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integrated production, fertilizer was applied directly under each plant and in rows — approxi-

slow-release fertilizers,

Jertilization officiency mately 8 cm below the root level. The designed systems were evaluat-

ed based on the size of commercial yield, productivity index, agro-
nomic efficiency index, removal efficiency index, and physiological
efficiency index. The results obtained in the field experiment indicate
that the highest plant yield (54.22 Mg of commercial yield-ha™) was
obtained at the highest dose of slow-release fertilizers (600 kg-ha™
applied in rows approximately 8 cm below the root level). In the case
of direct fertilization, in the treatment with the highest dose of slow-
release fertilizer, a reduction in yield was observed. The best results,
in terms of equalizing the mass of individual roots, were obtained
under conventional fertilization. The most favorable value of the
productivity index was obtained in the variant where 400 kg-ha™ slow-
release fertilizer was applied directly, while in the case of row applica-
tion the best results were obtained at the dose of 600 kg-ha™'. Celeriac
fertilization with slow-release fertilizers under root may result in
producing a yield of bigger differences in root mass, compared to
conventional fertilization system.

Introduction

Efficiency of agricultural production is one of more important factors that shape the
level of human impact associated with this human activity. The use of non-renewable ener-
gy resources, emission of biogens and greenhouse gases into the environment as well as
emission of toxic trace elements and organic compounds that are active substances of pesti-
cides are regarded as the most important factors associated with the negative impact of
agriculture on the environment. Moreover, agricultural activity, particularly in intensive
cultivation systems, leads to soil degradation, changes in landscape, and to reduction in
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biodiversity, both in agroecosystems and in nearby habitats (Forleo et al., 2018). Due to the
growing demand for food and raw materials for production of renewable energy carriers,
crop cultivation covers more and more land, very often with unfavorable farming condi-
tions. This often translates into a decrease in economic efficiency and environmental effi-
ciency. That is why creating tools for the assessment of efficiency of agricultural systems,
and also optimization of production methods in order to minimize the impact on the envi-
ronment, are strategic roles of science (Brito de Figueirédo et al., 2016). Actions connected
with reduction of the negative impact of agriculture on the environment are a part of all
quality management systems (both national and private) in primary production such as
Integrated Production, GLOBAL G.A.P., SAI The quality of obtained products is no less
important than the aspect of crop production rationalization. Excessive or improper fertili-
zation as well as using chemical pesticides result in producing products with the increased
content of nitrates, pesticide residues. Economic and social development involves an in-
crease in demand for products characterized with proper sensory and qualitative values.
Development of quality management systems in agriculture is a step towards meeting the
needs of consumers who more and more often look for safe products containing small
amounts of substances that are harmful to health, produced respecting natural environmen-
tal resources (Alluvione et al., 2011). Crop fertilization is the main factor generating the
costs of agricultural production and influencing the quantity and quality of yields. Elements
not used by plants are dispersed in the environment. Therefore, optimization of fertilization
is a strategic area for development of agriculture and shaping its image in the present-day
world (Nardi et al., 2017; Chen et al., 2018b). Efficiency of agricultural production is con-
ditioned by many factors, which include habitat, climatic, and agrotechnical conditions. The
effect of optimization of crop fertilization is production of high quality food in terms of
chemical composition and technological parameters. Various methods are used in the agri-
cultural practice. Their effect is a decreased use of fertilizer components introduced into
agroecosystems. The most common of these methods include increasing the amount of
fertilization, using foliar fertilizers, fertilization through fertigation. Trying to meet the
needs of developing agriculture, the fertilizer industry introduces a wider and wider assort-
ment of fertilizers that are characterized by a slower release of nutrients, thanks to which,
their supply is spread over plant vegetation. Using slow-release fertilizers is a method of
fertilization optimization the importance of which has been increasing in the recent years
(Gaetano et al., 2016; Nardi et al., 2017; Chen et al., 2018). In these fertilizers, coatings
made of various compounds of natural, synthetic or biological origin are a barrier limiting
the transfer of fertilizer components to the soil solution (Li et al., 2017). Slow-release ferti-
lizers are used in order to reduce the total amount of plant nutrients introduced into the
environment and to limit the energy consumption for fertilization. However, their improper
use may bring negative effects in the form of reduced plant yielding (Niemiec, 2014; Nie-
miec et al., 2015a). Effective use of slow-release fertilizers requires in-depth knowledge
about physiological aspects of nutrient uptake in certain habitat and climatic conditions.
That is why it is crucial to elaborate the technology of their use. The risk of weak produc-
tion effects is one of the main causes of the low interest of producers in the use of slow-
release fertilizers.

The aim of the conducted research was to determine the usefulness of using slow-
release fertilizers in celeriac fertilization using two fertilization methods. Fertilization effi-
ciency was evaluated based on the following fertilization efficiency indices: productivity
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index, agronomic efficiency index, removal efficiency index, and physiological efficiency
index (IFA, 2007). Indices that reflect fertilization efficiency provide a lot of information
about environmental and production-related aspects of nitrogen fertilization.

Material and methods

To achieve the set objective, two field experiments that differed in the method of appli-
cation of slow-release fertilizer were conducted. The slow-release fertilizer was applied
directly and in rows, approximately 8§ cm below plant roots. Results of earlier studies indi-
cate that using the slow-release fertilizers directly under the root limited the plant growth
and had a negative effect on production efficiency indices (Niemiec et al., 2015a; Niemiec
et al., 2015b). The experiment was set up on soil with the granulometric composition of
medium loam. The forecrop for the studied plants was Chinese cabbage for autumn harvest.
Mineral fertilizers in full dose (which is characteristic for intensive cultivations) were used
in the cabbage cultivation, with no quality management system. Celeriac (Apium graveo-
lens var. rapaceum) of Diamant F1 cultivar was the test plant. The experiment was set up
on 13 May 2017. The plants were harvested on 26 October 2017. The plants were cultivated
at 50x30 cm spacing, from seedlings prepared in multi-cell trays (VEFI system). The densi-
ty was 65000 pcs.-ha”. Varied fertilization and the manner of fertilizer application were the
factors of the experiment. Cultivation and protection of the plants were carried out based on
general assumptions of integrated production. Nutrient demand and fertilizer requirements
were determined based on the balance method. The experiment was set up using the ran-
domized blocks method in four replications. The plants were irrigated up to the optimum
moisture content in order to eliminate the impact of water stress on the result of the experi-
ments. Prior to setting up the experiment, analyses of physicochemical and chemical prop-
erties of the soil (Table 2) had been conducted. A slow-release (5-6 months) fertilizer (with
NPK composition (%) of 20-10-10+4MgO) was used in the experiment. The experiment
comprised three levels of fertilization with the use of slow-release fertilizers, the control
without fertilization and the control fertilized with traditional fertilizers in the amount cor-
responding to plant demand for nutrients, assuming the yield would be at the level of
60 Mg-ha' of the commercial yield. The size of the assumed yield was estimated based on
the analysis of the productive potential of the habitat and on the history of the field. Con-
ventional phosphorus and potassium fertilizers were applied in their entirety prior to plant-
ing, whereas ammonium nitrate was divided into two doses: 60% of the dose was applied
prior to planting and 40% after planting. The date for topdressing was selected based on the
observations of meteorological conditions and monitoring of the condition of the plants.
The experimental design is presented in Table 2.

For each fertilization variant, documentation of production and technological processes
was kept and it was compliant with guidelines set forth in the Regulation (Regulation,
2013). In accordance with recommendations included in the methodology of integrated
protection of celery, the optimal content of nitrogen, potassium and phosphorus of in soil
on which the experiment was conducted (taking into account the specific gravity) is 40-80
mg N-kg™'; 40-50 mg P-kg'; 110-130 mg K-kg". The obtained results indicate that it con-
tains over three times more chemical elements. On soils used for intensive vegetable culti-
vation, it is common to observe a high content of fertilizer elements in soil (Bellarby et al.,
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2018). In consequence, according to the principles of rational fertilization, fertilization
should be limited or, in some cases, abandoned. However, as stated by Agneessens et al.,
(2015) and Mariano et al., (2017), in such cases, despite a considerable content of available
forms of elements in soil, their deficiencies at the reduced fertilization can be observed.
After plant harvest, the amount of yield and its chemical composition were estimated.
Based on the obtained data, fertilization efficiency indices were calculated, allowing evalu-
ation of the designed systems. The evaluation was carried out based on the size of the
commercial yield, productivity index, agronomic efficiency index, removal efficiency in-
dex, and physiological efficiency index.

Table 1.
Selected properties of the soil on which the experiment was conducted
0, . -1
pH in H,O pH in KCI ) - - (mg - ke')
Total N Organic C Mineral N P K Mg Ca
6.62 6.12 0.248 2.26 272 127.2 378.3 128.1 696.3
Table 2.
Experimental design
slow-
Treatment release  ammoniumnitrate triplesuperphosphate potassiumsalt N  P,0s K,O
number fertilizer
kg fertilizer-ha™' kg nutrient-ha”'
Control - - - - - - -
1 - 500 200 250 128 92 150
Direct application
2 200 - 156 216 40 92 150
3 400 - 112 183 80 92 150
4 600 - 70 150 120 92 150
Row application
5 200 - 156 216 40 92 150
6 400 - 112 183 80 92 150
7 600 - 70 150 120 92 150

Efficiency coefficients were calculated according to the formulas:
— Productivity index

[E=Y/U
— agronomic efficiency index:
AE=(Y — Yo)/F
— removal efficiency index:
PFP=Y/F

— Physiological efficiency index.
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PE=(Y- Yo0)/(U-Uo)

Y "~ nutrient content in the crop, (kg-ha™)

Y, — nutrient content in the crop from the control object, (kg-ha™)

U — amount of uptake of the nutrient with crop, (kg-ha™)

U, — amount of uptake of the nutrient with crop from the control object, (kg-ha™)
F — the dose of nutrient, (kg-ha™)

Results and discussion

Thanks to using slow-release fertilizers, in certain soil and climatic conditions produc-
tion efficiency can be increased and dispersion of biogens in the environment can be re-
duced, which has been highlighted by numerous authors (Shan et al., 2015; Li et al., 2017).
As a rule, slow-release fertilizers are characterized by a slower release of nutrients, which
should allow for their application near the plant root zone. They can contain fertilizer com-
ponents enclosed in granules with various solubility. It is increasingly common to use na-
noparticles of various elements for fertilizer production (Liu and Lal, 2015). From the eco-
nomic point of view, the most important parameters in the assessment of agricultural
systems are the amount of yield and its technological parameters, the most important of
which is unit mass of product. The purpose of production is to produce a substantial yield
varying in unit mass. To achieve the set research objective, the experiment was carried out
on soil rich in fertilizer elements with a good structure characterized by an optimal reaction
for celeriac production. In such conditions, the yield obtained in the control treatment was
at the level of 29.25 Mg-ha™ (Table 3). In his research, Niemiec (2015a) obtained a similar
amount of yield of celeriac. The content of mineral nitrogen and available forms of phos-
phorus and potassium points to irrational fertilization management in the previous years.

Table 3.
Results of conducted experiment

- z 5 5 X
= = e} o] =T
.2 o o -8 R 2 S .8
g - 5 2 g — > = D
[P} (0] Q = Q < Q = o O
£Eg 2 o $5 o 25 z 5 g S5
SE & l 53 2 e Es g5 zg
2 < & <3 & <% 25 &£E5 ES
L S| kgDM'kgN kg N-kgN ) 1
Unit Mg-ha g-unit applied applied” kg DM-kg N
C* 29.25a 26.23-3425 5319 476-588 - - - -
1 48.79 46.56-54.56 887.1 824915 23.51a 0.759 58.69a 16.61b
2 42.03b 40.05-45.89 7642  702-796 48.89¢c 0.826b 160.8¢ 16.71b
3 47.33c 44.58-50.58 860.5  728-942 33.47b 0.817b 87.64b  17.93b
4 44.57b 38.23-50.62 8104 614-1112 18.43a 0.597a 53.61a 14.20ab
5 38.57b 37.58-41.56 701.3  647-788 32.89b 0.568a 136.14c 12.33a
6 4896c 47.96-50.11 890.1 612-988 39.25¢ 1.056b  97.51b 18.64b
7 5422c 52.68-57.42 985.8 752-1258 33.54b 0.946b  72.83ab  20.38b

Different letters indicate statistically significant differences at the significance level p = 0.05.
* Control
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A high abundance of soils used intensively for vegetables is indicated in other studies
(Niemiec, 2014; Niemiec et al., 2015a; Niemiec et al., 2015b). By applying conventional
fertilization resulting from fertilizer needs (calculated using the balance method with taking
the soil resources into account), a commercial yield of 48.79 Mg-ha™ was obtained.

Fertilization with slow-release fertilizers (200 kg-ha™), using both the direct method and
the row method, caused a statistically significant increase in the commercial yield (Table
3). Further increase of the dose of slow-release fertilizers translated into the size of the
generated commercial yield, and at their dose of 600 kg in the treatments fertilized in rows
54.22 Mgha™ of celeriac roots was collected. In the case of direct fertilization, in the treat-
ment with the highest dose of slow-release fertilizer, a reduction in yield was observed
(Table 3). Using fertilizers directly, near the plant root system, may involve an increase in
the level of soil solution salinity, which has been emphasised by Niemiec et al. (2015a).
One of the most important qualitative properties of celeriac roots, both the ones intended
for consumption and for processing, is equalization of the size of individual roots. In terms
of this qualitative feature, the best yields were obtained with application of conventional
fertilizers. In this variant, the average weight of commercial root was 887 g (Table 3) and
relative difference in individual roots was the lowest. The highest differences in weight of
individual roots were observed in the case of the highest dose of slow-release fertilizers,
both in the case of direct and row fertilization. The amount of yield and technological quali-
ty of the product are insufficient parameters to assess the present-day agriculture. Indices
that determine both the production and environmental aspects of crop production must
absolutely be used (Verzeaux et al., 2017). The manner of fertilizer application is of great
importance for reaching the set production and environmental goals which are always con-
nected with an increase in fertilization efficiency (Mucheru -Muna et al., 2010; Nkebiwe et
al., 2016).

The productivity index informs how much has plant yield increased after application
of 1 kg nitrogen in the form of fertilizer. In our study it ranged from 58.69 to 160.8 kg
DM-kg N™'. The lowest value of this parameter was found in the conventionally fertilized
treatment and with the highest dose of fertilizer applied directly. The highest value of the
said factor was observed at the smallest dose of slow-release fertilizers (Table 3). Niemiec
et al., (2015a) determined that the values of the celeriac efficiency index in different fertili-
zation variants ranged from 19.35 to 151.76 kg. A high value of the index is not necessarily
indicative of good efficiency of production. Its value must always be evaluated in connec-
tion with the amount of yield (Dua et al., 2007). The most common values of this parameter
in conventional agricultural systems range from 40 to 80 kg'kg" dry matter (IFA 2007).
Values above 60 can be found in well managed systems, at the low nitrogen content in soil.
In our research, the most favorable value of the productivity index was obtained in the
variant where 400 kg-ha™ of slow-release fertilizer was applied directly, while in the case of
row application, the best results were obtained at the dose of 600 kg-ha™'; 87.64 and 97.51
kgkg™!, respectively. Amanullah and Almas (2007) report the value of the productivity
index in different fertilization variants of wheat within the range from 28 to 55 kgkg™
grain. Szczepaniak et al., (2013) state that under conditions of optimizing maize fertiliza-
tion with nitrogen, the value of the productivity index can reach the level of more than
60 kg'kg'. In the case of other cereals, these authors obtained approximately 20% lower
values of this parameter. Li et al., (2012) observed an increase in the value of the productiv-
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ity index in winter wheat cultivation, from approximately 35 at conventional cultivation to
over 85 kg - kg under row application of nitrogen fertilizers.

The agronomic efficiency index is the most important indicator that reflects the effi-
ciency of agricultural systems. This is because it shows the content of nitrogen, both com-
ing from mineral fertilizers and nitrogen present in soil. When farming on soils rich in nu-
trient elements, characteristic for vegetable production, it may be the most important
indicator of fertilization efficiency (Xu et al., 2017). In our research, the average value of
the agronomic efficiency index was 32.58 kg of the product-kg™ and ranged between 18.43
and 33.54 kg of the product-kg” (Table 3). The lowest value of this parameter was observed
in the treatments with the highest dose of the slow-release fertilizer (Table 3). Its average
value for the directly fertilized treatment was 48.89 kg of the product-kg™ N, whereas in the
case of row application the value of this parameter was at the level of 39.25 kg of the prod-
uctkg' N (dry matter). The lowest value of this parameter was recorded in the case of
conventional fertilization and in the case of direct application of 600 kg-ha'slow-release
fertilizer. The value of the agronomic efficiency index for rice production in the developing
countries is approximately 13 kg of productkg™ (Xu et al., 2017). Niemiec et al., (2015a)
reported the value of this parameter in conventional cultivation of celery to be approximate-
ly 20 kg'kg". In the case of combination of fertilization with slow-release fertilizers and
conventional ones, the value of this parameter increased to about 90 kg of the product-kg™
(dry matter). In our research, we observed that the manner of fertilizer application had
a significant effect on the efficiency of fertilization. Ma et al., (2015) drew similar conclu-
sions in the case of maize production. Similarly, Nardi et al., (2018) stated that application
of slow-release fertilizers significantly increased the efficiency of agricultural production,
both from the environmental and production point of view.

In terms of evaluation of fertilization impact on the environment, removal efficiency is
the most important index. Due to the limited possibility of nitrogen absorption in soil, most
of its unused resources, both during vegetation and in winter, is dispersed into the environ-
ment. High values of this parameter may indicate proper use of nitrogen from fertilizers and
soil resources, but may also point to deficient fertilization with this element, which may be
unfavorable from the production economics point of view. With a high nitrogen content in
soil and with rational fertilization, it is possible to obtain values of this parameter at the
level of more than 1 kg N kg-N™" nitrogen applied with fertilizers. The value of the removal
index in individual variants of the performed experiment varied from 0.568 to 1.056 kg N
kg-N"' nitrogen applied with fertilizers. The lowest value of the investigated parameter was
observed in the case of the directly fertilized treatment (in the amount of 400 and 600 kg) in
which the value of the removal index was approximately 0.6 kg N kg-N™' nitrogen applied
with fertilizers (Table 3). In other cases, there were no statistically significant differences in
the value of this parameter. The obtained results, in the conventionally fertilized treatments
and with the use of slow-release fertilizers using the row method, were high and character-
istic of well-managed agricultural systems. Significantly lower values of the nitrogen re-
moval index were obtained by Shan et al., (2015) in cultivation of Chinese cabbage, and by
Wang et al. (2017) in cultivation of agricultural plants.

The physiological efficiency index reflects plant growth conditions that cover the pa-
rameters of climate, soil fertility, plant production potential, and also the strategy of fertili-
zation and plant protection policy. Low values of this index suggest occurrence of a stressor
which limits plant growth. Based on the value of the physiological efficiency index, it is
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impossible to determine the causes of the problem. Nevertheless, it provides reliable infor-
mation about efficiency of the agricultural system. The physiological efficiency index
ranged in other variants of the experiment between 12.33 and 20.38. Its lowest value was
obtained in the case of fertilization with slow-release fertilizers in the amount of 200 kg-ha™
applied in rows, and at the dose of 600 kg applied directly. Environmental conditions in all
variants of the experiment were identical. That is why the obtained differences result from
the fertilization policy (which has an effect on availability of elements and on properties of
soil and soil solution, particularly near the root zone). From the point of view of the param-
eter being discussed, no statistically significant differences in individual study treatments
were detected. Only in the case of direct fertilization were there lower values of this param-
eter (Table 3).

Conclusions

Application of slow-release fertilizers using the row method yields better production re-
sults compared to spot-application of fertilizer under the root level.

1. The highest commercial yield of celeriac was obtained in the case of application of
slow-release fertilizers in rows in the amount of 600 kg-ha™.

2. The most favorable value of the productivity index was obtained in the variant where
400 kg-ha' slow-release fertilizer was applied directly, while in the case of row applica-
tion the best results were obtained at the dose of 600 kg-ha™.

3. Celeriac fertilization with slow-release fertilizers under root may result in producing
a yield of bigger differences in root mass, compare with conventional fertilization sys-
tem.

4. In terms of the impact on the environment, the best results were obtained at convention-
al fertilization and at fertilization with slow-release fertilizers in the row technique.
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WYKORZYSTANIE NAWOZOW WOLNODZIALAJACYCH JAKO
ELEMENT OPTYMALIZACJI TECHNOLOGII PRODUKCJI
WARZYW

Streszczenie. Celem pracy byla ocena mozliwosci wykorzystania nawozow wolnodziatajacych
w warunkach intensywnej uprawy warzyw. W ramach realizacji zalozonego celu badawczego,
w 2017r. zatozono doswiadczenie polowe, w ktorym zastosowano nawozy o spowolnionym uwalni-
aniu sktadnikéw, o skladzie NPK (%) 20-10-10+4MgO. Doswiadczenie obejmowalo 3 poziomy
nawozenia z wykorzystaniem nawozow wolnodziatajacych, obiekt kontrolny bez nawozenia oraz
obiekt kontrolny nawozony nawozami tradycyjnymi. Nawo6z wolnodziatajacy byt aplikowany punk-
towo pod kazdg rosling oraz rzedowo, na glebokosci okoto 8 cm ponizej poziomu korzeni. Oceng
zaprojektowanych systemoéw dokonano w oparciu o wielko$¢ plonu handlowego, wskaznik produk-
tywnos$ci, wskaznik efektywnosci agronomicznej, wskaznik efektywno$ci usunigcia oraz wskaznik
efektywnosci fizjologicznej. Wyniki uzyskane w warunkach do§wiadczenia polowego wskazuja, ze
najwigkszy plon roélin, na poziomie 54,22 Mg plonu handlowego-ha”, uzyskano w warunkach
najwickszej dawki nawozéw wolnodziatajacych, na poziomie 600 kgha' aplikowanego rzedowo
okoto 8 cm ponizej poziomu korzeni. W przypadku stosowania nawozoéw wolnodzialajacych punk-
towo pod korzen, najwyzsza dawka nawozu spowodowata zmniejszenie plonowania w porownaniu
do obiektow z mniejsza dawka nawozoéw. Najlepsze efekty, z punktu widzenia wyréwnania masy
poszczegdlnych korzeni uzyskano w warunkach nawozenia konwencjonalnego. Najbardziej korzystna
warto$¢ wspotczynnika produktywnosci uzyskano w wariancie przy zastosowaniu nawozu
wolnodzialajacego na poziomie 400 kg-ha' aplikowanego punktowo, natomiast w przypadku ap-
likacji rzedowej, najbardziej korzystne efekty uzyskano przy dawce 600 kg-ha™'. Nawozenie selera
nawozami wolno-dziatajacymi pod korzen moze skutkowa¢ wytworzeniem plonu o wigkszych ro-
znicach masy jednostkowej korzeni w poréwnaniu z nawozeniem konwencjonalnym.

Stowa Kluczowe: seler korzeniowy, integrowana produkcja, nawozy wolnodziatajace, efektywnosé
nawozenia
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