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Abstract: Optimization of plant nutrition is a very important part of primary production quality
systems. Crop fertilization is the most important agrotechnical measure because it determines the
amount and quality of the yield. Moreover, excess fertilization intensifies the eutrophication processes
and the greenhouse effect. The study aimed to assess the suitability of slow-release fertilizers in
cultivation of carrot subspecies Daucus carota L. ssp. sativus in the integrated production system. The
objective was realized on the basis of a strict field experiment set up on a clay loam soil with low
nutrient content. The dose of fertilizer was the experimental factor. The fertilizers were applied
during the formation of the ridges. Traditional fertilizers (ammonium phosphate, potassium salt,
ammonium nitrate, and a multi-component fertilizer Polifoska 6), as well as a multi-component
fertilizer with slow release of nutrients, NPK Mg (18-12-24-4), were used. In individual variants of
the experiment, different fertilization strategies were applied: integrated production fertilization,
traditional fertilization, and fertilization based on the use of slow-release fertilizers. The control
treatment comprised of unfertilized plants. The efficiency of nitrogen fertilization was evaluated based
on agronomic efficiency, partial factor productivity, physiological efficiency, and removal efficiency.
Fertilization strategy significantly impacted the quantity of obtained yield. In the control sample, prior
to mineral fertilization, the crop yield was 33.53 Mg-ha™!. The largest yield was 82.30 Mg-ha~!.The
largest yields were obtained from plants fertilized with a combination of slow-release fertilizers, with
nitrogen introduced in the form of ammonium phosphate, and through conventional fertilization.
The highest productivity and environmental efficiency were obtained in treatments with fertilization
according to the principles of integrated production and with slow-release fertilizers. In terms of
environmental efficiency, the best results were obtained through nitrogen fertilization using 400 kg
of slow-release fertilizers. The use of slow-release fertilizers in carrot cultivation can significantly
improve the efficiency of fertilization, both in terms of production and environmental protection.
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1. Introduction

At all stages, food production is related to the use of natural resources, such as soil, water, space,
or energy. Soil acidification, depletion of organic matter, deterioration of water regime, and chemical
contamination of soil and water are the most frequently indicated effects of agriculture. Large-scale
plant cultivation with effective weed control significantly reduces the level of biodiversity in agrocenoses
and adjacent areas [1,2]. Another consequence of intensification of agricultural production is the
deterioration of the quality of produced plant products. This is associated with the increased level of
residues of plant protection products [3], as well as excessive content of nitrates and trace elements.

The development and implementation of quality management systems in food production was a
sui generis reaction of the consumer market to the unsatisfactory quality of products available in the
market [4,5]. Economic growth and the related increase in wealth has impacted consumer awareness
of environmental and health effects of overexploitation related to food production in developed
countries [6-8]. The consequence of this was the development and implementation of specific rules
of production (both animal and vegetable), which were formalized into quality systems. The most
popular of them include: Integrated Plant Production (IPP), GLOBAL.G.A.P,, and private network
systems [9-11].

Fertilization plays an important role in crop production because it affects crop quantity and quality,
as well as physical, biological, and physiochemical properties of soil, and the quality of ground- and
surface water, as well as the air. From the producer’s point of view, fertilization is an important factor
impacting production costs. Both excessive and insufficient doses of fertilizers, as well as improper
fertilization technologies (techniques used and dates of application), adversely affect the environment
and the quantity and quality of crops [12,13]. In addition, the introduction of rational fertilization
methods is an effective tool for shaping the image of agriculture in the modern world [14].

Increasing the efficiency of fertilization in modern agriculture is difficult due to the effective
production methods that are already in use. Nevertheless, improving the use of fertilizer components by
several percent proves profitable on a global scale [15,16]. The effect of optimizing plant fertilization is
the production of high quality food, in terms of chemical composition and technological parameters [17-22].

In agricultural practice, various methods are used to increase the use of fertilizer components
introduced into agro-ecosystems. To meet the growing needs of agriculture, the fertilizer industry has
introduced an ever-growing range of slow-release fertilizers, thanks to which nutrient supplementation
of plants is extended over the vegetation period. The use of slow-release fertilizers is one of the
methods of fertilization optimization which has increased in importance in recent years [14,23,24]. The
purpose of slow-release fertilizers is to reduce both the total amount of plant nutrients introduced into
the environment and the amount of energy used for fertilization treatments.

2. Materials and Methods

The aim of the work was to evaluate the effectiveness of different fertilization technologies in the
cultivation of carrot subspecies Daucus carota L. ssp. sativus. For the realization of the project objective,
a field experiment was carried out where the fertilization strategy was the experimental factor. The
test crop was carrot Daucus carota L. ssp. Sativus, ‘Elegance F1’, characterized by 135 days of vegetation.
One million two hundred thousand million plants per hectare were planted, spaced at 2.5 cm.

The methodology of integrated carrot production was applied. No irrigation was used at the
experiment site. The field experiment included five fertilization levels and one control treatment, in four
replications. The experiment was conducted on 9 m? experimental plots. The fertilization scheme
of the experiment is presented in Table 1. In order to determine the optimum level of fertilization,
in accordance with the principles of integrated production, the production potential of the habitat was
estimated at 70 mg of roots-ha™!.
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Table 1. The level of fertilization and fertilizers applied in individual treatments.

Triple Slow-Release Ammonium . Potassium
Treatment Superphosphate Fertilizer Nitrate Polifoska 6 salt N P20s K20
kg of Fertilizer-ha™! kg of Component-ha~1
Control *
1 - - 203 350 92 86 70 160
2 200 - 500 - 400 160 92 240
3 136 200 - - 233 38 70 160
4 113 400 - - 200 76 70 160
5 91 600 - - 167 114 70 160

* Control, without the use of fertilizers;1— According to the integrated production methodology; 2—-Fertilization
used by the producer; 3—A slow-release fertilizer at 200 kg-ha™!; 4—A slow-release fertilizer at 400 kg-ha™!; 5—A
slow-release fertilizer at 600 kg-ha™!.

The experiment was established on May 5, 2017, in a vegetable farm in Skorczéw (50°15’N 20°25),
in the Swietokrzyskie Province. The plants were harvested on October 17, 2017. The average air
temperature during the experiment was 15.2 °C, whereas total precipitation was 419 mm. The soil used
for the experiment had a clay loam texture. The forecrop for the test plants was beetroot, grown in the
first year after manure application.

Prior to the commencement of the experiment, representative soil samples were collected from
the experimental area to determine soil basic parameters (Table 2) and to estimate the yield potential
of the site, as well as the fertilizing needs of the plants. The following parameters were determined
in the soil: reaction—by potentiometric method in a suspension of water and 1 mol-dm? potassium
chloride solution; content of available forms of phosphorus and potassium—by Egner-Riehm method;
mineral nitrogen—by distillation after extraction with potassium sulfate solution; and available forms
of calcium and magnesium—by atomic emission spectrometry after extraction with 1 mol-dm=3
ammonium acetate solution. The content of organic carbon and total nitrogen was determined by the
elementary analysis method, using an Elementar Vario Max Cube.

Table 2. Properties of the soil on which the experiment was carried out.

pH in Ntotal Corg. Nmin. P K Mg Ca
KCl [g'kg™1] [mg-kg1]
7.65 7.11 1.135 13.25 28.6 153 181 659.7 19546

pH in H,O

After the experiment, the plants were harvested, and the total and marketable yields were
determined. A laboratory sample consisting of 10 primary samples was collected from each
experimental plot. A primary sample consisted of three adjacent carrot plants from each site.
Nitrogen content in the plant biomass was determined in fresh plant matter by the elementary analysis
method. The following fertilizers were used in the experiment: a multi-component, slow-release
fertilizer (NPK) 19;5;20%, + CaMgS 4;4;19.5%, ammonium nitrate (N) 32%, Potassium salt (K) 60%
Polifoska 6 NPK 6;20;30%. The slow-release fertilizers were applied in rows during the formation of
ridges. Phosphate and potassium fertilizers were applied at full dose before sowing, while nitrogen
fertilizers were applied in partial doses. The dose of organic fertilization was 20 Mg-ha™'. Mineral
fertilization of the forecrop was carried out according to its nutritional needs. The assessment of the
proposed fertilization systems was based on the size of the marketable yield, the productivity index,
the agronomic efficiency index, the removal efficiency index, and the physiological efficiency index.

To determine the Partial Factor Productivity (PFP), the following formula was applied [25]:

PFP (kgkg™!) = % , @)

where:
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Y—crop yield per piece (g-pc.”!); and
F—N applied per piece (kg N-pc.71).
To determine the Agronomic Efficiency coefficient (AE), the following formula was used [25]:

Y-Y
-1) _ 0
AE (kg kg™ ) = — )
where:
Y—yield in treatments with added N fertilizers (Mg-ha’l) ;
Yo—yield without addition of N fertilizer (control) (Mg~ha‘1); and
F—N applied(kg N-ha™1).

Removal efficiency (RE) was determined using the following formula [25]:

C
-1\ _
where:

C—N removed with yield (kg N-ha™!); and

F—N applied (kg N-ha™!).

Physiological Efficiency (PE) was determined according to the formula [25]:

Y-Y
-1\ _ 0
PE (kg kg™') = T @)

where:

Y—yield in treatments with added N fertilizers (Mg-ha™!);

Yo—yield without addition of N fertilizer (control) (Mg-ha_l), U—N uptake in aboveground crop
in treatments with added N fertilizers (kg N-ha™1); and

Up—N uptake in aboveground crop in treatments without added fertilizer (control) (kg N-ha™!).

Statistical Analysis

ANOVA was applied to analyze the results. The significance of mean differences among the
treatments was tested by multiple comparison, and Tukey’s range test was applied at a significance
level of @ = 0.05. The analysis was performed using the statistical software package Statistica v. 12.0
(StatSoft Inc., Tulsa, OK, USA).

3. Results and Discussion

From the economic point of view, the amount of yield is the most important indicator of plant
production efficiency. Based on data on soil properties and field history, the production potential of the
soil used for the experiment was estimated at 70 Mg-ha™'. The average yield in the control area was
established at 33.53 Mg-ha_1 (Table 3). After fertilization with conventional fertilizers in the amount
consistent with the principles of integrated production, marketable yield was similar to the production
potential of the habitat and amounted to 67.8 Mg-ha™!.

Fertilization according to production practices used at the experiment site led to an increase in the
yield of plants by almost 30%, as compared to fertilization according to the principles of integrated
production. In this variant of the experiment, the amount of nitrogen fertilizer was approximately 80%
higher than data estimated according to integrated carrot production methodology. Application of
slow-release fertilizers to plant roots prior to forming the beds resulted in a marketable carrot root yield
of 84.7 Mg-ha~!. The nitrogen dose was 76 kg, according to the principles of integrated production.
Carrot is a plant that reacts strongly to nitrogen fertilization by increasing the amount of biomass
and accumulating nitrates [26]. Therefore, in terms of quality management, it is very important to
develop a fertilization technology that would guarantee safe nitrate content in the produced yield [27].
In the case of this plant, intended both for consumption and for processing, the most important



Sustainability 2020, 12, 1982 50f 10

aspect in selecting the production technology is quality, not quantity, of the yield. Due to the high
level of intensification, carrot production has a strong environmental impact due to the emission
of greenhouse gases and a large amount of nitrates dispersed to the environment. Medeiros and
Kiperstok [28] point to the possibility of optimizing carrot cultivation by up to 70% with a proper
fertilization and irrigation management policy. Assessment of the agricultural systems in question
was carried out based on the technological quality of the product, with weight of the produce being
a very important factor. For all experiment sites, the unit weight of carrot was 56.16 g and ranged
from 24.21 to 79.49 g-pc. ~!. The highest variability of the parameter was identified in the control
site (Table 3). In other sites, the variability ranged from about 11 to 15%, and no effect of the applied
fertilization strategy on this parameter was found. Niemiec et al. [29] found that increasing the dose of
slow-release fertilizers applied to roots in the cultivation of Chinese cabbage (nappa cabbage) resulted
in an increased difference in unit weight of individual plants. Similar results were obtained by Niemiec
et al. [29]. From the producer’s perspective, the most important indicator of the efficiency of an
agricultural system is its productivity rate, i.e., the increase in the yield per 1 kg of nitrogen fertilizer.
The value of this parameter depends not only on the applied fertilization strategy but also on the plants’
growth conditions, soil fertility, climatic conditions, and the productive potential of a given plant
variety. Thus, the value of the productivity coefficient allows assessing the efficiency of fertilization
under specific production conditions [30]. Depending on the fertilization technology used, the value of
the productivity coefficient ranged from 63.88 to 152.23 kg d.m.-kg N~! (Table 4).

Table 3. Marketable yield of carrot and unit mass of roots in particular variants of the experiment.

Treatment Mean Marketable Range Mean Weight of Range
Yield the Carrot Root
Unit Mg-ha~! gpc.!
Control 33.53a* 30.25-34.52 28.44a 24.21-33.80
1 67.80c 64.52-69.31 56.82¢ 49.88-65.44
2 86.40d 84.29-88.44 73.62d 66.51-79.49
3 48.90b 46.92-50.43 38.93b 36.29-46.82
4 84.70d 81.45-87.22 71.09d 65.21-72.46
5 82.30d 76.58-85.49 68.11cd 64.29-78.14

* Different letters indicate statistically significant differences at the significance level p = 0.05.

Table 4. Values of efficiency coefficients in particular experimental treatments.

Variant of Physiological Partial Factor Agronomic Removal
Experiment Efficiency Productivity Efficiency Efficiency
. - - kg d.m.-k kg N kg:N™!
Unit gpe” kg fn. kg N~ fortilizer gappl%ed
Control - -

1 6.284 89.12 45.05 0.717a*

2 5.766 63.88 39.09 0.678a

3 4.646 152.23 47.85 1.030b

4 6.650 131.84 79.65 1.198b

5 5.538 85.40 50.61 0.914ab

* Different letters indicate statistically significant differences at the significance level p = 0.05.

The lowest value of this parameter was found in the conventionally fertilized treatment, according
to the production practice applied in the experiment area. Applying the principles of integrated
production to the use of conventional fertilizers increased the value of the productivity coefficient to
89.12 kg d.m.-kg N~1. The most favorable value of the productivity coefficient was determined with
slow-release fertilizers, at 76 kg N-kg ™. However, the assessment of the agricultural system based on
the value of the productivity coefficient must be carried out in relation to the yield value, taking into
account the production potential of the site [31]. With the optimization of maize fertilization technology;,
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the value of the discussed parameter increased from 37 kg N-kg-1 to 59 kg N-kg~! under nitrogen
fertilization at 140 kg N-kg™! [24]. Niemiec et al. [32] reported values of the efficiency coefficient of
celery from 19.35 to 151.76 kg, depending on the fertilization variant, under intensive production
conditions on a soil with high agronomic suitability. Amanullah and Almas [33] determined the value
of this parameter at 28 to 55 kg-kg™! of grain, depending on the applied fertilization strategy, while
Li et al. [34] achieved a more than double increase in the value of the productivity coefficient when
introducing nitrogen fertilizers through the root. Zhang et al. [35] reported the values of the productivity
coefficient at 17.3 kg N-kg ™! under conventional fertilization, while the optimization of fertilization
associated with the addition of biochar resulted in an increase in this parameter to 29.19 kg N-kg~".
Biochar introduced with mineral fertilizers gives them the characteristic of slow-release fertilizers [36].
The high value of the coefficient does not necessarily prove high production efficiency. Under intensive
cultivation, the most common values of this parameter range from 40 to 80 kg-kg~! per dry matter of
the yield [25]. Values above 60 are found in well-managed systems with low nitrogen content in soil.

Depending on the fertilization technology used, the value of the efficiency coefficient ranged
from 39.09 to 79.65 kg d.m.-kg N~! (Table 4). The lowest value of this parameter was found in the
conventionally fertilized treatment, and a slightly higher value was determined for fertilization with
conventional fertilizers according to the principles of integrated production. The highest value of the
efficiency coefficient was determined for slow-release fertilizers, at 76 kg N-kg~!, and this fertilization
strategy proved to be the most advantageous in terms of plant production economics. Kafesu et al. [31]
reported agronomic yields of corn at approximately 20 kg d.m.-kg N~ for soils with low agricultural
suitability. The authors did not find any significant differences in shaping of this parameter between
nutrient rich soils and nutrient poor soils. On the other hand, Xu et al. [37] estimated the value of
this parameter for rice production in developing countries, and it was about 13 kg of produce-kg™!,
while Niemiec et al. [32] reported the value of this parameter for the conventional production of
root celery to be about. 20 kg-kg™!. As a result of optimization of fertilization using a combination
of slow-release and conventional fertilizers, the authors achieved the value of agronomic efficiency
coefficient at about 90 kg of produce-kg~! d.m. At the current level of global agriculture development,
it is possible to increase the efficiency of fertilization in many areas through optimization of fertilizer
application techniques, selection of appropriate agrotechnical measures, or by providing plants with
the right amount of water and micro- and macro-elements. An et al. [38] reported that implementing
simple methods of optimizing rice fertilization allowed an improvement in agronomic efficiency
by 38%. In our own research, the use of integrated fertilization methods resulted in increasing the
value of agronomic efficiency coefficient by 15%, as compared to traditional fertilization methods,
while a treatment fertilized with slow-release fertilizers demonstrated an increase in the agronomic
performance index by approximately 100% (Table 4).

Nitrogen removal efficiency is the most important indicator for assessing the environmental
impact of fertilization. Cassman et al. [39] studied the efficiency of wheat, rice, and maize fertilization
in Asia and the USA, based on the nitrogen removal coefficient. These authors reported the values of
this parameter in the experiment area at 0.18 to 0.49 kg N-kg™! of nitrogen used in the form of mineral
fertilizers. On the other hand, Vinzent et al. [40] reported the values of nitrogen removal coefficient
in the production of rape at 0.45 to 0.54 kg N-kg ™! of nitrogen used in the form of mineral fertilizers,
depending on the addition of urease inhibitors. These authors draw attention to the major potential of
slow-release fertilizers in the process of reducing water eutrophication and greenhouse gas emissions
to the atmosphere. The increase in the potential of using nitrogen in the form of slow-release fertilizers
was also observed by Niemiec et al. [29,32] and Purnomo et al. [41]. The results of our own research
also indicate the suitability of slow-release fertilizers in the process of optimizing nitrogen fertilization.
In carrot production, introduction of a fertilization strategy based on the use of slow-release fertilizers
at 76 kg N-ha~! allowed achievement of a nitrogen removal coefficient at 1.198 kg N-kg ™! (Table 4).
Further increase in the dose of slow-release fertilizers applied to plant roots resulted in a decrease in the
use of nitrogen introduced with fertilizers. In the treatment fertilized in accordance with the integrated
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carrot production methodology, the value of nitrogen removal coefficient was 0.717 kg N-kg~!, while
in fertilization according to the production practice, 0.678 kg N-kg~! of nitrogen used in the form of
mineral fertilizers. High values of this parameter indicate good use of nitrogen from fertilizers and
soil resources. In the case of obtaining yield significantly below the production potential of the site,
the high value of nitrogen removal coefficient may indicate insufficient fertilization with this element.
The results obtained in the treatments fertilized with slow-release fertilizers were high, characteristic
for well-managed farm systems. Significantly lower values of the nitrogen removal coefficient were
obtained by Shan et al. [42] in the production of Chinese cabbage (nappa cabbage).

The physiological efficiency index is an indicator of the conditions of plant growth, including the
parameters of soil fertility, climate elements, and plant production potential, as well as the policies of
fertilization and plant protection. Its low values indicate the occurrence of a stress factor that limits
the plant growth [43-46]. The cause of the problem cannot be indicated based on the value of the
physiological efficiency index. Nevertheless, it is a reliable source of information on the efficiency of
an agricultural system. The values of the physiological efficiency index in the individual fertilization
variants did not vary significantly. The physiological efficiency factor in subsequent variants of the
experiment ranged from 4.646 to 6.65 kg d.m. of root-kg of nitrogen assimilated by plants~!, as shown in
Table 4. The lowest value of the coefficient was obtained using fertilization with slow-release fertilizers
at 38 kg-ha™!, whereas the highest value of this parameter was obtained with the use of a slow-release
fertilizer at 76 kg N-kg ™. From the point of view of the discussed parameter, no statistically significant
differences were found in individual research sites.

The development of modern agriculture is contingent on increasing the efficiency of fertilization.
Scientific literature offers more and more information regarding the possibilities of using slow-release
fertilizers in the context of improving the efficiency, production, and economic and environmental
aspects of this part of the production process [47-53]. The results of the research indicate the potential
of slow-release fertilizers in the context of increasing the efficiency of fertilization. Therefore, the
share of slow-release fertilizers applied in the vicinity of the root zone is expected to increase in the
future. As a result, from the point of view of science and production practice, it is important to conduct
further research aimed at developing fertilization technologies based on slow-release fertilizers, to
limit the amount of elements released to the soil ecosystem and at the same time achieve high yields of
good quality.

4. Conclusions

Fertilization of carrot according to the principles of integrated production using conventional
fertilizers produced lower yields than traditional fertilization. The use of slow-release fertilizers in
the amount consistent with the principles of integrated production allowed the yield obtained to be
comparable with that found in conventionally fertilized sites.

The most favorable value of agronomic efficiency and nitrogen removal coefficients was obtained
in the variant with the use of a slow-release fertilizer at 76 kg N-ha~! applied at the root of plants.
In that treatment, the obtained value of the agronomic efficiency index was 79.65 kg d.m.-kg fertilizer.

The lowest values of the agronomic efficiency index and productivity index were obtained in the
fertilization variant compliant with the production practice used at the research area.

The use of mineral nitrogen in the form of slow-release fertilizers at over 76 kg N-ha~! resulted in
a decrease in the size of biomass and deterioration of all fertilization efficiency coefficients.
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