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Leszczyńskiego 57, 20-950 Lublin, Poland; elzbieta.bielinska@up.lublin.pl (E.J.B.);
anna.kapusta@up.lublin.pl (A.W.-K.)

5 Department Agronomy of Potato, IHAR—PIB, Branch in Jadwisin, Szaniawskiego 15 Str.,
05-140 Serock, Poland; p.barbas@ihar.edu.pl

* Correspondence: barbara.marczak@kpu.krosno.pl; Tel.: +48-508-086-387

Received: 7 November 2020; Accepted: 12 December 2020; Published: 15 December 2020 ����������
�������

Abstract: The experiment was conducted between 2015–2017 in the Research Station for Cultivar
Testing in Uhnin (51◦34′N, 23◦02′ E), in Luvisols developed from sandy loam soils. Soil samples for the
tests of enzymatic activity were collected after the crop was harvested. The measurements included:
the content of dehydrogenases, phosphatases, urease and protease, as well as total organic carbon,
total nitrogen and mineral nitrogen in soil, based on standard methods. The research results point
to changes in the enzymatic activity of light soil under the influence of varied nitrogen fertilization.
In objects fertilized with this ingredient, the activity of the analysed enzymes was significantly
higher than in the control soil, except for combinations fertilised with 150 kg ha−1 N characterised
by the highest accumulation of N-NO3

− in soil. The activity of dehydrogenases, phosphatases
and urease changed as the nitrogen dose increased. The polynomial regression analysis enabled
a better understanding of those dependences. In the case of dehydrogenases, phosphatases and
urease, a third-degree curvilinear relation of enzymatic activity to nitrogen fertilisation was observed
(a fourth-degree relation was found, with a coefficient R2 in those equations amounting to =0.958,
0.977, 0.979, respectively) and in the case of protease activity, a fourth-degree relation, with coefficient
R2 = 0.989. However, soil acidity did not have a significant influence on either the enzymatic activity
or physico-chemical characteristics of soil under the cultivation of sweet potatoes. The C:N ratio
turned out to be significantly negatively related to the content of the enzymes dehydrogenase (Adh),
phosphatase (AF), urease (AU) and protease (AP) as well as the content of total nitrogen, especially
its ammonium form (N-NH4). The obtained results indicate the usefulness of research on enzymatic
activity as an indicator of soil reaction to nitrogen fertilization and will enable maintenance of the
optimal biological balance of cultivated soils.
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1. Introduction

In modern agriculture, nutrient use efficiency of crops is below 50% in all agroecological
conditions. A large share of nutrients is lost in the soil-plant system [1,2]. Lower nutrient use
efficiency is connected to their loss or unavailability due to environmental conditions [1,2]. Low biogen
use efficiency increases not only plant production costs but also contamination of the environment.
The key strategies of improving nutrient use efficiency include the use of optimal fertilization doses,
an efficient source, time and application method, and the use of nutrients appropriate for the species,
cultivars and genotypes [2,3]. In terms of the Ipomoea batatas L. [Lam] species, recently introduced to
cultivation in Central-Eastern Europe, it is also important to improve nutrient application and use
efficiency [4,5]. Nutrient use efficiency (NUE) is influenced by genetic and physiological features
and the plant-environment interactions [4]. Sawicka et al. [5] showed that nitrogen fertilization
stimulates photosynthesis efficiency in sweet potatoes at the end of the vegetation period. The use
of fertilizing agent doses exceeding plants’ nutrient requirements can lead to changes in the ion
balance of soil water, pushing them into groundwater. Considering changes in the agricultural
production systems in terms of integrated plant protection, more emphasis should be placed on
fertilizer efficiency, plant nutritional balance, fertilizer use structure and their effect on the environment.
An efficient fertilization strategy should lead to the utilization of crop potential but not at the
expense of the environment. Minerals introduced into the soil as mineral fertilizers are not used to
the fullest during plant vegetation [3,4]. Increased fertilization, in particular nitrogen fertilization,
and agrotechnological simplifications can result in imbalanced use of minerals and, in consequence,
water contamination. Improved nutritional value of food crops, including sweet potatoes, is possible
by means of bio-enhancement, i.e., agronomic practices or modern biotechnology. NUE informs the
use of extra N used in the agricultural production system [5–7].

Reasonable nitrogen fertilization has a positive influence on high crop yield; however, as a result of
incorrect agrotechnical procedures and unreasonable nitrogen fertilization doses, the proper functioning
of entire agrosystems can be disturbed.Various compounds (e.g., mycotoxins and nitrosamine) can
form in soil environments and ammonia can accumulate, which could affect the soil enzymes and the
enzymatic activity of soil, which is a sensitive index of soil environment changes [8–11]. Research by
Bielińska et al. [12], shows that biochemical processes in soil play an important functional and structural
role in the dynamics of the plant life cycle. The changes leading to various transformations of organic
and mineral nitrogenous compounds in soil include mainly processes related directly to the functioning
of living organisms, or the biochemical reactions controlled by enzymes developed by living cells or
entering soil after they decompose. At the same time, changes in the activity of soil enzymes reflect the
environmental disturbances affecting soil and plants [12,13]. Enzymatic activity in soils depends on a
number of factors, such as the content of organic matter, soil pH, the content of biogenic elements,
and the quantity and diversity of microorganisms [14,15]. Bielińska et al. [16] and Błońska et al. [17]
believe that the enzymatic activity of soil largely depends on nitrogen organic and mineral fertilization.
In order to reduce the excessive use of nitrogen fertilizers, the Nitrates Directive was introduced.
The basic aim of the Nitrates Directive is to protect waters against pollution caused by nitrates from
agricultural sources. To this end, the so-calledAction Programme was introduced on 27 July 2018 [8,9].
The nitrogen dose should be determined in the fertilization plan, nitrogen fertilization plan, or based
on the maximum available nitrogen dose from all sources, determined in the Action Programme [10].

Nitrogen fertilization of sweet potatoes has been a subject of a number of experimental studies in
order to determine the optimal dose providing high yield. In Poland and in the world, there are no
studies on the effect of nitrogen fertilization on the enzymatic activity of soil under the cultivation
of sweet potatoes. Since sweet potato is mainly cultivated in light and medium soils, which are
particularly prone to leaching, the issue of mineral fertilization, especially with nitrogen, and the
determination of the maximum nitrogen dose is very important [7–10,18,19]. Therefore, the aim of this
study was to determine the influence of differentiated nitrogen fertilization on the enzymatic activity
of soil in sweet potato cultivation. Another goal was to determine the effect of nitrogen fertilization on
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the balance of nitrogen forms in the soil. Moreover, the aim of the study was to determine the effect of
nitrogen fertilization on the C:N ratio in the soil under sweet potato cultivation. The study adopted
3 alternative hypotheses:

1. the first alternative hypothesis assumes that increasing nitrogen fertilization against the
background of constant phosphorus-potassium fertilization will optimize the biological balance in
the soil by changing the activity of selected soil enzymes (dehydrogenase, phosphatase, urease and
protease), against the null hypothesis that nitrogen fertilization does not cause significant changes
in their activity;

2. the second alternative hypothesis assumes that increasing nitrogen fertilization against the
background of constant phosphorus-potassium fertilization will change the nitrogen forms in the
soil, against the null hypothesis that nitrogen fertilization will not change the balance of nitrogen
forms in the soil;

3. the third alternative hypothesis assumes that increasing nitrogen fertilization against the
background of constant phosphorus-potassium fertilization will improve the C:N ratio, against the
null hypothesis that fertilization with this component will not change the C:N ratio.

The results of this research may be the basis for developing a reasonable nitrogen fertilization
plan for sweet potato cultivation and at the same time keeping soil in optimal biological balance.

2. Materials and Methods

2.1. Field Research

The experiment was conducted between 2015–2017 in the Experimental Station for Variety
Assessment in Uhnin (51◦34′ N, 23◦02′ E, H = 157 metres above sea level), in Luvisols developed from
sandy loam soils [20], in the cultivation of sweet potato (Ipomoea batatas L. [Lam.]). The experiment
was based on a randomized block design in the three replicates. Differentiated nitrogen fertilization
was used (0, 50, 100, 150 and 200 kg ha−1 N), against the background of constant fertilization with
phosphorus and potassium (39 kg ha−1 P and 112 kg ha−1 K) and a full dose of manure (25 t ha−1)
(Table 1). The manure was alkaline. Organic carbon content ranged from 26.87% to 27.18%. The content
of macronutrients was varied, nitrogen ranges from 2.55 to 3.03 g kg−1, phosphorus 8.16–9.0 g kg−1,
potassium 12.9–14.1 g kg−1, magnesium 3.12–3.8 g kg−1, and calcium 0.25 to 0.54 g kg−1.

Table 1. Chemical analysis of manure (2015–2017).

Properties Unit 2015 2016 2017

pH H2O 8.90 8.70 8.67
pH KCl 8.30 8.10 8.25

Corg. % 27.18 26.87 27.09
N total % 2.60 2.55 3.03

C:N 10.45 10.54 10.58
Available phosphorus mg kg−1 834.0 803.1 812.5

Available potasium mg kg−1 1232.0 1104.6 1167.1
Available magnesium mg kg−1 226.0 201.7 213.7

P total g kg−1 9.00 8.16 8.39
K total g kg−1 14.10 12.9 13.12

Mg total g kg−1 3.80 3.12 3.54
Ca total g kg−1 0.25 0.44 0.54

Source: Felin Experimental Farm.

Nitrogen was used in the form of 32% ammonium nitrate, 19% phosphorus (in the form of
single superphosphate), and 60% potassium (in the form of potassium salt). The pre-crop of sweet
potato was spring barley. In autumn, organic fertilization was applied in the form of manure as well
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as phosphorus and potassium fertilization, followed by winter ploughing. In spring, the field was
harrowed, nitrogen fertilizers were sown up to a dose of 100 kg ha−1 and mixed with the soil with
a cultivation aggregate (cultivator and cage roller). Fertiliser doses over 100 kg ha−1 were divided
and the first dose of 100 kg ha−1 was used prior to planting, and the remaining part of nitrogen was
applied during potato vegetation, on BBCH stage 69 [21]. The propagating material came from West
Guinea and included cuttings of the Canuana cultivar characterized by white skin and yellow flesh [22].
They were obtained from in vitro propagation. The plants were planted on 20 May with 1 × 1 m
spacing after spring frost. The size of the plots to be harvested was 40 m2. The cultivation was carried
out mechanically with no herbicides. Moreover, no plant protection from diseases and pests was
applied, because it was not necessary (no diseases and pests). Tubers were harvested in the technical
ripeness stage, in early October.

2.2. Soil Sampling

Before setting up the experiment, representative soil samples were taken annually; 20 samples
from each the field experiment, in order to determine the content of humus, soil pH and the content of
basic macro- and micronutrients in the soil. Soil samples were collected with Egner’s stick: Egner’s stick
was inserted into soil up to the protruding element, then rotated and removed, and the soil from the
stick groove was placed in a container labelled ‘topsoil’. Then, a 40-cm deep hole was dug up with a
spade, the fallen topsoil was removed from the hole, and another sample was collected with the stick
and placed in a bucket labelled ‘subsoil’.

2.3. Methodology for the Assessment of Soil Samples

In soil samples, the following parameters were determined: soil granulometric composition, by
laser method [23]; pH, in 1 mol KCl dm−3 [24]; organic carbon content (C org), by Tiurin method [25];
and on its basis, the content of humus in the soil was determined [23].

The content of available P2O5 and K2O were determined by the Egner-Riehm method [24,25],
and magnesium contentby the Schachtschabel method [26] in the soil was also determined. The content
of Cu, Mn, Zn, Fe, B was determined in 1 mol of HCl [23], and the abundance was determined according
to the limit numbers established for this extractant [27,28].

The chemical and physicochemical properties of the soil were determined in a certified laboratory
of the District Chemical and Agricultural Station in Krosno according to the methods in force at
chemical and agricultural stations in Poland.

2.4. Testing the Enzymatic Activity and Physico-chemical Characteristics of Soil

Samples for soil enzymatic activity testing were collected from 20 random locations, from the
topsoil (0–25 cm) from each fertilization variant, and after the crop was harvested [24]. Tests covered
the activity of dehydrogenases [15], phosphatases [29], urease [30] and protease [31]. The enzyme
activity was determined by the following methods:

• the activity of dehydrogenases was expressed in cm3 H2, required to reduce triphenyltetrazole
chloride (TTC) to TFP (triphenyl formazan) [28];

• phosphatases, in moles of p-nitrophenol (PNP), obtained from 4-nitrophenyl phosphate
sodium [29];

• urease, in mg N-NH4
+ obtained from hydrolysed urea [31];

• proteases, in mg of tyrosine developed from sodium caseinate [32,33].
• The activity of the tested enzymes was analyzed in soil with natural humidity, and the results

were converted into absolutely dry soil mass.
• Simultaneously, the samples were tested for the content of total organic carbon, pHKCl and mineral

forms of nitrogen (NH4
+-N and NO3

− N) [23].
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• dehydrogenases (ADh), by the Thalmann method [28], using a 1% solution of TTC as a substrate
and 96-h incubation at 37 ◦C, expressing their activity in cm3 H2 kg−1 d−1 (for 1 kg of soil in 24 h).

• phosphatase (AF), by the method of Tabatabai and Bremner [29], using 0.8% sodium p-nitrophenyl
phosphate as a substrate and a 1hour incubation at 37 ◦C; enzyme activity was expressed in mmol
PNP kg−1 h−1 (p-nitrophenol per 1 kg of soil in 1 h);

• urease (AU), by the method of Zantu and Bremner [30], using a 2.5% urea solution as a substrate
and an 18-h incubation at 37 ◦C, expressing the enzyme activity in mg N-NH4 + kg−1 h−1

N-NH4 + (for 1 kg of soil in 1 h);
• proteases (AP), by the method of Ladd and Butler [31], using a 1% solution of sodium caseinate as

a substrate and using a 1-h incubation at 50 ◦C, expressing the enzyme activity in mg of tyrosine
kg−1 h−1 (per 1 kg of soil in 1 h).

2.5. Statistical Analysis

Statistical analyses were based on a two-factor analysis of variance and T-Tukey’s multiple
tests, with the assumed significance level α = 0.05. The models of analysis of variance with the
main effects of the factors studied and their interactions were used. The detailed analysis only
dealt with the main effects. The calculations were made with the SAS Enterprise 4.2 software [34].
T-Tukey’s multiple comparison tests enabled detailed comparative analyses of averages, by isolating
statistically homogeneous medium groups (homogeneous groups) and determining the so-called
least significant mean differences (LSD), which in Tukey’s tests are marked by HSD (Tukey’s Honest
Significant Difference) [35]. The calculated p-values determine the significance and magnitude of
the impact of the studied factors on the differentiation of the results of the analyzed variables,
by comparing them with the most frequently accepted levels of alpha significance (0.05, 0.01). In case
of detailed analyses based on T-Tukey’s multiple tests, the assumed significance level was α = 0.05.
Letter indicators at averages determine the so-called homogeneous groups (statistically homogeneous).
The occurrence of the same letter pointer at averages (at least one) means that there is no statistically
significant difference between them. The sizes of HSD play an auxiliary role, allowing quantification of
the differences between means in a quantitative way.

2.6. Weather Conditions

The pattern of air temperature and precipitation varied in the study years (Figure 1).
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Figure 1. The distribution of rainfall and air temperatures during the growing season of Ipomoea batatas
according to the meteorological station at the Research Station for Cultivar Testing in Uhnin (2015–2017).
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The year 2015 was characterised by draught in April–May and August–September, whereas the
years 2016–2017 can be described as humid. In that period, the first half of vegetation was wet and
warm, whereas the second was dry.

3. Results

3.1. Soil Characteristics Prior to the Experiment

The results of soil granulometric analysis and some physico-chemical properties of soil are
presented in Table 2.

Table 2. The granulometric composition of soil before establishing the experiment in 2015–2017.

Year

Composition of the Granulometric Fractions (%)

Soil ClassificationSand
2.0–0.05

Silt
0.05–0.002

Clay
<0.002

mm

2015 67.14 30.29 2.56 medium soil
2016 67.04 30.24 2.72 medium soil
2017 67.47 30.45 2.08 medium soil

Average 67.22 30.33 2.45 medium soil

Source: Results of own experiment conducted in the Chemical and Agricultural Station in Lublin.

The experiment was carried out on sandy loam soil type. According to the content of sand,
silt and clay fraction, this is the granulometric subgroup of clay sand (medium soil). Soil granulometric
composition was determined by means of the aerometric method by Prószyński [36]. The fraction of sand
was 67.22%, the silt fraction was 30.33% and the clay was 2.45 % (Table 1). This proportion of individual
fractions corresponds to the composition of clayey dust. In terms of agricultural suitability, these soils
belong to slightly acidic good rye complex. This soil is classified in the agronomic category of medium
mineral [23]. The soil content of assimilable components was as follows: phosphorus—high and very
high (21.0 mg 100 g−1 P2O5 of soil), magnesium—high (7.1 mg 100 g−1 Mg of soil), potassium—low and
medium (11.9 mg 100 g−1 K2O of soil), copper and zinc—high (7.12 mg kg−1 Cu of soil, 45.96 mg kg−1

Zn of soil), and manganese and iron—medium (275 mg kg−1 Mn of soil, 3755 mg kg−1 Fe of soil). In the
case of boron, the average was high, about 6.25 mg kg−1 B of soil (Table 3).

Table 3. Physico-chemical characteristics of the soil before establishing the experiment in 2015–2017.

Year

Content of Available
Macronutrients

(mg 100 g−1 soil)
Humus
Content

(%)

pH
(KCl)

Micronutrients Content
(mg kg−1 soil)

P2O5 K2O Mg Cu Mn Zn Fe B

2015 20.2 13.0 7.7 0.93 5.90 7.60 320 39.98 3770 7.31
2016 18.8 11.1 7.1 1.08 5.79 4.85 335 56.87 3899 5.37
2017 24.1 11.6 6.4 1.05 6.65 8.90 171 41.04 3596 6.06

Average 21.0 11.9 7.1 1.02 6.11 7.12 275 45.96 3755 6.25

Source: Results of own experiment conducted in the Central Research Laboratory of the University of Life Science
in Lublin.

The average acidity of the soil (pH), in a KCl solution, in 2015 was 5.90, 5.79 in 2016, and 6.65 in
2017; these values allowed the classification of the experimental soil as slightly acidic soil. The humus
content in the arable layer was low and the amount of humus formed ranged from 0.93% to 1.08%.
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3.2. Variability of Soil Enzymatic Activity

The research results point to evident changes in the enzymatic activity of light soil under the
influence of differentiated nitrogen fertilization. In soils of most objects fertilized with this ingredient,
the activity of the analysed enzymes was significantly higher than in the control soil (without nitrogen
fertilization), except for combinations fertilized with 150 kg ha−1 N characterised by the highest
accumulation of N-NO3

− in soil (Tables 4 and 5). Enzyme activity during vegetation periods depended
mainly on individual characteristics of the enzyme under study. A significant influence of study years
on soil enzymatic activity was observed only in the case of phosphatases and protease. The highest
average activity of phosphatases was recorded in 2015, and of proteasein 2016, which was related to
the different reaction of enzymes to atmospheric conditions in the study years (Table 4).

Table 4. Enzymatic activity of soil under cultivation of sweet potato (Ipomoea batatas L. [Lam.]).

Experimental Factors

Biological Activity of Soil

Dehydrogenase
(cm3 H2 kg−1 d−1)

Phosphatase
(mmol PNP

kg−1 h−1)

Urease
(mg NH4NO3 + kg−1 h−1)

Protease
(mg tyrosine

kg−1 h−1)

Nitrogen
fertilization

(kg ha−1)

0 1.92 7.82 12.23 16.15
50 2.81 9.25 15.10 17.22

100 2.14 8.87 14.56 17.77
150 2.04 7.94 12.86 16.47
200 2.99 10.04 15.94 17.49

HSD0.05 0.20 0.73 1.82 1.42

Years

2015 2.41 8.92 14.17 16.63
2016 2.37 8.56 14.15 17.52
2017 2.36 8.87 14.09 16.91

HSD0.05 ns * 0.35 ns * 0.85

Average 2.38 8.78 14.14 17.02

* not significant at p ≤ 0.05.

Table 5. Selected chemical properties of soil under cultivation of sweet potato (Ipomoea batatas L. [Lam.]).

Experimental Factors C
(g kg−1)

Total
Nitrogen
(g kg−1)

C:N
Ratio

N-NO3−

(mg kg−1)
N-NH4

+

(mg kg−1)
pHKCl

Nitrogen fertilization
(kg ha−1)

0 11.50 0.95 12.11 12.76 19.28 6.80
50 11.22 0.98 11.45 6.27 32.38 7.08
100 13.56 1.18 11.46 5.83 30.21 6.98
150 11.38 1.04 10.95 15.15 35.52 6.70
200 12.92 1.22 10.59 14.18 36.43 6.33

HSD0.05 0.61 0.05 0.56 0.54 1.53 0.34

Years

2015 12.01 1.07 11.22 10.67 30.65 7.06
2016 12.22 1.06 11.53 10.90 30.76 6.68
2017 12.13 1.08 11.23 10.94 30.88 6.60

HSD0.05 ns * ns ns ns ns 0.20

Average 12.12 1.07 11.31 11.31 30.76

* not significant at p ≤ 0.05.

The intensity of biochemical processes in soil depended on the type of enzyme, which is connected
to the individual enzyme sensitivity to environmental factors and the content of particular substrates
for enzyme reactions in soil. And so, the activity of dehydrogenases, phosphatases and urease
changed as the nitrogen dose increased; a significant increase in their activity was recorded in objects
with 50 kg ha−1 N. Another significant increase in the activity of dehydrogenases and phosphatases,
as compared to the 50 kg ha−1 N dose, was observed in variants fertilized with 200 kg ha−1 N.
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The influence of nitrogen fertilization on the activity of proteases was least visible. The highest
enzymatic activity, as compared to the control object, was recorded in objects with 100 kg ha−1 N,
whereas an increase in fertilization of 200 kg N ha−1 did not result in significant changes in the enzyme
activity (Table 4).

The polynomial regression analysis enabled a better understanding of those dependences. In the
case of dehydrogenases, phosphatases and urease, a third-degree curvilinear relation of enzymatic
activity to nitrogen fertilisation was observed (fourth-degree relation was found, with a coefficient R2

in those equations amounted to = 0.958, 0.977, 0.979, respectively) (Figures 2–4), and in the case of
protease activity, a fourth-degree relation, with coefficient R2 = 0.989 (Figure 5). However, it should be
noted that the analyses were carried out on a limited number of samples, and that this relationship
is not 1.00 (100%), and therefore other factors than the function model (e.g., epiphytes is of fungal
diseases) may have contributed to the emergence of such a model.

Agronomy 2020, 10, x FOR PEER REVIEW 8 of 17 

 

 
Figure 2. Partial dependence of dehydrogenase for nitrogen fertilization. 

 
Figure 3. Partial dependence of phosphatase for nitrogen fertilization. 

 
Figure 4. Partial dependence of urease for nitrogen fertilization. 

 
Figure 5. Partial dependence of protease for nitrogen fertilization. 

Figure 2. Partial dependence of dehydrogenase for nitrogen fertilization.

Agronomy 2020, 10, x FOR PEER REVIEW 8 of 17 

 

 
Figure 2. Partial dependence of dehydrogenase for nitrogen fertilization. 

 
Figure 3. Partial dependence of phosphatase for nitrogen fertilization. 

 
Figure 4. Partial dependence of urease for nitrogen fertilization. 

 
Figure 5. Partial dependence of protease for nitrogen fertilization. 

Figure 3. Partial dependence of phosphatase for nitrogen fertilization.

Agronomy 2020, 10, x FOR PEER REVIEW 8 of 17 

 

 
Figure 2. Partial dependence of dehydrogenase for nitrogen fertilization. 

 
Figure 3. Partial dependence of phosphatase for nitrogen fertilization. 

 
Figure 4. Partial dependence of urease for nitrogen fertilization. 

 
Figure 5. Partial dependence of protease for nitrogen fertilization. 

Figure 4. Partial dependence of urease for nitrogen fertilization.



Agronomy 2020, 10, 1970 9 of 17

Agronomy 2020, 10, x FOR PEER REVIEW 8 of 17 

 

 
Figure 2. Partial dependence of dehydrogenase for nitrogen fertilization. 

 
Figure 3. Partial dependence of phosphatase for nitrogen fertilization. 

 
Figure 4. Partial dependence of urease for nitrogen fertilization. 

 
Figure 5. Partial dependence of protease for nitrogen fertilization. 

Figure 5. Partial dependence of protease for nitrogen fertilization.

3.3. Variability of Physico-Chemical Characteristics of Soil

A significant influence of nitrogen fertilization on the increase of the content of total organic
carbon and total nitrogen in soil was recorded in the case of using 100 kg ha−1 N. Further increases
of nitrogen doses did not result in significant changes of those elements in soil. Increasing doses of
nitrogen significantly affected the limitation of the C:N ratio (Table 5), which points to an increase of
the rate of organic matter mineralization and humification. The content of ammoniacal nitrogen in soil
from nitrogen-fertilised objects was approximately 2.0 times higher than in the control soil. In the case
of NO3

− N, a significant increase of this nitrogen form in the analysed soil was recorded only with
higher nitrogen doses: 150 and 200 kg ha−1 N. It is noteworthy that in soil from objects fertilized with
50 kg and 100 kg ha−1 N, the content of this ingredient was approximately 2 times higher than in the
control soil with no nitrogen fertilization (Table 5).

This could be related to increased biological sorption in soil from objects characterised by higher
enzymatic activity than the control soil (Table 4). Furthermore, the introduction of high doses of
nitrogen fertilizers to soil resulted in microorganisms and plants not being able to utilize the available
resources of this element. Increased supply of nitrogen to the soil environment resulted in decreased
immobilization of N into microbiological biomass, and increased net N mineralization. In the conducted
experiment, the average mineral N content (N-NH4

+ + N-NO3
−) in the control soil with no nitrogen

fertilization amounted to 32.04 mg kg−1, that is 96.12 kg N ha−1, and in soil from objects with
higher nitrogen doses (150 and 200 kg ha−1 N)—to approximately 50.6 mg ha−1—approximately
150 kg ha−1 N respectively (Table 5). The analysis of simple correlation between enzymatic activity and
physico-chemical characteristics of soil shows that dehydrogenase was highly positively correlated
with phosphatase and urease, and slightly less so with protease. However, soil acidity did not have a
significant influence on either the enzymatic activity or physico-chemical characteristics of soil under
the cultivation of Ipomoea batatas. The enzymatic activity of the enzymes under study turned out
to be significantly positively related with the content of total nitrogen, ammoniacal nitrogen and
carbon. A strong positive relation was also recorded between the amount of nitrogen and carbon in
soil. Moreover, the content of ammoniacal and nitric nitrogen was negatively correlated with the value
of the C:N ratio (Table 6).

Descriptive statistics used in this study enabled a better description of the enzymatic activity and
physico-chemical characteristics of soil (Table 7).
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Table 6. Pearson’s simple correlation coefficients between enzymatic activity and soil physicochemical properties.

Specification Adh AF AU AP N-NO3 N-NH4 pH C N C:N

Adh 1.00

AF 0.85 ** 1.00

AU 0.90 ** 0.91 ** 1.00

AP 0.41 * 0.49 * 0.59 ** 1.00

N-NO3 −0.12 −0.22 −0.35 * −0.39 * 1.00

N-NH4 0.59 ** 0.55 ** 0.64 ** 0.38 * 0.10 1.00

pH −0.07 0.10 0.00 −0.08 −0.13 −0.03 1.00

C 0.39 * 0.46 ** 0.50 ** 0.53 ** −0.25 0.21 0.08 1.00

N 0.38 * 0.60 ** 0.66 ** 0.49 * 0.00 0.56 ** 0.06 0.80 ** 1.00

C:N −0.56 ** −0.51 ** −0.56 ** −0.38 * −0.37 * −0.88 ** −0.01 −0.23 −0.64 ** 1.00

Adh—dehydrogenase, AF—phosphatases, AU—urease, AP—protease, N-NO3—Nitrate-NO3; N-NH4—
Ammonium-Nitrogen; C—carbon; N—nitrogen; C:N—Carbon to Nitrogen ratio.

Table 7. Selected statistical features of enzymatic activity and physico-chemical properties of soil under
sweet potato cultivation.

Specification Adh AF AU AP N-NO3 N-NH4 pH C N C:N

Average 2.38 8.78 14.14 17.02 10.84 30.76 7.77 12.12 1.07 11.28

Median 2.13 8.85 14.55 16.78 12.79 32.38 7.10 11.51 1.04 11.30

Statistical
deviations 0.45 0.94 1.44 0.95 4.13 6.45 1.38 0.98 0.11 0.56

Kurtosis −1.83 −0.25 −1.63 3.55 −2.00 0.06 −1.01 −1.61 −1.79 −0.80

Skewness 0.43 −0.36 −0.18 1.73 −0.34 −1.13 0.81 0.57 0.29 0.16

Minimum 1.88 6.87 12.15 16.02 5.72 17.93 6.20 11.14 0.94 10.40

Maximum 3.04 10.18 16.02 19.69 15.39 37.59 10.39 13.68 1.24 12.30

Coefficient
of variation

(%)
18.91 10.67 10.16 5.61 38.09 20.96 17.72 8.09 10.53 4.96

Explanation as in Table 5.

The properties under study were analysed in terms of standard deviation from the arithmetic
mean. The negative value of kurtosis as a measure of the concentration of results around the mean, or a
flat-topped distribution (platykurtic distribution), points to greater dispersion of results around the
mean. Obviously, this is not the only option—it is possible that the distribution of this characteristic in
population is platykurtic. Skewness, which is the measure of the asymmetry of results, tells us how the
results for that variable are distributed around the mean and if most of the observed results belong to
the left side of the mean, close to the mean or to the right side of the mean. The coefficient of skewness
above 0 points to a right-side asymmetry of the distribution (positive skew), whereas a result below
0 points to a left-side asymmetry of the distribution (negative skew). The coefficient of variation is a
measure independent from the scale of units and is expressed as a percent. A value above 10% means
the variation of this characteristic is significant, whereas a value below 10% means the variation is
statistically insignificant. The most stable soil characteristic turned out to be the C:N ratio, whereas the
least stable was N-NO3 (Table 7).

4. Discussion

The conducted research showed that the factor determining the enzymatic activity and chemical
properties of soil under the cultivation of sweet potato was the level of nitrogen fertilization.
Differentiated nitrogen doses caused significant changes to soil productivity measured by means of its
enzymatic activity and chemical properties. In a research by Natywa et al. [37], high doses of nitrogen
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used on corn crops resulted in lower dehydrogenases activity and had no positive effect on the number
of actinobacteria or fungi. It is also important to remember that the research was conducted on soil
with a higher sorption index and included higher nitrogen fertilization doses (0–240 kg ha−1). In turn,
studies by Sawicka et al. [5] on physiological activity of Ipomoea batatas showed that the minimum
chlorophyll fluorescence yield (F0), non-photochemical fluorescence quenching coefficient (qN) and
electron transport rate (ETR) were most favourable in the plots fertilized at a rate of 150 kg N ha−1.
High activity of dehydrogenases in objects with higher nitrogen fertilization might have resulted from
higher concentration of root exudates secreted by the root system of sweet potato. High dehydrogenase
activity in the soil under sweet potato cultivation in objects with high nitrogen fertilization resulted
from a 3-degree polynomial dependence on nitrogen dose. This relationship is confirmed by the
high coefficient of determination of this function (R2 = 0.958). According to Bielińska et al. [12]
andBielińska and Mocek-Płóciniak [38], root exudates are an excellent source of nutrients for microbes,
especially those residing in the rhizosphere. Similar results were also reported by Koper et al. [39],
Natywa et al. [37] and Majchrzak et al. [40]. In turn, according to Vetanovetz and Peterson [41],
Barabasz et al. [11] and Burns et al. [42], mineral nitrogen fertilisation increases the population of
bacteria, actinobacteria and fungi due to the increased amount of nitrogen in soil and changes of its
physico-chemical characteristics. Natywa et al. [37] proved that varied nitrogen fertilization and crop
growth stages have a significant influence on the quantity of microbes and the activity of enzymes in
soil. A larger number of the groups of microbes under study were observed in summer, and a smaller
number in spring. In turn, the activity of dehydrogenases in their research was the highest in spring
(prior to planting) and in summer, and the lowest in spring right after crop emergence.

High doses of nitrogen did not stimulate the quantity of microbes or enzyme activity (except
for year 2 of analyses, when the activity of dehydrogenases was higher in heavily fertilised objects).
According to them, too high doses of this ingredient can lead to accumulation of toxic substances,
e.g., ammonia poisonous to plants and hampering the growth of some groups of microbes, and can
result in lower soil pH, which is crucial for enzyme activity [43,44]. This was also confirmed in
our own studies. According to Gostkowska et al. [14], nutrients from mineral fertilisers can be
non-absorbable due to lack of the required activity of soil microorganisms. According to Yang et al. [45],
various fertilisers can affect the soil enzymatic activity and fertility dynamics. They claim that the
enzymatic activity of soil, measured by the activity of phosphatases, catalase, urease and invertase,
decreases at the initial stage of crop growth and increases when plants are supplied with substances from
partly decomposed manure, because mineral nitrogen reduces soil enzymatic activity, but phosphorus
and potassium from fertilizers make up for it. Kucharski et al. [46] found out that in the case of mineral
nitrogen fertilization, too high doses of this ingredient (240 kg ha−1) can lead to a significant decrease in
the activity of dehydrogenases, which has not been confirmed in the conducted research. According to
Smyk et al. [47], too high doses of nitrogen result in modification of qualitative composition of
biocenoses due to the decline of Arthrobacter, Nitrobacter, and Streptomyces bacteria, the dominants
of the autochthonous microflora, whereas the largest share of the microbiocenosis is composed of other
species, mainly Deuteromycetes fungi.

According to Natywa et al. [37], the factors that influence the emergence of soil microbe groups,
except for pH, can also include the content of organic matter and particular elements, soil temperature,
cultivation technology, and plant protection methods. Based on two tests of carbon and nitrogen content
in the vegetation period, the research by Natywa et al. [48] showed that the time of sample collection
and the nitrogen dose do not have a significant influence on the amount of these ingredients in soil.
Nevertheless, beneficial chemical properties of soil can stimulate its microbiological and enzymatic
activity. In the studies by Sekaran et al. [15] the addition of N increased the total PLFA in N fertilization
treatments in Panicum virgatum L., namely medium (5946 ng PLFA-C in soil) and high doses of nitrogen
(5871 ng PLFA-C in soil). The activity of carbon and nitrogen in the biomass of microorganisms and
enzymes (urease, β-glucosidase, acid phosphatase and arylsulfatase) was significantly increased as
a result of nitrogen fertilization (medium and high doses of N), compared to the control (low doses
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of N), as standard fertilization. Urease activity under the influence of medium (36.3 µmol N-NH4+

g−1 soil h−1) and high doses of N (31.4 µmol N-NH4+ g−1 soil h−1) was respectively by 42.9% and
23.6% higher than the low doses of N. This study suggests that applying an average dose of N on the
slope of the feet to the sward may improve the biological properties of the soil and thus protect the
environment from excessive nitrogen fertilization. According to Tarafdar and Classen [49], plants are
characterised by a varying amount of direct absorption of inorganic phosphorus. Therefore, phosphorus
from organic compounds has to hydrolyze with the participation of soil phosphatases whose main
sources are soil microorganisms and fungi. Plants take up absorbable phosphorus through the root
system. Usually, the activity of soil phosphatases decreases significantly with the increasing content of
mineral nitrogen. According to the research by Koper et al. [39], mineral nitrogen fertilization causes
insignificant changes in the activity of phosphatases and the content of phosphorus fractions. In our
research, we have confirmed a third-degree curvilinear relation between the activity of phosphatases
and nitrogen fertilization.

Enzyme activity in soil depends on a number of factors. They include, for example, the content
of organic matter, soil pH, the content of biogenic elements, and the quantity and condition of
microorganism species [33,38]. Šimek and Hopkins [50] believe that there is a simple relation
between soil pH and DEA or DP and that lower soil pH leads to reduced denitrification and vice
versa. The effect of artificially increasing the pH to a value close to 6.3 by addition of NaOH was
a substantial increase of DEA, DP and RESP. The optimum pH value for DP was between 7 and 8.
Nazarkiewicz and Kaniuczak [51] studied the influence of liming and mineral fertilization on the
enzymatic activity of Luvisols developed from loess. They found that liming increases the enzymatic
activity of dehydrogenases and phosphatases, whereas mineral fertilization decreases the activity
of dehydrogenases and proteases. Moreover, they have shown that liming and mineral fertilisation
acting together influence the enzymatic activity of dehydrogenases, phosphatases and proteases in
limed soil. According to Koper et al. [52], Bielińska and Mocek- Płóciniak [38], Natywa et al. [48] and
Wang et al. [13], the cultivation system, as well as various agrotechnical procedures, such as the correct
crop rotation, the amount and type of fertilization, and the species and cultivar of crops, also have a
great influence of the enzymatic activity and thus the fertility of soil.

During this research, an analysis of the simple correlation between soil pH and enzyme activity
and physico-chemical characteristics of soil was conducted, which showed that this factor has no
influence on soil properties. We also proved statistically significant relations between enzymatic
activity of soil enzymes and the content of total and ammoniacal nitrogen and carbon. A strong positive
relation was also recorded between the amount of nitrogen and carbon in soil. It was also recorded
that the content of ammoniacal and nitric nitrogen was negatively related with the value of the C:N
ratio. All transformations of biogenic substances in soil are stimulated by enzymes, determining their
transfer into forms accessible to plants and microorganisms. Enzymatic tests are among the most
sensitive indicators of ecosystem functioning [13]. Mijangos et al. [53] concluded that the activity
of dehydrogenases is one of the most sensitive to cultivation treatments. They also observed that
biological parameters at first have higher values and are sensitive indicators of changes in soil properties
caused by various management strategies. On the contrary, conventional physico-chemical parameters
turned out to be insufficiently sensitive to detect relatively small changes in soil properties caused by
farming practices over a short period. In our research, under the influence of nitrogen fertilization,
the content of dehydrogenases, phosphatases and urease fit to a degree three curve, whereas the
activity of proteases fit a degree four curve, with a very high coefficient of determination (R2 = 0.99).

Changes in soil enzymatic activity in the vegetation periods turned out to depend mainly
on individual characteristics of the enzymes under study. An influence of study years on soil
enzymatic activity was observed only in the case of phosphatases and protease. This regularity
was also confirmed by other authors [44,54,55]. Ishaq et al. [56] suggest that for soil enrichment,
it is necessary to make every effort to improve potential soil suitability for sweet potato cultivation,
such as: mulching, irrigation, water retention, adding and retaining organic matter in soil, NPK and
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organic fertilization. So, enzymatic reactions can be used to study various aspects of soil science,
such as: soil genesis, fertility, diagnosis, cultivation, salinity, erosion, and biological activity, which was
confirmed by Bielińska and Mocek-Płóciniak [38] and Natywa et al. [37]. According to Futa et al. [57],
Acosta-Martinez et al. [55] and Wang et al. [13], biological indicators of soil health offer bigger
advantages over physico-chemical methods.Siwik-Ziomek and Szczepanek [58] showed that the
actions of dehydrogenase, nitro reductase and urease are sensitive to mineral fertilization with NPK
and its interaction with sulfur. Recent meta-analyses based mainly on data from unmanaged ecosystems
suggest that increasing amounts of N influx suppresses soil microorganisms. Among the various
biological indicators that have been proposed to monitor soil health, soil enzyme activity has great
potential to provide a unique integrative biological assessment of soils and the possibility of assessing
the health of the fauna and flora.Besides, soil enzyme activity provides an easy, relatively rapid
procedure to monitor soil health.Nevertheless, soil enzyme activity also presents some limitations and
must always be considered in conjunction with other biological and physico-chemical measurements if
we are to diagnose soil health correctly.

The carbon to nitrogen ratio (C:N) affects the decomposition of organic matter. In mineral soil,
it is most often 12:1. In plant residues, it varies, depending on the species; in legumes it is 20:1,
and in cereals (55–100):1. As plants mature, their carbon content increases compared to nitrogen [38].
In the conducted studies, the C:N differentiation was observed, depending on the applied nitrogen
fertilization. The correct C:N ratio in the organic substrate, according to Bilińska and Płócienniczak [38]
should be 24:1. This is due to the fact that 30% of the carbon is built into their bodies by microorganisms
that break down organic matter. When this ratio is higher, the microorganisms begin to take available
nitrogen from the soil, and then it is not enough for the plants. The process of incorporating nitrogen
into the bodies of microorganisms is called nitrogen immobilization. On the other hand, the ratio
lower than 20:1 causes the mineralization processes to prevail in the soil. There is nitrogen in the
form of a mineral (NH4

+, NO3
−), which is taken up by plants, but its excess is either washed away or

evaporated. The conducted research proved a significant effect of nitrogen fertilization on increasing the
content of total nitrogen and organic carbon in soil in objects fertilized with the dose of 100 kg N ha−1.
Further increase of nitrogen doses did not cause any significant changes in the content of these elements
in the soil. Moreover, the increasing doses of nitrogen significantly reduced the value of the C:N ratio.
This indicates an increase in the rate of mineralization and humification of organic matter in the soil
and confirms the research hypothesis put forward in the introduction that the nitrogen fertilization
used in the experiment significantly influences changes in nitrogen forms in the studied soil. The C:N
ratio turned out to be significantly negatively related to the content of the enzymes Adh, AF, AU and
AP as well as the content of total nitrogen, especially with its ammonium form (N-NH4).

Sweet potato nitrogen fertilization should be determined not only by the possibilities of achieving
high tuber yield, but also by tuber and soil quality under sweet potato cultivation. The novelty of
this research consisted in determining the relationship between the nitrogen dose and the biological
activity of soil under sweet potato fertilization. So far, there has been no such research in Poland or in
the world. This will enable reasonable, sustainable sweet potato nitrogen fertilization planning based
on established phosphorus and potassium fertilization and provide the right biological value of soil
and contribute to the development of sustainable agricultural systems that protect soil, water and
air quality.

Identifying the absorption, transport, use and mobilization of nutrients according to sweet potato
abilities should significantly increase nitrogen fertilization use efficiency [4]. Using new cultivars
with higher NUE, in combination with the best fertilization management practices, will result in the
development of sustainable agricultural systems that protect soil, water and air quality.

5. Conclusions

In soils of most objects fertilized with nitrogen (N), the activity of the analysed enzymes was
significantly higher than in the control soil (without nitrogen fertilization), except for combinations
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fertilised with 150 kg ha−1 N characterised by the highest accumulation of N-NO3
− in soil. The intensity

of biochemical processes in soil depended on the type of enzyme, which is connected to the individual
enzyme sensitivity to environmental factors and the content of particular substrates for enzyme
reactions in soil. The activity of dehydrogenases, phosphatases and urease changed as the nitrogen
dose increased; a significant increase in their activity was recorded in objects with 50 kg ha−1 N.
Another significant increase in the activity of dehydrogenases and phosphatases, as compared to the
50 kg ha−1 N dose, was observed in variants fertilized with 200 kg ha−1 N. The increasing doses of
nitrogen significantly reduced the C:N ratio, which indicates an increase in the rate of mineralization
and humification of organic matter. Analysis of simple correlation between enzymatic activity and
physico-chemical characteristics of soil shows that dehydrogenase was highly positively correlated with
phosphatase and urease and slightly less so with protease. The C:N ratio was significantly negatively
related to the content of the enzymes Adh, AF, AU and AP as well as the content of total nitrogen,
especially its ammonium form (N-NH4). However, soil acidity did not have a significant influence on
either the enzymatic activity or physico-chemical characteristics of soil under the cultivation of sweet
potato. The enzymatic activity of the enzymes under study turned out to be significantly positively
related with the content of total nitrogen, ammoniacal nitrogen and carbon. The obtained results
indicate the usefulness of research on enzymatic activity as an indicator of soil reaction to nitrogen
fertilization. The results of this research are innovative and can influence the global production, yield
and quality of sweet potato tubers, and at the same time keep arable soils in optimal biological balance.
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Abbreviations

Adh dehydrogenase
AF phosphatases
AP protease
AU urease
DEA denitrifying enzyme activity
DP denitrification potential
RESP anaerobic respiration C-carbon
C:N Carbon to Nitrogen ratio
Fm maximum chlorophyll fluorescence
N nitrogen
N-NH4 Ammonium-Nitrogen
N-NO3 Nitrate-NO3

NPK
multicomponent mineral fertilizers containing nitrogen (N), phosphorus
(P) and potassium (K) in a form available to plants

NUE nutrient use efficiency
PLFA phospholipid fatty acid
PS II (Y) actual photochemical efficiency of photosystem PSII
qP photochemical chlorophyll fluorescence quenching
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36. Warzyński, H.; Sosnowska, A.; Harasimiuk, A. Effect of variable content of organic matter and carbonates

on results of determination of granulometric composition by means of Casagrande’s areometric method in
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