of uncoated
CAN and the price of the raw materials used for coating and
the cost of coating according to the manufacturer (Lovoche-
mie, a.s.; Lovosice; Czech Republic). The price of fertilizers
for compared treatments has been recalculated according to
the corresponding applied doses (Table 2). The cost of one
application (fertilization in a selected BBCH stage) was
12 €/ha. The price of winter wheat was 230 €/t, the price
of oilseed rape was 458 €/t. The prices were actual for the
spring of 2024 (MATIF, Paris, France). However, the prices
of input (fertilizers) and outputs (harvested commodities)
usually fluctuate, making it difficult for economic analy-
sis. Therefore, additional sensitivity analysis (Mohammed
et al. 2022) was performed under three different scenarios
to accommodate possible market dynamics and to see the
effects of input and output price changes on the compared
technologies of fertilization. These scenarios were: (1) an
increase cost in N fertilizers by 10% but fixed commodity
price, (2) an increase in commodity price by 10% with fixed
N fertilizers cost, and (3) an increase in N fertilizers cost by
10% and a decrease in commodity price by 10% (the worst-
case scenario from farmers’ perspective). The average yield
of winter wheat and oilseed rape from both experimental
sites was used for the economic evaluation.

2.5 Statistical Analysis
The collected data (grain yield and qualitative parame-

ters) were evaluated by the Statistica Software 14 CZ by
multifactorial analysis of variance (ANOVA with factors:

growing season, site, treatment) and subsequently by the
Fisher’s Least Significant Difference (LSD) test at the 5%
level (p<0.05) of significance. Normality and homogeneity
of variances were checked using the Shapiro-Wilk test and
Levene’s test. The results were expressed as the arithmetical
mean =+ standard deviation (SD).

3 Results
3.1 Winter Wheat

The average grain yields of winter wheat observed in both
growing seasons and both sites are described in Fig. 5. It
is evident from these results that the application of coated
fertilizers in blends did not result in a significant increase in
yield at either site during two growing seasons. The overall
average (from both experimental sites and both years) was
also insignificant. The relatively highest overall grain yield
was observed at the treatment CAN/cCAN, 1:1 (8.68 t/ha).
Despite the statistically insignificant difference compared
to the control treatment (8.57 t/ha), this relative increase in
grain yield was reflected in higher revenues and most impor-
tantly, in positive net profit in every scenario described in
economic evaluation (Table 3). The average qualitative
parameters of winter wheat grain are described in Table 4.
At experimental site Zabéice, the hectolitre weight (HW)
was not statistically significant in either experimental grow-
ing season after the application of the examined blends in
comparison with the control treatment. The statistical differ-
ences were observed at experimental site Vatin in both grow-
ing seasons. On average at Vatin, the highest values of HW
were determined after the control treatment (72.3 kg/hl).
On the contrary, the lowest HW was found after both ratios
of CAN/cCAN, (70.8 kg/hl CAN/cCAN, 1:1; 70.7 kg/hl
CAN/cCAN, 1:2). This represents a significant decrease of
2.1, respectively 2.2%, compared to the control treatment.
The statistical differences between protein contents in the
wheat grain at the experimental site Zab¢ice were observed
only in season 2019/2020. In this growing season, the pro-
tein content was the lowest after the control treatment, its
content decreased by 2.5 up to 5.1 relative % in comparison
with examined the treatments with coated CAN (Table 4).
The results were the opposite in 2020/2021, every examined
treatment provided a lower content of protein compared to
the control, although not significantly. On average from
both growing seasons at experimental site Zab¢ice, the dif-
ferences in protein content were statistically insignificant.
The statistical differences in protein content after the exam-
ined fertilization were found in both growing seasons and
their average at the experimental site Vatin. On average
from both growing seasons, the statistically lowest protein
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Table 4 The average values of qualitative parameters of winter wheat grain (Zab¢ice and Vatin)

Treatment Zabgice Vatin Overall Average
2019/2020 2020/2021 Average 2019/2020 2020/2021 Average
Hectolitre weight (kg/hl)
CAN+CAN+UAN 76.7a+0.1 80.5a+0.2 78.6a+2.0 73.9a+0.5 70.6a+0.24 72.3a+1.77 78.5a+3.4
CAN/cCAN, 1:1 76.2a+1.0 80.8a+0.2 78.5a+2.6 72.7ab+0.9 68.8b+0.42 70.8c+2.2 74.6b+4.6
CAN/cCAN; 1:1 76.2a+0.7 80.3a+0.7 78.3a+2.3 73.8ab+1.4 69.6ab+1.22 71.7ab+2.5 75.0ab+4.1
CAN/cCAN, 1:2 76.4a+0.8 80.8a+0.1 78.6a+2.4 72.5b+0.4 68.8b+0.95 70.7c+2.1 74.6b+4.6
CAN/cCANg 1:2 76.2a+1.0 80.8a+0.1 78.5ax2.5 73.2ab+1.0. 69.0b+0.41 71.1bc+2.4 74.8b+4.5
Protein content (%)
CAN+CAN+UAN 13.2b+0.5 13.4a+0.6 13.3a+0.5 12.9ab+0.1 13.0a+0.1 12.9a+0.1 13.1a+0.4
CAN/cCAN, 1:1 13.7ab+0.5 13.3a+0.5 13.5a+0.5 12.8ab+0.1 11.5¢+0.8 122b+0.9 12.8a+1.0
CAN/cCANg 1:1 13.5ab+0.2 12.6a+0.8 13.1a+0.7 13.1a+0.2 12.5ab+0.6 12.8a+0.5 12.9a+0.6
CAN/cCAN, 1:2 13.6ab+0.4 13.1a+0.6 13.4a+0.5 12.5ab+0.8 12.0bc+0.4 12.3b+0.6 12.8a+0.8
CAN/cCANg 1:2 13.9a+0.4 13.2a+0.5 13.5a+0.5 12.3b+0.3 12.2b+0.3 12.3b+0.3 12.9a+0.8
Gluten content (%)
CAN+CAN+UAN 29.5b+1.2 29.6a+1.8 29.5a+1.4 28.8ab+0.2 30.0a+0.5 29.4a+0.7 29.5a+1.1
CAN/cCAN, 1:1 30.9ab+1.3 293a+1.5 30.1a+1.6 28.9ab+0.5 25.8b+2.5 273c+23 28.7a+2.4
CAN/cCANg 1:1 31.2a+0.5 273a+23 29.3a+2.6 29.7a+0.5 28.2a+1.8 29.0ab+1.4 29.1a+2.0
CAN/cCAN, 1:2 30.7ab+ 1.1 29.0ax1.6 29.9a+1.5 28.0b+2.1 28.1ab+1.7 28.1abc+1.8 29.0a+1.9
CAN/cCANq 1:2 31.5a+0.8 29.1ax1.5 303a+1.7 27.6b+0.8 28.4a+0.6 28.0bc+0.8 29.1ax1.8
Index of sedimentation (ml)
CAN+CAN+UAN 36b+3 50a+10 43a+10 3lab=+1 49a+2 40a+10 42.a+10
CAN/cCAN, 1:1 40ab+4 45ab+4 43a+5 3lab+1 35b+11 33c+7 38b+8
CAN/cCANg 1:1 4lax2 40b+6 40a+4 33a+2 44ab+6 38ab+7 40ab+6
CAN/cCAN, 1:2 40ab+3 45ab+4 42a+4 29ab+5 44ab+5 36abc+10 40ab+8
CAN/cCANg 1:2 43a+2 42b+5 42a+4 27b+2 4lab+6 34bc+8 38b+7

Results are expressed as the mean + standard deviation. The mean values with different letters are significantly different (p <0.05) according to
the LSD test. Each growing season and its average were evaluated separately

content was determined after both ratios of CAN/cCAN,
(12.2% CAN/cCAN, 1:1; 12.3% CAN/cCAN, 1:2). This
represents a significant decrease of 5.7, respectively 4.9%,
compared to the control treatment. However, the result of
multifactorial ANOVA (both growing seasons, both experi-
mental sites) shows insignificant differences between exam-
ined treatments.

The gluten content in wheat grain was similar to the
result of protein content. At Zabéice, the gluten content was
statistically higher on almost every treatment in the first
growing season 2020 within the range of 4.2-7.0 relative
%. In correlation with protein content, the gluten content
after the application of the coated blends decreased in 2021
compared to the control, although not significantly. On aver-
age from both growing seasons at Zabgice, the results were
statistically insignificant, which corresponds with the two-
year average of protein content in grain. The statistical dif-
ferences in gluten content after the examined fertilization
were found in both growing seasons at the experimental
site Vatin. In both growing seasons, the gluten content after
the application of blends was lower in comparison with the
control treatment (28.8% in 2020; 30.0% in 2021), except
for the treatment CAN/cCAN; 1:1 in growing season 2020

@ Springer

(29.7%). Both treatments (ratios) based on the single appli-
cation of uncoated and cCAN, (27.3% CAN/cCAN, 1:1;
28.1% CAN/cCAN, 1:2) have provided lower content of
gluten compared to the control treatment with split fertiliza-
tion (29.4%). A strong correlation between gluten and pro-
tein contents in wheat grain was found (Fig. 6) as the overall
average gluten content determined from both growing sea-
sons and experimental localities were also insignificant.
The important parameter of wheat grain quality, which
represents the viscoelastic characteristics of gluten protein
and determines baking quality, is the index of sedimenta-
tion estimated as the Zeleny-test. The statistical differences
between the examined treatments were found each season at
both sites (Table 4). At Zabgice, every treatment with cCAN
resulted in increased values (within the 40—43 ml range) in
comparison with the control (36 ml) in 2019/2020. How-
ever, the results in 2020/2021 were the opposite, as every
treatment with coated CAN resulted in decreased values
(within the range of 40—45 ml) of the Zeleny-test compared
to the control (50 ml). The average of both growing seasons
from Zabgice shows that the values of the sedimentation
index were comparable (statistically insignificant) between
every treatment, most notably the control treatment (43 ml)
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a Zabcice

Gluten content (%) =-9.981 + 2.985 * Protein content (%)
r=0.9693, p <0.001
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b Vatin

Gluten content (%) = -1.841 + 2.417 * Protein content (%)
r=0.9211, p <0.001
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Fig.6 The corelation between gluten content (%) and protein content (%) in winter wheat grain (Zabg&ice and Vatin)

and CAN/cCAN, 1:1 (43 ml). On the contrary, every treat-
ment with cCAN resulted in an average lower sedimenta-
tion index at the experimental site Vatin.

3.2 Oilseed rape

The average seed yields of oilseed rape obtained after two
experimental seasons from both sites are described in Fig. 7,
same as the overall average. It is evident from the presented
results, that the effect of the examined blends of cCAN is
different in comparison with the winter wheat response,
as the statistical differences were found out each growing
season at both sites depending on fertilization. The average
yields of seed were higher after the application of cCAN
compared to control (CAN-UAN-UAN) in both experimen-
tal seasons at Zabéice. At this experimental site, the single
fertilization by CAN/cCAN, 1:1 resulted in a significantly
increased yield by 16.6% (2.8 t/ha) compared to CAN-
UAN-UAN (2.4 t/ha). The statistically highest yield was
observed after the same treatment (cCAN,) with a higher

ratio 1:2 (3.8 t/ha). The application of 6% wt. cCAN also
resulted in higher average yields, 2.8 t/ha after the fertiliza-
tion with a blend in 1:1 and 2.7 t/ha after the same treat-
ment with a higher ratio 1:2. The seed yields observed at
Vatin were also higher for almost every examined treatment
in both growing seasons. On average, the highest yield of
oilseed rape was provided by the single fertilization with a
blend of CAN/cCAN, in a 1:2 ratio (2.5 t/ha). This repre-
sents an increase of 0.4 t/ha in comparison with the control
treatment (2.1 t/ha). Every other treatment with cCAN also
resulted in a relative increase in yield (from 2.3 to 2.4 t/
ha) similarly to the Zabgice. On average from both growing
seasons and both sites, the highest yield of seed (2.8 t/ha)
was observed on treatment cCAN, in the 1:2 ratio. This rep-
resents a significant increase by 24.8% compared to the con-
trol (2.2 t/ha). This significant increase in seed yield have
positively influenced the economic evaluation (Table 5), as
this treatment resulted in the highest revenues and net profit.
On average, every examined treatment with coated fertil-
izers have provided higher overall seed yields compared

@ Springer
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to the control treatment on the contrary to wheat (insignifi-
cant differences), which resulted in higher revenues and net
profit for every coated blend in every scenario,

The average oil content (%) and oil production (t/ha) of
oilseed rape is described in Table 6. It is evident that the
average oil content in seeds after the single fertilization with
uncoated and coated blends (CAN/cCAN) decreased in both
experimental seasons at both sites compared to the control
treatment with three split nitrogen doses. The CAN-UAN-
UAN provided an overall average oil content of 43.1%, the
decrease after the application of examined coated blends
was within the range of 1.4-2.0 of relative %. The average
oil production was expressed from average seed yield and
oil content. It is evident that the application of the examined
treatments with cCAN resulted in a total higher produc-
tion of oil despite the lower oil content due to the higher
yields of seed. While the correlation between oil produc-
tion and oil yield was insignificant (» = -0.076, p=0.501),
seed yield had a significant impact on oil production (r =
-0.985, p<0.001). At Zabgice, the blends with CAN/cCAN,
resulted in 1.3 t/ha (1:2 ratio) and 1.2 t/ha (1:1), which is
an increase of 30.0%, respectively 20.0% compared to the
control treatment (1.0 t/ha). Blends with cCAN, produced
1.2 (1:1 ratio), respectively 1.1 t/ha of oil (1:2 ratio). The
highest oil production at Vatin was also observed after the
application of CAN/cCAN, in a 1:2 ratio (1.1 t/ha). This
represents a significant increase of 22.2% compared to the
control (0.9 t/ha).

4 Discussion

The most important indicator of agricultural production is
crop yield. The higher the yield, the higher the potential
profit. Another important factor related to the higher yield is

a potential food security or optimal food production (Man-
souri et al. 2023). Although it is evident from the presented
results that the single application of the CAN/cCAN blend
did not result in a significant increase in winter wheat grain
at either experimental site, it is necessary to point out that
the obtained yields were almost identical to the control
treatment based on three split nitrogen applications. There-
fore, similar yields with no statistical differences can be
considered as a positive result for coated fertilizer blends, as
they were applied only in a single dose in early spring in
comparison with commonly used technology with three
split doses of nitrogen applied during the critical stages of
vegetation. Logically, the nutrient availability from single
applied coated fertilizers is declining over time (later in veg-
etation), as the mechanism of release can be characterized
as a three-stage sigmoidal and non-linear curve (Lawrencia
et al. 2021; Mansouri et al. 2023). Due to this mechanism,
the CREF is able to provide nutrients more gradually and for
longer period, however, the split fertilization by nitrogen
can possibly provide a more nutrients after each fertilization
(with a higher risk of environmental loss). For example, El
Gharrak et al. (2022) are also referring to the extended-
release duration of 100% of nutrients from oil-based coated
NPK fertilizer in the soil (laboratory conditions) with maxi-
mal longevity of up to 70 days in comparison with the
uncoated NPK. Thus, our result obtained from field condi-
tions at two sites and two growing seasons confirms that the
coated fertilizers with controlled nitrogen release can indeed
positively influence the grain yield due to the slower release
of nitrogen corresponding with the nutrient demands of
crops (Wesotowska et al. 2021) while lowering the number
of applications, therefore requiring less field crossing (fuel,
soil compaction, etc.). On average (both growing seasons,
both sites), the relatively highest yield of grain (8.7 t/ha)
was determined after the single fertilization with blend

Table 6 The average values of oil content and oil production (Zabéice and Vatin)

Treatment Zabgice Vatin Overall Average
2019/2020 2020/2021 Average 2019/2020 2020/2021 Average
Oil content (%)
CAN+UAN+UAN 40.8a+0.2 42.3a+0.7 41.6a+0.9 44.9a+0.3 44.5a+0.3 44.7a+0.4 43.1ax1.8
CAN/cCAN, 1:1 40.5ab+0.2 42.5a+0.7 41.5a+1.2 43.0b+0.2 44.1a+0.7 43.6b+0.8 42.5b+1.4
CAN/cCAN; 1:1 40.3b+0.3 41.6a+0.7 41.0b+0.8 43.3b+0.9 43.8a+0.5 43.6b+0.7 42.3b+1.6
CAN/cCAN, 1:2 40.7ab+0.3 41.6a+0.3 41.1ab+0.6 43.3b+0.6 44.4a+0.5 43.8b+0.8 42.5b+1.5
CAN/cCANg 1:2 40.7ab+0.4 41.6a+0.5 41.2ab+0.6 43.6b+0.9 44.2a+0.8 43.96+0.9 42.5b+1.6
Oil production (t/ha)

CAN+UAN+UAN 0.8b+0.2 1.2a+0.2 1.0b+0.2 1.1a+0.2 0.8b+0.1 0.9a+0.3 1.0b+0.2
CAN/cCAN4 1:1 1.1a+0.0 1.3a+0.3 1.2ab+0.2 1.0a+0.1 1.0ab+0.2 1.0ab=+0.1 1.1ab+0.2
CAN/cCANG 1:1 1.0ab+0.1 1.3a+0.2 1.2ab+0.2 1.1a+0.3 1.0ab+0.1 l.1a+0.2 1.1ab+0.2
CAN/cCAN4 1:2 1.1a+0.1 1.5a+0.3 1.3a+0.3 1.1a+0.0 1.1a+0.0 1.1a+0.0 1.2a+0.2
CAN/cCANG 1:2 1.0a+0.0 1.2a+0.3 1.1a+0.2 1.1a+0.1 0.9ab+0.2 1.0ab+0.2 1.1ab+0.2

Results are expressed as the mean + standard deviation. The mean values with different letters are significantly different (p <0.05) according to
the LSD test. Each growing season and its average were evaluated separately
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CAN/cCAN, 1:1. This represents an increase of 0.1 t/ha
compared to the control (8.6 t/ha), although it was statisti-
cally evaluated as insignificant. This relative increase in
grain yield together with lower application cost resulted in
higher revenues and most importantly, the treatment CAN/
cCAN, 1:1 was profitable in every examined scenario with
winter wheat (increase from 6 to 16 €/ha) compared to the
control treatment. On the contrary, the relatively lowest (sta-
tistically insignificant) average yield (8.5 t/ha) was deter-
mined after the application of a thicker coat (cCANy) in a
1:2 ratio. The relatively lower yield of wheat grain together
with higher price of cCAN, turned to be unprofitable in
every scenario in comparison with control treatment
(CAN+CAN+UAN), despite the lower cost of applica-
tion. One of the important factors of nutrient release from
CREF is therefore coat thickness (dos Santos et al. 2021;
Ganetri et al. 2021; Mikula et al. 2020) and a price of coat-
ing. The coating thickness has an inverse relationship with
the release rate of nutrients from fertilizers (Ahmad et al.
2015). It is evident from presented result that the blend with
6% wt. coat in combination with a higher proportion of
cCAN at the expense of quickly available N from uncoated
CAN resulted in the slower availability of nitrogen early in
vegetation, therefore in relatively lower yields. Addition-
ally, the soil moisture was described as the most important
factor in N release characteristics from CRF (Verburg et al.
2021), despite the coating material and thickness. Similar
findings are also hinted by Fan et al. (2022). The positive
effect of coated fertilizer and an increase in the yield of
wheat are also described by several authors (Fan et al. 2022;
Gil-Ortiz et al. 2020b; Shivay et al. 2016, 2017), although
most of these publications focus on coated urea. The finan-
cial benefit is the major factor for farmers when selecting a
fertilization strategy. The fertilization with CRF can present
a possible optimalization of total profit, as it is described by
Zhang et al. (2021). They demonstrated that a single appli-
cation of blending urea (coated controlled-release urea and
uncoated common urea) saved half of the labour expenses,
which balanced the higher fertilizer N prices. Thus, the
farmer’s financial earnings were not affected by the imple-
mentation of CRF and could potentially been in fact
improved. This partially corelated with presented results,
where the total average grain yields after the single fertiliza-
tion with coated blends were statistically equivalent to the
split fertilization by nitrogen, which resulted in profitable
treatment with thinner coated fertilizer in balanced ratio
with uncoated fertilizer (CAN/cCAN, 1:1). On the contrary,
the highest dose of coated urea, similar to the application
nitrogen dose in our research (188 kg/ha), did not result in a
significantly increased yield of grain over a 5-year experi-
ment, as described by (Yan et al. 2022). A similar experi-
ment to ours, although also with urea, was described by

(Zheng et al. 2017). They examined the effect of uncoated
and coated blends of urea, which also resulted in a positive
effect on the grain yield. The different ratios of coated and
uncoated urea were also examined by Farmaha and Sims
(2013). They reported that the increased proportion of
coated fertilizer resulted in comparable or even decreased
grain yields. Overall, however, the application of coated fer-
tilizer (mostly urea, sometimes MAP, NPK) is in the litera-
ture described as a positive, even for other types of crops
(Qu et al. 2020; Shao et al. 2013; Shivay et al. 2019; Tian et
al. 2017; Xu et al. 2015). Our results also showed a positive
response of oilseed rape to every examined blend of
uncoated and coated CAN in terms of average seed yield.
Similar results were reported by Tian et al. (2016) or Lu et
al. (2015). A single application of sulphur-coated urea sig-
nificantly increased oilseed rape yield by 6.3-15.5% com-
pared to the split application of conventional urea applied at
three development stages of the oilseed rape (Geng et al.
2015). The biochar-coated urea increased nitrogen use effi-
ciency by up to 20% compared to urea fertilizer in the oil-
seed rape experiment (Jia et al. 2021). Based on the results
of their research, Liu et al. (2019) report that the application
of urea coated with plant oil material generally increased
seed yield relative to convention urea, and such effects were
more pronounced at higher N rates (180 and 240 kg/ha)
because of the sufficiency of the N supply over the whole
growing season. The highest, statistically significant, aver-
age seed yield (both growing seasons, both sites) was
observed after the fertilization with CAN/cCAN, 1:2 (2.8 t/
ha) closely followed by both treatments with the 1:1 ratio
(2.6 t/ha after CAN/cCAN 1:1; 2.5 t/ha after CAN/cCAN,
1:1). The application of fertilizers blend containing the
higher ratio (1:2) of cCAN with a thicker coat resulted in the
lowest yield (2.5 t/ha), although it was still significantly
higher compared to the control treatment (2.2 t/ha). There-
fore, the economic evaluation of oilseed rape production
resulted in higher revenues for every treatment with blend
application, also due to the higher purchase price of seed in
comparison with wheat grain. Most importantly, the exam-
ined treatments with coated fertilizers were profitable in
every scenario with oilseed rape after the subtraction of
increase in fertilizer price of coated CAN. The lowest net
profit was observed after the treatment CAN/cCAN; 1:2.
These results in combination with economic evaluation of
winter wheat production support the idea that the use of
CAN with the thicker coat (cCANy), the ratio of which in
the fertilizer blend is 2/3 of the total applied nitrogen, will
result in less suitable release and supply of nitrogen in com-
parison with the thinner coat (cCAN,) and even ratio in
blends, where the portion of quickly available and coated
nitrogen are the same (1:1). In addition to the increase crop
yield, another positive of coated fertilizers is the reduction
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of nitrogen loss, as it was described by many authors (Man-
souri et al. 2023; Zheng et al. 2017) and even by our previ-
ous work with coated CAN fertilizers (Skarpa et al. 2021).
Thus, based on the results obtained and the literature cited,
it can be concluded that a single application of coated fertil-
izer blend is at least as effective in terms of crop yield as
fertilization with nitrogen in conventional fertilizers several
times during the growing season, if not more efficient. The
economic evaluation of coated fertilizers is heavily depen-
dent on the fluctuated market prices of commodities, but it
can be profitable.

The qualitative parameters of cultivated crop are also
an important indicator of optimal fertilization strategy. It
is necessary to at least meet the minimal criteria (at best
exceed it) of quality for good monetization, especially for
winter wheat grain. In terms of quality, the HW, protein con-
tent, gluten content and index of sedimentation were evalu-
ated in winter wheat grain; the oil content and oil production
were evaluated in oilseed rape seed. The average result from
two growing seasons at Zab&ice showed, that the applica-
tion of coated fertilizer in blends did not statistically influ-
ence any of the examined parameters of wheat grain, which
is similar to (McKenzie et al. 2007). Again, such a result
can be considered as a positive, as the slower nitrogen in
CRF applied in a single dose still managed to support the
quality of winter wheat to the equivalent levels compared to
the control fertilization treatment with three split nitrogen
applications. The relatively highest quality (although statis-
tically insignificant), especially protein and gluten content,
was observed after the fertilization with a blend of thinner
coated CAN, in an even ratio of 1:1 with uncoated CAN.
Similar findings is described by (Farmaha and Sims 2013).
On the contrary, the qualitative parameters of winter wheat
grain observed at experimental site Vatin showed statistical
differences between the examined treatments. Most notably,
the mentioned treatment CAN/cCAN, 1:1 provided signifi-
cantly lower values of every parameter in comparison with
the control treatment. It is necessary to mention that the
average grain yield after this treatment was relatively higher
by 3.3% in comparison with the control, which may pro-
vide an explanation of lower qualitative parameters at this
less suitable site for crop growing. It was also proved, that
it is not unusual for the qualitative parameters to decrease,
as the grain yield increases (Bloom and Plant 2021). The
single application of nitrogen in an evenly blend of CAN/
cCAN with a thinner coat possibly results in its quicker uti-
lization during the vegetation to promote biomass and yield
formation. This is supported by general consensus, that N
applied early in the growing season contributes mostly to
the grain yield, while N supplied later in the vegetation con-
tributes mostly to the grain quality, especially protein con-
tent (Woolfolk et al. 2002). Thus, the nitrogen was in deficit
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in the later stage of vegetation. This hypothesis is also sup-
ported by the obtained result of the examined blend CAN/
CANg 1:1. This treatment with the same ratio of coated
and uncoated CAN, however with a thicker coat resulted
in comparable (statistically insignificant) values of qualita-
tive parameters in comparison with the control treatment.
This may indicate that the release of nitrogen was slower
due to the thicker coat, therefore, the nitrogen supply to the
plants during the later vegetation stages was more suitable.
The content of oil is an important parameter in oilseed rape
production and monetization. The relationship between the
optimal nitrogen supply and its impact on the yield and oil
content of rapeseed has been described in several studies
(Gu et al. 2017; Remya et al. 2021). It is evident from the
presented results that the oil content was lower at every
examined treatment in both growing seasons and at both
experimental sites compared to the control. This could pos-
sibly be explained by the “dilution effect” (OIff et al. 2002).
The younger the plants, the higher the nutrient concentra-
tions. The more the plants grow, the lower the concentration
of nutrients. It is evident from our result that the nitrogen in
applied fertilizers was positively utilized for yield forma-
tion, thus, the higher seed yield (on average by 19% higher
at Zabgice and by 14% higher at Vatin) resulted in a lower
content of oil in seeds. It is necessary to mention again that
the control treatment was based on three split nitrogen fer-
tilization, while the examined treatments with coated CAN
were applied only in a single application in early spring. On
the contrary, the production of oil (t/ha) expressed from the
average yield of seed and oil content again in favour of the
examined treatments with the application of coated fertiliz-
ers, as the average production of oil was by 18% higher than
control at Zabgice and by 12% higher at Vatin. The results
are consistent with a previous study (Skarpa et al. 2021)
where a single application of CAN coated with oil-based
polyurethane polymer and oil-based polymer significantly
increased the oil production of oilseed rape. Therefore, oil-
seed rape fertilized with a blend of uncoated and coated
CAN produces more oil compared to conventional technol-
ogy, mainly due to higher yields of seeds. Thus, in terms of
quality, the obtained results indicate that a single application
of nitrogen in coated fertilizers blend is comparable to the
split nitrogen fertilization in conventionally used fertilizers.
This commonly used technology resulted in higher values
of examined parameters, probably because of the nitrogen
application at later vegetation stages.
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5 Conclusion

The use of a unique CRF, calcium ammonium nitrate coated
by oil-based polymers (cCAN) in examined blends and
ratios with uncoated CAN appears to be a very promis-
ing strategy for fertilizing winter wheat and oilseed rape.
Application of these blends represents a cost saving in crop
fertilization and a reduction in environmental burden while
increasing the yield of harvested products and maintaining
the parameters of quality. The potential of cCAN coated
with a 4 wt% coat applied with CAN at 1:1 and 1:2 ratios
was found out in the field experiment with winter wheat,
while their use significantly increased seed production in
the experiment with oilseed rape.

Acknowledgements We would like to thank Tomas§ Zikmund from
CEITEC Brno (Laboratory of Computed Tomography) for 2D and
3D images of coated CAN on clinical CT. Finally, the authors would
like to acknowledge the Editor and anonymous reviewers for their
criticism reading and constructive commentaries, which improved the
quality of our manuscript.

Author Contributions AntoSovsky J. - Investigation, Writing — origi-
nal draft preparation, Writing — review and editing, Visualization.
Skarpa P. - Conceptualization, Methodology, Project administration,
Investigation, Writing — review and editing, Visualization. Kucera Mi-
lan - Writing — review and editing. Ryant P. - Conceptualization, Meth-
odology, Project administration, Writing — review and editing. Kriska
T. — Investigation, Writing — review and editing. All authors read and
approved the final manuscript.

Funding This research was funded by the Technology Agency of the
Czech Republic, grant TH03030220: Environmentally acceptable sol-
id controlled release fertilizers.

Open access publishing supported by the National Technical Library
in Prague.

Declarations
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Abbasi A, Nasef MM, Yahya WZN (2019) Copolymerization of veg-
etable oils and bio-based monomers with elemental sulfur: a new
promising route for bio-based polymers. Sustain Chem Pharm
13:100158. https://doi.org/10.1016/j.scp.2019.100158

Ahmad NNR, Fernando WIN, Uzir MH (2015) Parametric evalua-
tion using mechanistic model for release rate of phosphate ions
from chitosan-coated phosphorus fertiliser pellets. Biosyst Eng
129:78-86. https://doi.org/10.1016/j.biosystemseng.2014.09.015

Anas M, Liao F, Verma KK, Sarwar MA, Mahmood A, Chen Z-L, Li
Q, Zeng X-P, Liu Y, Li Y-R (2020) Fate of nitrogen in agriculture
and environment: agronomic, eco-physiological and molecular
approaches to improve nitrogen use efficiency. Biol Res 53:47.
https://doi.org/10.1186/s40659-020-00312-4

Azizian H, Kramer JKG, Winsborough S (2007) Factors influenc-
ing the fatty acid determination in fats and oils using Fourier
transform near-infrared spectroscopy. Eur J Lipid Sci Technol
109:960-968. https://doi.org/10.1002/ej1t.200700062

Bindraban PS, Dimkpa C, Nagarajan L, Roy A, Rabbinge R (2015)
Revisiting fertilisers and fertilisation strategies for improved
nutrient uptake by plants. Biol Fertil Soils 51:897-911. https://
doi.org/10.1007/s00374-015-1039-7

Bloom AJ, Plant RE (2021) Wheat grain yield decreased over the past
35 years, but protein content did not change. J Exp Bot 72:6811—
6821. https://doi.org/10.1093/jxb/erab343

CIMMYT Economics Program (1988) From agronomic data to farmer
recommendations: an economics training manual. CIMMYT
Economics Program

Coskun D, Britto DT, Shi W, Kronzucker HJ (2017) Nitrogen trans-
formations in modern agriculture and the role of biological nitri-
fication inhibition. Nat Plants 3:17074. https://doi.org/10.1038/
nplants.2017.74

dos Santos ACS, Henrique HM, Cardoso VL, Reis MHM (2021)
Slow release fertilizer prepared with lignin and poly(vinyl ace-
tate) bioblend. Int J Biol Macromol 185:543-550. https://doi.
org/10.1016/j.ijbiomac.2021.06.169

Duff AM, Forrestal P, Ikoyi I, Brennan F (2022) Assessing the long-
term impact of urease and nitrification inhibitor use on micro-
bial community composition, diversity and function in grassland
soil. Soil Biol Biochem 170:108709. https://doi.org/10.1016/J.
SOILBIO.2022.108709

El Gharrak A, Essamlali Y, Amadine O, Aboulhrouz S, Hafnaoui A,
Ghalfi H, Zahouily M (2022) Tunable physicochemical proper-
ties of lignin and rapeseed oil-based polyurethane coatings with
tailored release property of coated NPK fertilizer. Prog Org Coat
170:106982. https://doi.org/10.1016/J.PORGCOAT.2022.106982

Fan Z, Zhao Y, Chen H, Chen Y, Bu D, Xu J, Guo X, Wang Y, Tian X
(2022) Effects of Irrigation and Polymer-Coated Urea on Water-
Nitrogen Productivity and Yield of Winter Wheat. J Soil Sci Plant
Nutr 22:4717-4726. https://doi.org/10.1007/s42729-022-00954-1

Farmaha BS, Sims AL (2013) The influence of polymer-coated urea
and Urea Fertilizer mixtures on Spring wheat protein concentra-
tions and economic returns. Agron J 105:1328-1334. https://doi.
org/10.2134/agronj2012.0454

Feng Gdong, Ma Y, Zhang M, Jia P, you, Hu L hong, Liu C, guo,
Zhou Y (2019) hong Polyurethane-coated urea using fully veg-
etable oil-based polyols: Design, nutrient release and degrada-
tion. Prog Org Coat 133:267-275. https://doi.org/10.1016/j.
porgcoat.2019.04.053

Ganetri I, Essamlali Y, Amadine O, Danoun K, Aboulhrouz S, Zahouily
M (2021) Controlling factors of slow or controlled-release fertil-
izers. Controlled Release Fertilizers Sustainable Agric 111-129.
https://doi.org/10.1016/B978-0-12-819555-0.00007-8

@ Springer


https://doi.org/10.1016/j.scp.2019.100158
https://doi.org/10.1016/j.biosystemseng.2014.09.015
https://doi.org/10.1186/s40659-020-00312-4
https://doi.org/10.1002/ejlt.200700062
https://doi.org/10.1007/s00374-015-1039-7
https://doi.org/10.1007/s00374-015-1039-7
https://doi.org/10.1093/jxb/erab343
https://doi.org/10.1038/nplants.2017.74
https://doi.org/10.1038/nplants.2017.74
https://doi.org/10.1016/j.ijbiomac.2021.06.169
https://doi.org/10.1016/j.ijbiomac.2021.06.169
https://doi.org/10.1016/J.SOILBIO.2022.108709
https://doi.org/10.1016/J.SOILBIO.2022.108709
https://doi.org/10.1016/J.PORGCOAT.2022.106982
https://doi.org/10.1007/s42729-022-00954-1
https://doi.org/10.2134/agronj2012.0454
https://doi.org/10.2134/agronj2012.0454
https://doi.org/10.1016/j.porgcoat.2019.04.053
https://doi.org/10.1016/j.porgcoat.2019.04.053
https://doi.org/10.1016/B978-0-12-819555-0.00007-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

6162

Journal of Soil Science and Plant Nutrition (2024) 24:6145-6163

Geng J, Sun Y, Zhang M, Li C, Yang Y, Liu Z, Li S (2015) Long-term
effects of controlled release urea application on crop yields and
soil fertility under rice-oilseed rape rotation system. Field Crops
Res 184:65-73. https://doi.org/10.1016/j.fcr.2015.09.003

Gil-Ortiz R, Naranjo MA, Ruiz-Navarro A, Atares S, Garcia C,
Zotarelli L, San Bautista A, Vicente O (2020a) Enhanced agro-
nomic efficiency using a New Controlled-Released, Polymeric-
Coated Nitrogen Fertilizer in Rice. Plants 9:1183. https://doi.
org/10.3390/plants9091183

Gil-Ortiz R, Naranjo MA, Ruiz-Navarro A, Caballero-Molada M,
Atares S, Garcia C, Vicente O (2020b) New Eco-friendly Poly-
meric-coated urea fertilizers enhanced crop yield in wheat.
Agronomy 10:438. https://doi.org/10.3390/agronomy10030438

Govindasamy P, Muthusamy SK, Bagavathiannan M et al (2023) Nitro-
gen use efficiency—a key to enhance crop productivity under
a changing climate. Front Plant Sci 14. https://doi.org/10.3389/
pls.2023.1121073

Gu X-B, Li Y-N, Du Y-D (2017) Optimized nitrogen fertilizer applica-
tion improves yield, water and nitrogen use efficiencies of winter
rapeseed cultivated under continuous ridges with film mulch-
ing. Ind Crops Prod 109:233-240. https://doi.org/10.1016/j.
indcrop.2017.08.036

Hakeem KR, Sabir M, Ozturk M, Akhtar MS, Ibrahim FH (2016)
Nitrate and Nitrogen Oxides: Sources, Health Effects and Their
Remediation. pp 183-217

He T, Liu D, Yuan J, Luo J, Lindsey S, Bolan N, Ding W (2018) Effects
of application of inhibitors and biochar to fertilizer on gaseous
nitrogen emissions from an intensively managed wheat field.
Sci Total Environ 628-629:121-130. https://doi.org/10.1016/J.
SCITOTENV.2018.02.048

Heinrich LA (2019) Future opportunities for bio-based adhesives—
advantages beyond renewability. Green Chem 21:1866-1888.
https://doi.org/10.1039/C8GC03746A

Hemathilake DMKS, Gunathilake DMCC (2022) Agricultural produc-
tivity and food supply to meet increased demands. Future Foods.
Elsevier, pp 539-553

Hofmann T, Ghoshal S, Tufenkji N et al (2023) Plastics can be used
more sustainably in agriculture. Commun Earth Environ 4:332.
https://doi.org/10.1038/s43247-023-00982-4

IFA (2023) Consumption Nitrogen World. https://www.ifastat.org/
market-outlooks. Accessed 18 Mar 2023

JiaY, Hu Z, Ba Y, Qi W (2021) Application of biochar-coated urea
controlled loss of fertilizer nitrogen and increased nitrogen use
efficiency. Chem Biol Technol Agric 8:3. https://doi.org/10.1186/
540538-020-00205-4

Kriska T, gkarpa P, Antosovsky J (2023) Effect of natural liquid
hydroabsorbents on Ammonia Emission from Liquid Nitro-
gen Fertilizers and Plant Growth of Maize (Zea Mays L.) under
Drought conditions. Plants 12:728. https://doi.org/10.3390/
plants12040728

Kucéera M, Kovacik J, Kelemen P, Valenta J, Ulbricht P, Ryant P,
Skarpa P, MikuSova D, Antosovsky J (2021) Utility Model Num-
ber PUV2021-38974: Fertilizer containing ammonium nitrate
with dolomite (Hnojivo obsahujici ledek amonny s dolomitem)

Lawrencia D, Wong SK, Low DYS, Goh BH, Goh JK, Ruktanon-
chai UR, Soottitantawat A, Lee LH, Tang SY (2021) Controlled
release fertilizers: a review on Coating materials and mechanism
of release. Plants 10:238. https://doi.org/10.3390/plants10020238

LiuQ,RenT, Zhang Y, Li X, Cong R, Liu S, Fan X, LuJ (2019) Evalu-
ating the application of controlled release urea for oilseed rape on
Brassica napus in a regional scale: the optimal usage, yield and
nitrogen use efficiency responses. Ind Crops Prod 140:111560.
https://doi.org/10.1016/j.indcrop.2019.111560

Liu C, ChenF, Li Z, Cocq K, Le, Liu Y, Wu L (2021) Impacts of nitro-
gen practices on yield, grain quality, and nitrogen-use efficiency
of crops and soil fertility in three paddy-upland cropping systems.

@ Springer

J Sci Food Agric
jsfa. 10841

LuY, SunY, Liao Y, Nie J, Xie J, Yang Z, Zhou X (2015) Effects of the
application of Controlled Release Nitrogen Fertilizer on Rape-
seed Yield, agronomic characters and soil fertility. Agricultural
Sci Technol 6:1216-1221

Mansouri H, Ait Said H, Noukrati H, Oukarroum A, Ben youcef H,
Perreault F (2023) Advances in controlled release fertilizers:
cost-effective coating techniques and Smart Stimuli-Respon-
sive Hydrogels. Adv Sustain Syst 7. https://doi.org/10.1002/
adsu.202300149

McKenzie RH, Bremer E, Middleton AB, Pfiffner PG, Dowbenko
RE (2007) Controlled-release urea for winter wheat in south-
ern Alberta. Can J Soil Sci 87:85-91. https://doi.org/10.4141/
S06-055

Mikula K, Izydorczyk G, Skrzypczak D, Mironiuk M, Moustakas
K, Witek-Krowiak A, Chojnacka K (2020) Controlled release
micronutrient fertilizers for precision agriculture— A review.
Sci  Total Environ 712:136365. https://doi.org/10.1016/j.
scitotenv.2019.136365

Mohammed YA, Gesch RW, Johnson JMF, Wagner SW (2022) Agro-
nomic and economic evaluations of N fertilization in maize
under recent Market Dynamics. Nitrogen 3:514-527. https://doi.
org/10.3390/nitrogen3030033

OIff H, Ritchie ME, Prins HHT (2002) Global environmental controls
of diversity in large herbivores. Nature 415:901-904. https://doi.
org/10.1038/415901a

Qu Z, Qi X, Liu Y, Liu K, Li C (2020) Interactive effect of irriga-
tion and polymer-coated potassium chloride on tomato produc-
tion in a greenhouse. Agric Water Manag 235:106149. https://doi.
org/10.1016/j.agwat.2020.106149

Rajan M, Shahena S, Chandran V, Mathew L (2021) Controlled
release of fertilizers—concept, reality, and mechanism. Con-
trolled Release Fertilizers Sustainable Agric 41-56. https://doi.
org/10.1016/B978-0-12-819555-0.00003-0

Remya VR, George JS, Thomas S (2021) Polymer formulations for
controlled release of fertilizers. Controlled release fertilizers for
sustainable agriculture. Elsevier, pp 183194

Santillano-Cézares J, Nufiez-Ramirez F, Ruiz-Alvarado C, Cardenas-
Castafieda M, Ortiz-Monasterio I (2018) Assessment of Fertilizer
Management Strategies Aiming to increase Nitrogen Use Effi-
ciency of wheat grown under Conservation Agriculture. Agron-
omy 8:304. https://doi.org/10.3390/agronomy8120304

Shao G, Li Z, Ning T, Zheng Y (2013) Responses of photosynthesis,
chlorophyll fluorescence, and grain yield of maize to controlled-
release urea and irrigation after anthesis. J Plant Nutr Soil Sci
176:595-602. https://doi.org/10.1002/jpln.201100185

Shivay YS, Pooniya V, Prasad R, Pal M, Bansal R (2016) Sulphur-
coated urea as a source of sulphur and an enhanced efficiency of
nitrogen fertilizer for spring wheat. Cereal Res Commun 44:513—
523. https://doi.org/10.1556/0806.44.2016.002

Shivay YS, Prasad R, Pooniya V, Pal M, Bansal R (2017) Response of
spring wheat to boron-coated urea and its effect on nitrogen use
efficiency. J Plant Nutr 40:1920—1927. https://doi.org/10.1080/01
904167.2016.1270313

Shivay YS, Pooniya V, Pal M, Ghasal PC, Bana R, Jat SL (2019)
Coated Urea Materials for Improving Yields, Profitability, and
Nutrient Use Efficiencies of Aromatic Rice. Global Challenges
3:. https://doi.org/10.1002/gch2.201900013

Skarpa P, Jancar J, Lepcio P, Antosovsky J, Klofac D, Kriska T, Abdel-
Mohsen AM, Brtnicky M (2023) Effect of fertilizers enriched with
bio-based carriers on selected growth parameters, grain yield and
grain quality of maize (Zea mays L). Eur J Agron 143:126714.
https://doi.org/10.1016/j.eja.2022.126714

Skarpa P, Mikugova D, AntoSovsky J, Kugera M, Ryant P (2021)
Oil-based Polymer Coatings on CAN Fertilizer in Oilseed rape

101:2218-2226. https://doi.org/10.1002/


https://doi.org/10.1002/jsfa.10841
https://doi.org/10.1002/jsfa.10841
https://doi.org/10.1002/adsu.202300149
https://doi.org/10.1002/adsu.202300149
https://doi.org/10.4141/S06-055
https://doi.org/10.4141/S06-055
https://doi.org/10.1016/j.scitotenv.2019.136365
https://doi.org/10.1016/j.scitotenv.2019.136365
https://doi.org/10.3390/nitrogen3030033
https://doi.org/10.3390/nitrogen3030033
https://doi.org/10.1038/415901a
https://doi.org/10.1038/415901a
https://doi.org/10.1016/j.agwat.2020.106149
https://doi.org/10.1016/j.agwat.2020.106149
https://doi.org/10.1016/B978-0-12-819555-0.00003-0
https://doi.org/10.1016/B978-0-12-819555-0.00003-0
https://doi.org/10.3390/agronomy8120304
https://doi.org/10.1002/jpln.201100185
https://doi.org/10.1556/0806.44.2016.002
https://doi.org/10.1080/01904167.2016.1270313
https://doi.org/10.1080/01904167.2016.1270313
https://doi.org/10.1002/gch2.201900013
https://doi.org/10.1016/j.eja.2022.126714
https://doi.org/10.1016/j.fcr.2015.09.003
https://doi.org/10.3390/plants9091183
https://doi.org/10.3390/plants9091183
https://doi.org/10.3390/agronomy10030438
https://doi.org/10.3389/fpls.2023.1121073
https://doi.org/10.3389/fpls.2023.1121073
https://doi.org/10.1016/j.indcrop.2017.08.036
https://doi.org/10.1016/j.indcrop.2017.08.036
https://doi.org/10.1016/J.SCITOTENV.2018.02.048
https://doi.org/10.1016/J.SCITOTENV.2018.02.048
https://doi.org/10.1039/C8GC03746A
https://doi.org/10.1038/s43247-023-00982-4
https://www.ifastat.org/market-outlooks
https://www.ifastat.org/market-outlooks
https://doi.org/10.1186/s40538-020-00205-4
https://doi.org/10.1186/s40538-020-00205-4
https://doi.org/10.3390/plants12040728
https://doi.org/10.3390/plants12040728
https://doi.org/10.3390/plants10020238
https://doi.org/10.1016/j.indcrop.2019.111560

Journal of Soil Science and Plant Nutrition (2024) 24:6145-6163

6163

(Brassica napus L). Nutr Plants 10:1605. https://doi.org/10.3390/
plants10081605

Smith AM, Moxon S, Morris GA (2016) Biopolymers as wound heal-
ing materials. Wound Healing Biomaterials 2:261-287. https://
doi.org/10.1016/B978-1-78242-456-7.00013-1

Subbarao GV, Sahrawat KL, Nakahara K, Ishikawa T, Kishii M, Rao
IM, Hash CT, George TS, Srinivasa Rao P, Nardi P, Bonnett D,
Berry W, Suenaga K, Lata JC (2012) Biological Nitrification
Inhibition—A Novel Strategy to regulate nitrification in Agricul-
tural systems. Adv Agron 114:249-302. https://doi.org/10.1016/
B978-0-12-394275-3.00001-8

Sun S, Wang W, Liu F, Zhang L, Fan X (2019) Coating layer prepa-
ration with mixed vegetable oil and nutrient release regulation
of fertilizer. Eur Polym J 120:109194. https://doi.org/10.1016/J.
EURPOLYM1J.2019.08.021

Suryawanshi Y, Sanap P, Wani V (2019) Advances in the synthesis
of non-isocyanate polyurethanes. Polym Bull 76:3233-3246.
https://doi.org/10.1007/s00289-018-2531-7

Tian C, Zhou X, Liu Q, Peng J, Wang W, Zhang Z, Yang Y, Song H,
Guan C (2016) Effects of a controlled-release fertilizer on yield,
nutrient uptake, and fertilizer usage efficiency in early ripening
rapeseed (Brassica napus L). J Zhejiang University-SCIENCE B
17:775-786. https://doi.org/10.1631/jzus.B1500216

Tian X, Geng J, Guo Y, Li C, Zhang M, Chen J (2017) Controlled-
release urea decreased ammonia volatilization and increased
nitrogen use efficiency of cotton. J Plant Nutr Soil Sci 180:667—
675. https://doi.org/10.1002/jpIn.201600518

Tian Z, Liu X, Yu J, Gu S, Zhang L, Jiang D, Cao W, Dai T (2020)
Early nitrogen deficiency favors high nitrogen recovery efficiency
by improving deeper soil root growth and reducing nitrogen loss
in wheat. Arch Agron Soil Sci 66:1384—1398. https://doi.org/10.1
080/03650340.2019.1671972

Tian H, Li Z, Lu P, Wang Y, Jia C, Wang H, Liu Z, Zhang M (2021)
Starch and castor oil mutually modified, cross-linked polyurethane
for improving the controlled release of urea. Carbohydr Polym
251:117060. https://doi.org/10.1016/j.carbpol.2020.117060

Verburg K, Bristow KL, McLachlan GD, Muster TH, Poole JM, Mardel
JI, Zhao Z, Wittwer-Schmid K, Wong MTF (2021) Understand-
ing soil water effects on nitrogen release from controlled-release
fertilizers. Soil Sci Soc Am J 85:59—72. https://doi.org/10.1002/
52j2.20141

Wang X, Bai J, Xie T, Wang W, Zhang G, Yin S, Wang D (2021) Effects
of biological nitrification inhibitors on nitrogen use efficiency
and greenhouse gas emissions in agricultural soils: a review.
Ecotoxicol Environ Saf 220:112338. https://doi.org/10.1016/;.
ecoenv.2021.112338

Wesotowska M, Rymarczyk J, Goéra R, Baranowski P, Stawinski C,
Klimezyk M, Supryn G, Schimmelpfennig L (2021) New slow-
release fertilizers— economic, legal and practical aspects: a review.
Int Agrophys 35:11-24. https://doi.org/10.31545/intagr/131184

Woolfolk CW, Raun WR, Johnson GV, Thomason WE, Mullen RW,
Wynn KJ, Freeman KW (2002) Influence of Late-Season Foliar
Nitrogen Applications on Yield and Grain Nitrogen in Winter
Wheat. Agron J 94:429. https://doi.org/10.2134/agronj2002.0429

XuY, Ge J, Tian S, Li S, Nguy-Robertson AL, Zhan M, Cao C (2015)
Effects of water-saving irrigation practices and drought resistant
rice variety on greenhouse gas emissions from a no-till paddy in
the central lowlands of China. Sci Total Environ 505:1043-1052.
https://doi.org/10.1016/j.scitotenv.2014.10.073

Yan P, Dong X, Lu L, Fang M, Ma Z, Du J, Dong Z (2022) Wheat yield
and nitrogen use efficiency enhancement through poly(aspartic
acid)-coated urea in clay loam soil based on a 5-year field trial.
Front Plant Sci 13. https://doi.org/10.3389/fpls.2022.953728

Yuan S, Cheng L, Tan Z (2022) Characteristics and preparation of oil-
coated fertilizers: a review. J Controlled Release 345:675-684.
https://doi.org/10.1016/j.jconrel.2022.03.040

Zbiral J, Maly S, Cuhel J, Fojtova E, Cizmar D, Zalmanova E, Srnkova
J, Obdrzalkova E (2022) Jednotné pracovni postupy-Analyza pud
I (Unified working procedures-Soil Analysis I1I)

Zhang X, Davidson EA, Mauzerall DL, Searchinger TD, Dumas P,
Shen Y (2015) Managing nitrogen for sustainable development.
Nature 528:51-59. https://doi.org/10.1038/nature15743

Zhang L, Liang Z, Hu Y, Schmidhalter U, Zhang W, Ruan S, Chen
X (2021) Integrated assessment of agronomic, environmental
and ecosystem economic benefits of blending use of controlled-
release and common urea in wheat production. J Clean Prod
287:125572. https://doi.org/10.1016/J.JCLEPRO.2020.125572

Zheng W, Liu Z, Zhang M, Shi Y, Zhu Q, Sun Y, Zhou H, Li C, Yang
Y, Geng J (2017) Improving crop yields, nitrogen use efficien-
cies, and profits by using mixtures of coated controlled-released
and uncoated urea in a wheat-maize system. Field Crops Res
205:106—-115. https://doi.org/10.1016/j.fcr.2017.02.009

Zhu S, Liu L, Xu Y, Yang Y, Shi R (2020) Application of controlled
release urea improved grain yield and nitrogen use efficiency: a
meta-analysis. PLoS ONE 15:¢0241481. https://doi.org/10.1371/
journal.pone.0241481

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.31545/intagr/131184
https://doi.org/10.2134/agronj2002.0429
https://doi.org/10.1016/j.scitotenv.2014.10.073
https://doi.org/10.3389/fpls.2022.953728
https://doi.org/10.1016/j.jconrel.2022.03.040
https://doi.org/10.1038/nature15743
https://doi.org/10.1016/J.JCLEPRO.2020.125572
https://doi.org/10.1016/j.fcr.2017.02.009
https://doi.org/10.1371/journal.pone.0241481
https://doi.org/10.1371/journal.pone.0241481
https://doi.org/10.3390/plants10081605
https://doi.org/10.3390/plants10081605
https://doi.org/10.1016/B978-1-78242-456-7.00013-1
https://doi.org/10.1016/B978-1-78242-456-7.00013-1
https://doi.org/10.1016/B978-0-12-394275-3.00001-8
https://doi.org/10.1016/B978-0-12-394275-3.00001-8
https://doi.org/10.1016/J.EURPOLYMJ.2019.08.021
https://doi.org/10.1016/J.EURPOLYMJ.2019.08.021
https://doi.org/10.1007/s00289-018-2531-7
https://doi.org/10.1631/jzus.B1500216
https://doi.org/10.1002/jpln.201600518
https://doi.org/10.1080/03650340.2019.1671972
https://doi.org/10.1080/03650340.2019.1671972
https://doi.org/10.1016/j.carbpol.2020.117060
https://doi.org/10.1002/saj2.20141
https://doi.org/10.1002/saj2.20141
https://doi.org/10.1016/j.ecoenv.2021.112338
https://doi.org/10.1016/j.ecoenv.2021.112338

	﻿The Effect of Oil-based Polymer Coated CAN Fertilizer on the Yield and Quality of ﻿Triticum aestivum﻿ L. and ﻿Brassica napus﻿ L.
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and Methods
	﻿2.1﻿ ﻿Experimental Sites and Climate-soil Conditions
	﻿2.2﻿ ﻿Methodology of the Experiment and Field Treatments
	﻿2.3﻿ ﻿Yield, Grain and Seed Quality Measurements
	﻿2.4﻿ ﻿Economical Analysis
	﻿2.5﻿ ﻿Statistical Analysis

	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Winter Wheat
	﻿3.2﻿ ﻿Oilseed rape

	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusion
	﻿References


