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Abstract: Understanding the spatial-temporal variability of soil enzymatic activity and its relation-
ship with nitrogen (N) resources in the soil and crop yield is crucial in rational management practices
of mineral fertilization. The scarcity of comprehensive studies on geostatic analyses of agricultural
soils and plant yields, which would take into account both temporal and spatial variability, was the
reason for undertaking this research. The aim of this study was to determine the spatial and temporal
variability of the activity of soil enzymes, such as acid (PAC) and alkaline (PAL) phosphatases,
urease (URE) and protease (PROT), the content of N-NH,4 (ammonium ions), N-NOj (nitrate ions),
phosphorus (P), pH, moisture, as well as crop yield on a conventionally managed farmland of 40 ha.
During the two-year experiment, soil samples were collected from 37 measurement points. Wheat
was the first tested crop, followed by oilseed rape. It was shown that all the tested soil parameters
showed temporal and spatial variability, and a significant number of them were significantly higher
in July. The creation of raster maps showing the distribution of the tested parameters allowed for the
observation of the considerable activity of PAC, PAL, URE, and PROT, as well as a high application
of N-NOj in the southern part of the field during the growth of the plants. The statistical analysis
revealed a negative interaction between the N-NH4 and N-NOj3 and the urease in the soil under the
cultivation of plants. The pH and the percentage of moisture in the soil also had higher values in the
south of the field. This pointed to the existence of separate production zones in the south-central part
of the field, characterized by a higher yield of wheat and rape. On the basis of the conducted research,
it was unequivocally stated that the values of enzymatic and chemical parameters of the soil were
reflected in the size of the yield obtained, which allows conclusions to be drawn with respect to the
rational management of N in the production process, laying the foundations for precision agriculture.

Keywords: geostatistics; soil enzymes; nitrogen ions; yield; precision farming; spatial variability

1. Introduction

According to the assumptions of the Food and Agriculture Organization of the United
Nations (FAO), by 2050, the world population will exceed 9 billion. In order to meet
the food needs of a dynamically developing society, food production is expected to have
increased by at least 70% by then. At the same time, taking into account the guidelines
of the European Biodiversity Strategy (2020) [1], the challenge for modern agriculture is
to maintain plant production at the current level while reducing the amount of mineral
fertilizers used by 30% and reducing the loss of nutrients from the soil by 50%.
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The ideal solution that meets the requirements of EU programs is sustainable man-
agement of plant production, consisting of the proper management of crop residues and
limiting the use of mineral fertilizers thanks to precise dosing of appropriate doses of
mineral fertilizers depending on the biochemical properties of the soil in a given part of the
field [2,3].

The spatio-temporal variation of soil enzymatic parameters and their relationship with
N resources in the soil depending on the type of plant cultivated is an important topic
from the point of view of precision agriculture. Understanding how soil enzyme activity
changes over space and time in an agricultural field and how it interacts with N resources
can provide valuable information on nutrient cycling, ecosystem productivity, management
of the soil environment, and, therefore, plant yields of economic importance.

Although in recent years, some studies have gradually implemented geostatistical
tools on the spatial and temporal distribution of nutrients in agricultural soils [4,5] and crop
plants [6,7], as well as analyzed the microbiological and enzymatic variability of soils [8-11],
there is still a lack of studies that would take into account a comprehensive analysis of the
above interactions.

The arable field in the horizontal arrangement is not uniform, not only in terms of
grain size and humus content (factors determining the soil’s capacity for cations) but also
in pH and water conditions. Agricultural land use is a dynamic process characterized
by constant changes in both vegetation cover and management practices. Agricultural
practices and plant residues left on the field lead to a diversification of the soil’s nutrient
content [12,13]. The spatial variability of the cultivated field is superimposed by another
developmental variability, defined in this study as time, resulting from the development
of the crop and its changing demand for nitrogen and elements balancing this component
over time.

Nitrogen is a key factor in plant production, and differences between plant species
in the timing of N uptake can be an important feature in regulating microbial community
composition and ecosystem productivity [14]. In modern classical agriculture, fertilizers,
mainly minerals, are the main source of N. However, N is also released into the soil
from plant residues and organic fertilizers with the participation of soil microorganisms.
Unfortunately, the use of fertilizers for crops, considered on a global scale, is low and
ranges between 30 and 50%. This condition means that most of the component is dispersed
in the environment, posing a threat to aquatic and terrestrial ecosystems [15,16].

In the period from the start of spring vegetation until flowering, plants intensively
absorb N from soil resources, supplemented by the decomposition of post-harvest residues
and the use of mineral fertilizers. However, this does not happen evenly. The main reason
for differences in the supply of plants with nutrients in the field is the variability of basic soil
properties, which in turn results in spatial differentiation of the supply of plants with water
and nutrients during the growing season [17,18]. According to the principles of precision
agriculture, the variability of Nmin content in the soil is the basis for determining variable
N doses in fertilizers. Effective correction of the mineral fertilizer dose, in accordance with
the assumptions of sustainable agriculture, requires data on the potential of the soil to
release N from soil resources [19,20].

Both mineral fertilizers and root secretions during the growing season, as well as
post-harvest residues with a different C:N ratio, determine the directions of changes in the
composition and size of the population of soil microorganisms, as well as its enzymatic
activity [21].

However, the temporal and spatial variability of soil nutrients and microbial suc-
cession and activity during the return of soil nutrients after application is still poorly
understood [11]. The assessment of soil enzymatic activity is considered one of the most
sensitive indicators of the availability of nutrients for crops, as well as an index of the level
of activity of microorganisms involved in these processes, depending on natural or artificial
physicochemical conditions in the soil environment [22,23].



Agriculture 2023, 13, 2034

3 0f27

According to the Carbon Acidity and Mineral Protection (CAMP) theory, the rate
of growth, multiplication, and metabolic activity of the microbial population in the soil
depends on factors that control the availability of Nmin [24]. Averill and Waring [25] and
Dai et al. [26] state that the size, growth, and structure diversity of soil microbes are posi-
tively correlated with the content of N, organic carbon, pH, and available forms of alkaline
cations (calcium, magnesium, potassium) or phosphorus. According to Koch et al. [27],
factors determining the temporal variability of the composition and metabolic activity of
microorganisms in the soil also include seasonal changes in temperature, humidity, and the
type of cultivated plant.

According to Ghazali et al. [28] and Slessarev et al. [29], soil reaction and moisture
are two of the main factors determining the proper development and activity of soil
microorganisms. In the soil, there is a relationship between the above parameters, which in
turn translates into the availability of nutrients for plants and microorganisms.

The reaction regulates the soil’s ability to store and release nutrients and thus signifi-
cantly contributes to controlling soil productivity. However, soil pH is not an independent
regulator of soil fertility because even small changes in the water balance cause a sud-
den transition from alkaline to acidic soil, which results in a change in the availability of
nutrients.

Acosta-Martinez and Waldrip [30] noted that the study of spatial and temporal activity
of enzymes requires advanced visualization technology, including the creation of raster
maps of a given agricultural field, for rational N management. Geostatistics provides a set
of statistical tools to describe and model spatial patterns, make predictions at unsampled
locations, and assess the uncertainty of these predictions Al-Omran et al. [31]. Making
maps of the spatial variability of soil resulting from its chemical composition, physical
properties, and activity of microorganisms enables a detailed analysis of the production
space in the technology of precision agriculture and is the basis for carrying out variable
agrotechnical treatments.

Ignoring the spatial variability of soil properties and its impact on plant growth
may result in unwise cultivation practices, such as excessive fertilization and liming of
the soil, long-term retention of nutrients in forms inaccessible to plants, and even lower
yields [32]. In order to rationally manage N in the production process, it is necessary to
determine not only the current level of mineral N content but also organic forms that are
substrates of the ammonification process and, subsequently, nitrification. The analysis
of the spatial differentiation of soil physicochemical properties provides the basis for
precision farming, which is currently promoted and implemented in the most economically
developed countries.

The aim of this research was to determine the variability of selected soil parameters
and plant yield in the spatio-temporal system of the cultivated field, as well as to determine
the type of mutual relationship between soil biochemical activity, selected physicochemical
parameters, including soil N resources, and plant yield weight.

At the same time, it was assumed that the spatio-temporal distribution of PAC, PAL,
URE, and PROT activity is variable and depends on the physical and chemical parameters
of the soil and is related to the quantitative characteristics of the cultivated plants (yield
weight). Considering the significant spatio-temporal variability of the listed soil properties
and plant yield, the direction of this variability and the type of interaction between the
variables studied were identified and defined in the conducted research. The created maps
defining the distribution of the above-mentioned features will form the basis for the precise
application of appropriate doses of mineral fertilizers.

2. Materials and Methods
2.1. Research Object
The field experiment was carried out in 2019 and 2020 on a 40-hectare agricultural

field located in Kobylniki, Ko$cian County, Poland (52°04/20.4” N 16°32'21.3" E), on soil
classified as lessive soil, from slightly loamy sands to medium loam. The soil texture was
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determined using the Pruszczynski method using a hydrometer for sand, silt, and clay
fractions [33]. In the field, 37 points were established in the raster system at strictly defined
georeferenced points (Figure 1).

Figure 1. Arrangement of georeferenced measurement points on the 40-hectare field at Kobylniki,
Poland. The places where soil samples were collected are marked with numbers (30-66).

The experiment was carried out on the sequence of two test plants: winter wheat
(Triticum aestivum L.) cultivar Gustaw and winter oilseed rape (Brassica napus L.) cultivar
DK Extract at a sowing rate of 350 seeds m~2 and 50 seeds m~2, respectively. Agrotech-
nical and cultivation procedures were carried out in accordance with the principles of
good agricultural and experimental practice for the two crop species. For wheat, organic
fertilization was used—35 t-ha~! manure (under the forecrop) and a 20 m3-ha~! slurry
application—followed by mineral fertilization with N (1st—61 kg-ha~!; 2nd—94 kg-ha™!;
3rd—40 kg-ha™1). Pre-sowing fertilizers with P (69 kg-ha_l), K (120 kg-ha_l), magnesium
(Mg) (18 kg-hafl), and sulfur (S) (37.5 kg-hafl) were used in the cultivation of oilseed rape.
After sowing, N (1st—34 kg-ha~!; 2nd—63 kg-ha~!; 3rd—115 kg-ha~'), Mg (32.5 kg-ha~1),
and S (65 kg-ha!) were applied.

2.2. Climate

The local climate, classified as intermediate between Atlantic and continental, is
seasonally variable. One of the characteristics of the region’s climate is the frequent, though
irregular, occurrence of periods without precipitation, which have a negative impact on
the development of plants. Precipitation in the period from January to July amounted
to 231 mm in 2019, including 22.8 mm in July, and 309 mm in 2020, including 65 mm in
July. Air temperatures in both years were higher compared to the corresponding long-term
averages, with the average temperature from June to August equal to 19 °C and 1 °C in
the winter.

2.3. Soil Sampling

For biochemical analyses, soil samples were taken from the topsoil (0-0.3 m) with
a soil auger (Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands). Around
each measurement point, an area of 1 m in diameter was created, from which three sub-
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plots were randomly selected. Soil samples were collected from each sub-plot, and then a
cumulative sample was prepared and placed in a sterile plastic bag and a portable cooler
(4 °C). In both years of this study, samples were collected on four dates: before the start of
crop growth, during the flowering of the crop, during harvest, and before the next growing
season (saturation of the soil sorption complex (with cations)) (Table 1).

Table 1. Sampling dates in 2019-2020.

Year 2019
Term I I I v
13.02 03.06 09.07 saturzftizc.)i?of the
Winter wheat before the start of flowering of ) . .
harvest soil sorption
crop growth the crop
complex
Year 2020
Term \Y VI viI VIII
13.02 21.04 2.2'10
. . . 07.07 saturation of the
Winter oilseed rape  before the start of flowering of . .
harvest soil sorption
crop growth the crop
complex

2.4. Enzymatic Activity

Biochemical analyses were performed using the spectrophotometric method (Rayleigh
UV1800, Beijing, China). Soil enzyme activity studies were based on measurements of
alkaline (EC 3.1.3.1) and acid (EC 3.1.3.2) phosphatases, protease (EC 3.4), and urease (EC
3.5.1.5) activity.

Activity of PAC and PAL was assessed with the use of sodium p-nitrophenyl phos-
phate as a substrate. After one hour of incubation at 37 °C, filtrate was measured at
400 nm wavelength. The obtained value was expressed as pmol PNP-g~! dm-h~! [34]. The
activity of protease was based on sodium caseinate as a substrate and measured after
1 h incubation at 50 °C with 578 nm wavelength [35]. Enzyme activity was expressed
in pmol tyrosine-g~! dm-h~!. Activity of urease was assessed with the use of urea as a
substrate; after 18 h of incubation at 37 °C, filtrate was measured at 410 nm wavelength,
and the obtained value was expressed as ug N-NHy- g’1 dm-18 h~1 [36].

2.5. Nitrogen

The content of N-NH4 and N-NOj in the soil was determined in samples of sieved fresh
soil. Twenty-gram soil samples were shaken for 1 h with 100 mL of 0.01 M potassium sulfate
(K5S04) solution (soil/solution ratio 1:5; m/v). N-NOj3 concentrations were determined
by the colorimetric method using flow injection analyses (FIAstar5000, FOSS, Hoganas,
Sweden). The N-NOj3 concentration analysis method consists of two basic steps: reduction
of nitrate to nitrite using a cadmium column and then colorimetric determination of nitrite
based on the Griess-Ilosvay reaction with N-(1-naphthyl) ethylenediamine dichloride as a
diazotizing agent. The measurement was carried out at a wavelength of 540 nm. Total soil
Nmin was calculated as the sum of N-NH; and N-NOj; and expressed in kg ha—![37].

2.6. Phosphorus

The amount of phosphorus was determined in samples of dried and sieved soil at
the beginning and end of the experiment. 100 mL of Mehlich 3 extraction solution (0.2M
CH3COOH, 0.25M NH4NO3, 0.015M NH4FE, 0.013M HNOs3, 0.001M EDTA) was added
to five grams of soil (soil/solution ratio 1:10; m/v) and shaken for 5 min at 200 rpm on
an Eberbach shaker (MI, USA) [38]. The mixture was filtered using filter paper. The
filtrate was analyzed colorimetrically for P (colorimetric P) at 880 nm using a Jasco V-630
spectrophotometer (Pfungstadt, Germany).
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2.7. Yield

Harvesting of wheat and rape was carried out in one stage at the beginning of July.
The average yield was estimated for each point from an area with a diameter of 1 m. The
yield was expressed as kg-ha~!. The harvest index (HI), known as the agricultural yield
index, is an indicator expressing the share of useful yield in the total biomass. Its value was
calculated using the following equation and expressed in % [39].

seed yield

HI = seed and straw yield

2.8. Statistics

Statistical analyses were performed using the Statistica 13.3 software (StatSoft Inc.,
Cracow, Poland). Separately, for each year of analysis, two-way ANOVA was applied for
the sampling date and place because the results between the years were not comparable.
Tukey’s test at a significance level of p = 0.05 was used. The Pearson correlation coefficient
was used to quantify the strength of the relationships between the microbial biomass and
DHA activity. To illustrate the relationship between soil and plant parameters, principal
component analysis (PCA) and the Pearson correlation coefficient were used. Spatial vari-
ability of selected properties was estimated by the fitting of experimental semi-variograms,
calculated according to the following formula:

1

V(h) = 2N(h)

N(h)
Y Z(X) — Z(X; + h)J?
i1

where £ is the lag distance, N(h) is the number of pairs for distance & and X;, and X; + &
relates to the value of the variable at locations separated by the distance h.

Spatial variability mapping for each property, characterized by a fitted semi-variogram,
was carried out utilizing the kriging interpolation method. This process was executed
using the R programming language, specifically employing the R library geoR. Initially,
this library was used to load spatial data, and subsequent visual plotting was employed
to assess the presence of any discernible trends. If deemed necessary, we applied either a
first or second-order trend removal. The function “plot.variogram” was utilized to identify
the most suitable variogram for each property, which was subsequently employed in the
“krige” function, where either ordinary or universal kriging was selected. The outcome,
i.e., the prediction grids, were exported in .tiff format using the raster library and then
imported into QGIS software, where the final maps were created. Additionally, heatmaps
showing normalized values of properties for each sample point were created. When applied
to a tabular format, heatmaps are useful for cross-examining multivariate data, showing
variance across multiple variables, revealing any patterns, displaying whether any variables
are similar to each other, and detecting if any correlations exist between them. Heatmaps
allow a comparison of the distribution of values in sample locations at a glance, easily
spotting points with relatively high or low values of measured properties.

3. Results
3.1. Spatial-Temporal Variability of Soil Biochemical Activity

Our research, presented in the form of Table 2, showed that most of the analyzed
biochemical parameters differed statistically significantly depending on the date and place
of soil sampling.
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Table 2. F-test statistics and significance levels of two-way analysis of variance for the enzymatic
activity associated with variants and terms research fixed factors (*** p = 0.001; ** p = 0.01).

Parameter Term Variant Interaction
Wheat

Acid phosphatase (PAC) 720.97 ** 37.85 ** 6.34 **
Alkaline phosphatase (PAL) 47.13 ** 29.09 ** 6.38 **
Urease (URE) 117.91 ** 79.91 ** 15.90 **
Protease (PROT) 15,415.22 ** 8.24 ** 9.62 **
N-NHy4 232.46 ** 103.46 ** 59.95 **

N-NO3 5960.52 ** 190.00 ** 86.83 **

Rapeseed

Acid phosphatase (PAC) 2320.83 ** 31.41* 19.20 **
Alkaline phosphatase (PAL) 624.56 ** 35.54 ** 16.52 **
Urease (URE) 37.80 *** 34.97 *** 13.54 ***
Protease (PROT) 418.24 *** 14.66 *** 8.37 ***
N-NH4 42.609 *** 24.77 *** 17.39 ***

N-NO3 3363.67 ** 20.24 ** 15.79 **

Analyzing the activity level of acid phosphatase (PAC), urease (URE), and protease
(PROT) in the tested soil variants, it was shown that in the first year of this study, it
was higher than in 2020. Alkaline phosphatases (PAL) showed higher activity in the soil
under cultivation of winter rape (second year of research) (Figure 2). Considering the time
changes in the activity of both types of phosphatases, it was found that they showed the
highest values during rapeseed harvest (VII term) and the lowest in the III research term
(wheat harvest), which was most likely the result of different plant demand for phosphorus
(Figure 2). The observations also allowed us to conclude that the post-harvest residues of
the tested plants introduced into the soil during their mineralization had a different effect
on the activity level of the tested enzymes, as they significantly stimulated it, which was
observed on the fourth date of the analysis, or inhibited it, which was shown in the case
of rape residues (term VIII). Nevertheless, the average value of the discussed parameters
was noticeably higher in the soil variants cultivated with rapeseed (Figure 2). Also, the
level of urease activity analyzed throughout the experiment was significantly related to
the date of soil sampling and the type of cultivated plant (Figure 2). A decrease in its
activity was observed between the start of spring vegetation and the flowering of wheat
and rapeseed, while an increase was observed between the flowering and harvesting of
plants. Cultivation of both tested plants, in particular rape, contributed to a decrease in
the activity of the URE. Nevertheless, in the soil objects under the cultivation of wheat, a
higher value of the discussed parameter was found than in the case of rape.

Similar observations were made with respect to the influence of the type of plant
on the level of protease activity, also noting a higher value of this parameter in the
soil variants where wheat was grown. In the course of the research, the average value
of PROT activity in the soil decreased in the flowering phase of wheat (period II) and
then increased sharply during plant harvest (period III), reaching a maximum value of
0.109 pmol tyrosine-g~!-d.m.-h~!. However, a significant decrease in the activity of the
enzymes in question, caused by the cultivation of rapeseed, was found in subsequent dates
of this study (Figure 2).

The above considerations clearly show that both the plant species, its development
phase, and the associated different composition of root secretions influenced the level of
soil enzymatic variability. In the case of all tested enzymes, a decrease in their activity
was noted in the flowering phase, which confirms the above thesis. Depending on the
development phase, some root secretions may act as signaling molecules that induce or
inhibit the production of specific soil enzymes.
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Figure 2. Mean acid (PAC) and alkaline (PAL) phosphatases, urease (URE), and protease (PROT)
activity values for terms I-VIII. Mean values followed by the same letter do not differ significantly at
p = 0.05. Terms: I—before sowing of wheat crop; [I—flowering of wheat crop; Ill—harvest of wheat
crop; IV—soil complex saturation; V—before sowing of oilseed rape crop; VI—flowering of oilseed
rape crop; VII—harvest of oilseed rape crop; VIII—soil complex saturation.

Comparing the spatial distribution of enzyme activity analyzed in the soil before the
start of vegetation of both plants and during their harvest, it was shown that it was variable
and depended on the type of tested enzyme. For example, PAC, similarly to PAL, reached
the highest level of activity in the first term of the analysis, among others, at points 36, 40,
and 54; URE reached the highest level of activity at points 33, 34, 36, and 38; and PROT
reached the highest level of activity at 30, 34, and 52. The cultivation of crops contributed
to the modification of soil conditions; therefore, the activity of soil enzymes in the wheat
harvesting phase (term III) took other values. PAC obtained the highest values at 30, 31,
32, 40, and 41; PAL obtained the highest values at 30, 48, 49, 50, and 57; URE obtained the
highest values at 36, 37, 39, 50, and 58; and PROT obtained the highest values at 34, 35, 37,
38, 45, and 46 (Figures 3-6).
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Figure 3. Spatial changes in acid phosphatase (PAC) activity in terms I (before sowing of the wheat
crop), III (harvest of the wheat crop), V (before sowing of the oilseed rape crop), and VII (harvest
of the oilseed rape crop). The places where soil samples were collected are marked with numbers
(30-66).

The activity of the above-mentioned enzymes was different in the soil variants grown
under rape. Before the start of vegetation (term V), the highest activity of PAC was recorded
at points 41, 42, 43, and 59; PAL at points 32, 33, and 39; URE at 39, 44, 57, 58, and 66; and
PROT in variant 40 and 66. As in the case of wheat, cultivation of rapeseed plants changed
the spatial distribution of the level of soil enzyme activity, indicating the highest activity of
PAC at points 34, 40, 47, and 55; PAL at points 47, 55, and 65; URE at 35, 48, 49, 55 and 65;
and the highest PROT activity was observed practically in the entire western part of the
field (Figures 3-6).

Considering the average value of the activity level of all soil enzymes under wheat
cultivation, it was shown that it was at the lowest level at points 31, 57, 61, 62, and 63,
located in the eastern and western parts of the field, respectively. On the other hand, in
the case of rape, it was at the lowest level at points 31, 41, 42, 61, 62, 65, and 66. The
highest values of the discussed parameters, depending on the type of cultivated plant, were
recorded in soil samples taken from points 32, 33, 38, 46, and 48 (Figure 7).
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Figure 4. Spatial changes in alkaline phosphatase (PAL) activity in terms I (before sowing of the
wheat crop), III (harvest of the wheat crop), V (before sowing of the oilseed rape crop), and VII
(harvest of the oilseed rape crop). The places where soil samples were collected are marked with
numbers (30-66).

Analyzing the spatial distribution of the activity of the tested soil enzymes under the
cultivation of wheat and rape, it was shown that it varied and depended on the phase of
plant growth and physicochemical factors of the soil. The principal component analysis
(PCA) revealed the presence of various relationships, not only between the activity of
the enzymes in the tested soil variants and soil chemical parameters but also the yield of
plants (Figure 8). In wheat cultivation, the level of PAC, PAL, and URE activity correlated
positively with pH and soil moisture. Moreover, a positive relationship was found between
the value of all analyzed soil enzymatic parameters and grain yield. This type of interaction,
with the exception of PAL, was not observed in the case of rapeseed. In the soil variants
cultivated by this plant, the soil reaction correlated positively with the value of all enzymes.
Statistical analysis showed a negative correlation of both phosphatases with the content of
available phosphorus in the soil under wheat cultivation (Figure 8). It was also shown that
the activity of URE correlated negatively with the content of ammonium ions in the soil
under the cultivation of the tested plants (Figure 8).
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Figure 5. Spatial changes in urease (URE) activity in terms I (before sowing of the wheat crop), III
(harvest of the wheat crop), V (before sowing of the oilseed rape crop), and VII (harvest of the oilseed
rape crop). The places where soil samples were collected are marked with numbers (30-66).

3.2. Spatial-Temporal Variability of Soil Physicochemical Parameters

During the research, the pH in the analyzed soil variants showed very high variability,
ranging from 3.5 to 6.5. The changes in the value of this parameter were significantly
affected by the season because, in winter, these values ranged from 3.5 to 5.0, and in the
summer period, these values ranged from 5.0 to 6.5 (Figure 9). Moreover, the percentage of
soil moisture during the experiment was characterized by high seasonal variability, with
the highest values in the winter periods in both years of research (average above 13.5%).
The lowest moisture of the analyzed soil variants was observed in the first year of this
study, in the summer, when it was, on average, about 4% (Figure 9).

The wheat growth phase had an impact on soil pH; the average value at the tested
measurement points increased between the I and III terms by 0.5 to 1 unit. The average
percentage of soil moisture decreased from 13.5% in the first term to 4.4% in the third term.
Similar observations were made in the case of rapeseed cultivation, showing an increase
in the average pH value by 1 to 2 units at the analyzed measurement points of the field
between the V and VII terms of analyses and a decrease in the average water content in the
soil from 13.7% in the V to 9.0% in the rapeseed harvesting phase.
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Figure 6. Spatial changes in protease (PROT) activity in terms I (before sowing of the wheat crop), III
(harvest of the wheat crop), V (before sowing of the oilseed rape crop) and VII (harvest of the oilseed
rape crop). The places where soil samples were collected are marked with numbers (30-66).

The average concentration of mineral N in the tested soil objects, determined on
the basis of the content of N-NH,4 and N-NOj ions, was significantly higher in the first
year of this study than in the second. The highest content of ammonium ions during
the experiment was observed in the wheat harvesting phase, where it was 38.47 kg-ha~!,
while the lowest value, equal to 8.88 kg-ha™!, was recorded in the VI term (Figure 10). In
addition, a significantly lower average concentration of ammonium ions was found in
the analyzed soil variants compared to the content of N-NOj3. Similar observations were
made with respect to the content of N-NOj ions in the soil. Also, in this case, their highest
concentration was recorded in the III term of this study (69.17 kg-ha~!) and the lowest in
the VI term (5.66 kg-ha_l) (Figure 10).

In the winter period, in the analyzed soil variants, a higher content of N-NHj ions
was observed (terms I and V), which could be conducive to the nitrification process and
lead to soil acidification. Considering the influence of the growth phase of the tested plants
on the content of ammonium and nitrate ions in 37 soil variants, a recurring trend was
observed, with a high concentration of the analyzed ions in both years of this study, in
July (plant harvest—dates III and VII) and a noticeable decrease in their content in the
autumn months (date IV and VIII). Only the content of phosphorus (P) was very stable in
the analyzed soil variants in both years of this study and averaged 108.16 mg kg~! in the
first and 109.2 mg kg ! in the second year of the experiment (Table 3).
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Figure 7. Heatmap of the variables relative to the sampling site for winter wheat and oilseed rape.
Acid (PAC) and alkaline (PAL) phosphatases, urease (URE), and protease (PROT).



Agriculture 2023, 13, 2034

14 of 27

Factor 2: 20.49%

pH

50

0.5

0.0

60 65

55

40 45

3.5

1.0
maisture (%)
seed yield (t/ha)
i URE
0.5
° Harvest
= P
<
~ 00
&
S
°
L
05
P
-1.0
-1.0 05 0.0 05 1.0 -1.0 0.5 0.0 05 1.0
Factor 1: 33.33% Factor 1: 21.38%
(A) (B)
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Figure 9. Mean soil pH and soil moisture values relative to terms I-VIII. Mean values followed
by the same letter do not differ significantly at p = 0.05. Terms: I—before sowing of wheat crop;
II—flowering of wheat crop; Ill—harvest of wheat crop; IV—soil complex saturation; V—before
sowing of oilseed rape crop; VI—flowering of oilseed rape crop; VII—harvest of oilseed rape crop;
VIII—soil complex saturation.
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Figure 10. Mean values of N-NHy concentration relative to terms I-VIII. Mean values followed
by the same letter do not differ significantly at p = 0.05. Terms: I—before sowing of wheat crop;
II—flowering of wheat crop; Ill—harvest of wheat crop; IV—soil complex saturation; V—before
sowing of oilseed rape crop; VI—flowering of oilseed rape crop; VII—harvest of oilseed rape crop;
VIII—soil complex saturation.

By analyzing the spatial distribution of physicochemical parameters in soil variants
before the start of plant vegetation and during their harvest, it was shown that it was
variable and depended on the type of cultivated plant. During the cultivation of wheat,
soil moisture had the highest values at points 48, 55, and 56 and the highest pH at points
33, 38, 39, 46, 54-57, and 65. In the second year of this study, during rapeseed vegetation,
the highest moisture was recorded at points 48, 55, 56, 65, and 66, and the highest pH was
at 32, 33.38, 39, and 55 (Figure 7).

In the first term of the analyses, the highest content of ammonium and nitrate ions
was recorded, among others, in variants 52-54. Wheat cultivation caused modification of
soil conditions; therefore, the concentration of ammonium ions in the phase of its harvest
(III term) had the highest values at points 58, 61, 62, 65, and 66, and nitrate had the highest
values at points 53, 54, 56, 58, 65, and 66 (Figures 11 and 12).

However, the concentration of N ions in the soil variants under rape cultivation was
different. Before the start of plant vegetation (term V), the highest concentration of N-NH4
ions was recorded at points 30, 33, 39, and 41, and the highest concentration of nitrate ions
was recorded at points 45, 53, and 58. Cultivation of rapeseed plants also changed the
spatial distribution of the ion concentration level, indicating the highest content of N-NHy
at points 31, 50, and 53 and N-NOj at points 31, 49, 50, 53, and 54 (Figures 11 and 12).

Considering the average value of the concentration of ammonium and nitrate ions
during the cultivation of the tested plants, it was shown that it was at the highest level
at points 31, 52, 53, 54, 56, 58, 61, and 66, located in the north-eastern part of the field
(Figure 7). For two years of research, the pH and humidity correlated with many of the
tested parameters. Positive correlations were observed with the enzymatic activity of PAL,
PROT, URE, moisture, wheat yield, and harvest index (Figure 8).
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Table 3. Mean values and standard deviation of phosphorus concentration relative to terms I and

VIIL
Sampling 2019 2020 Sampling 2019 2020
Point Term I Term VIII Point Term I Term VIII

30 166.822 + 1.07 143.47 3 +1.26 49 89.06 P +1.32 109.432b +1.13
31 173.50@ + 1.32 158.70 @ + 1.02 50 76.57° +1.17 102.67 2 +1.27
32 114.672 + 1.11 81.65° + 0.66 51 56.71b 4+ 1.28 72380 +£1.29
33 85.51P 4+ 0.79 88.38P + 1.08 52 113.443 +1.19 146.65 2P +1.19
34 138.873P +1.15 77.25b +0.85 53 76.34b +0.96 164.59 2 4+ 0.99
35 178.64 2 + 0.84 66.23° +1.05 54 81.70° + 1.39 150.56 @ + 1.08
36 68.29° +1.20 86.75° + 0.76 55 90.42° 4+ 0.99 76.52° +1.08
37 50.62 ¢ + 0.64 63.45P +1.21 56 110.58 2P + 0.91 88.26 P +1.26
38 66.50° + 0.59 104.48 2 +0.95 57 92.34b +1.37 175.36 2 + 0.68
39 117.65 2P + 0.90 115.61 2P + 0.89 58 64.31° +0.72 107.44 2P + 0.71
40 100.87b +1.12 127.66 %P +1.18 59 135.96 2P + 0.46 69.39P +1.12
41 113.802P +1.12 146.34 2P + (.84 60 134.3723b +1.26 37.53°+1.25
42 145.46 > +1.63 108.612P +1.29 61 122.60 2 +1.15 142.60 2 +2.22
43 61.36 4+ 0.89 64.52° +1.35 62 153.752 + 1.62 134.65 2 + 0.98
44 90.30b + 0.82 92.65P +1.04 63 145.77 3 +1.10 125.723b +1.25
45 75.44° +0.82 128.56 % + (.70 64 191.452 + 1.30 187.48 2 + 0.95
46 67.36° +0.99 64.27° +0.84 65 169.192 + 1.08 190.54 2 + 1.30
47 71.72° +1.13 36.63€ +1.27 66 170.612 +1.16 160.65 @ + 1.44
48 39.44 ¢ 4+ 0.95 4550 € +1.02

a=¢—Mean values in the column followed by the same letter do not differ significantly at p = 0.05.

Based on the obtained results, it was also shown that in the soil under wheat cultivation,
the concentration of N-NHj, ions correlated positively with the concentration of N-NOs
ions and the yield of plants, while in the second year of this study, the content of N-NH,
ions showed this kind of interaction with the level of acid phosphatase activity and crop
yield. In the soil for wheat cultivation, a negative correlation was also found between the
content of phosphorus and the activity of both phosphatases, pH, and moisture, as well as
plant yield and harvest index. However, in the second year of this study, the phosphorus
content correlated negatively with PAL activity and rapeseed yield and positively with soil
reaction (Figure 8).

3.3. Spatial Variability of Yield

The analysis of the obtained test results showed that the average yield weight in the
tested soil variants was much higher in the first year than in the second, amounting to
6.26 t/ha for wheat and 4.45 t/ha for rape, respectively (Figure 13).

Spatial analysis of wheat yield value showed its highest value at points 39, 48, 51, and
53 and its lowest value at points 31 and 63-66. In the case of rape, the highest yield weight
values were observed at points 40, 44, 46, and 52. The lowest yield values were recorded in
the northern part of the field at points 57, 63, and 64 (Figure 14).

The harvest index (HI) for wheat ranged from 44.29 to 48.58% and had the highest
value at points 34, 39, 44, and 53 and the lowest value at points 31, 44, and 64-66. For
rapeseed, HI values ranged from 28.07 to 34.81%, with the highest value at points 31, 47, 65,
and 66 and the lowest value at 51, 53, and 61 (Table 4).

The statistical analysis carried out showed a significant effect of the type of soil variant
on the yield weight of the tested plants, while the principal component analysis (PCA)
revealed the existence of various relationships between the chemical parameters of the
soil, the activity of soil enzymes and the yield of both wheat and rapeseed (Figure 8). In
the first year of this study, wheat yield and HI correlated with many factors, including
PAC activity, PAL activity, URE activity, pH, % soil moisture, and concentration of N-NH4
ions. In the second year, rapeseed yield correlated only with PAL activity and N-NH4 ion
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Figure 11. Spatial changes in N-NHy in terms I (before sowing of the wheat crop), III (harvest of the

wheat crop), V (before sowing of the oilseed rape crop) and VII (harvest of the oilseed rape crop). The

places where soil samples were collected are marked with numbers (30-66).

Table 4. Harvest index (HI) for winter wheat and winter rapeseed.

Sampling Harvest Index (%) Sampling Harvest Index (%) Sampling Harvest Index (%)
Point Wheat Rapeseed Point Wheat Rapeseed Point Wheat Rapeseed
30 46.47° 33.332 43 48,512 30.812 55 47.84 2 33.78 2
31 43.804 34.814 44 4429¢ 33482 56 46.99 ab 29.55b
32 47.563b 31.632 45 45.88 be 31.032 57 45.57 be 32.002
33 47.93ab 31.312 46 47.70 ab 33.022 58 47.06 3P 29.30 b
34 48382 32212 47 46.95b 34412 59 47.45 ab 32.732
35 46.30P 32,122 48 47,042 33.142 60 46.81b 30.12 @b
36 46.64 P 33.142 49 45.75 be 31.682 61 45.60 be 28.16P
37 46.72° 32.832 50 47.30 ab 30.952 62 46.84 P 30.77 2
38 47.55 ab 30.00 ab 51 47.97 ab 28.07 P 63 46.77 P 32.352
39 48.08 30.9342 52 47.89 ab 32,584 64 45.21 be 31.822
40 45.88 be 32242 53 48582 28.22b 65 45.15 be 34.042
1 48.14 2 32,582 54 46.72 P 30.09 @b 66 45.08 be 34.042
12 46.43° 32.824
a-d

—Mean values in the column followed by the same letter do not differ significantly at p = 0.05.
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Figure 12. Spatial changes in N-NOj in terms I (before sowing of the wheat crop), III (harvest of the
wheat crop), V (before sowing of the oilseed rape crop) and VII (harvest of the oilseed rape crop). The
places where soil samples were collected are marked with numbers (30-66).
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Figure 13. Mean yield (t-ha~!) in the wheat grain and oilseed rape seeds. Mean values followed by
the same letter do not differ significantly at p = 0.05.



Agriculture 2023, 13, 2034

19 of 27

Samples

Yield rapeseed
- 2.80

] 4.20

[ 455

B 49219 100 200m
- 596 | 1

Figure 14. Spatial changes in yield (t-ha~!) in the wheat grain and oilseed rape seeds. The places
where soil samples were collected are marked with numbers (30-66).

4. Discussion

The average value of alkaline phosphatase activity was higher in the soil under rape
cultivation, while the other enzyme activity values were higher, similar to the soil reaction
and the content of ammonium and nitrate ions, under wheat cultivation. According to
Jangid et al. [40], Pausch and Kuzyakov [41], and Zhao et al. [42], plants affect the physical
and chemical properties of the soil, e.g., pH, redox gradient, or soil structure through their
root secretions, and thus indirectly modify the number and activity of the soil microbiome.
The chemical composition of root secretions depends on the type of plant, but they are
rich in organic acids such as citrate, fumarate, malate, oxalate, and acetate, carbohydrates
such as glucose, fructose, xylose, maltose, sucrose, galactose, and ribose, as well as amino
acids and inorganic compounds such as CO;, inorganic ions, protons, and anions related
to the metabolic activity of roots [43—45]. Ouahmane et al. [46] have stated that organic
acids are among the main factors affecting the succession of the soil microbiome and the
level of its activity. However, Chaparro et al. [47] note that the production of root secretions
with a given chemical composition is a process aimed at stimulating the activity of specific
groups of microorganisms that have specific functions in the biochemical cycles of N and
phosphorus transformations in the rhizosphere, which is also the plant’s response to the
demand for these macronutrients.

A possible explanation for the differences in the level of activity of the enzymes
tested in our own research, depending on the type of plant, may also be found in the
results of Galloway et al. [43], which indicate that wheat root secretions may contain
large amounts of polysaccharide complexes that are an easily available source of C for
microorganisms [48]. According to Blagodatskaya and Kuzyakov [49] and Hernandez and
Hobbie [50], saccharides can stimulate microorganisms, promoting the release of various
types of enzymes, thereby intensifying the mineralization of soil organic matter.

Dotaniya et al. [51], Grzyb et al. [2], Hupe et al. [52], and Piotrowska-Diugosz et al. [53]
have affirmed that the temporal variation in the activity of soil enzymes is related to the
development phases of plants. The research of the above-mentioned authors shows that in
the period from the emergence of plants to their flowering, carbon, and N are deposited
in the rhizosphere, which stimulates the value of the parameters, while after the plant
flowering period, the amount of organic N substances in relation to C decreases in the
rhizosphere, which in turn leads to a decrease in the activity of soil enzymes. However,
the above observations are inconsistent with the results of our own research, in which a
higher level of activity of the tested enzymes, regardless of the type of plant, was noted
after the flowering phase of wheat or rapeseed. A similar trend was observed by Siczek
et al. [54], analyzing the effect of wheat and faba bean root secretions on the level of urease,
protease, and acid phosphatase activity. The authors noted an increase in the values of the
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above-mentioned parameters after the flowering phase of plants, which can be accounted
for by the qualitative and quantitative change in the chemical profile of root secretions
during plant maturation and the change in the size of the roots of the tested plants, which
thereby improve the water and air conditions of the soil.

According to Richardson and Simpson [55] and Margalef et al. [56], an increase in
phosphatase activity between the flowering and harvesting of crop plants may be part
of the plant response to phosphorus deficiency because, in addition to microorganisms,
plant roots play an important role in the production of these enzymes. Moreover, Heflik
et al. [57], Turner et al. [58], and Pang et al. [59] found that the deficit of this macroelement
in the soil stimulated the secretion of acid phosphatases by plants.

The principal component analysis (PCA) conducted as part of our research also re-
vealed a negative relationship between the phosphorus content in the soil under the
cultivation of the tested plants and the activity level of both phosphatases, in particular
PAL.

Soil enzymes are also subject to time variation, conditioned by changes in ambient
temperature related to the seasons. Studies on their temporal variability have shown
contradictory trends, showing activity peaks in different seasons, as well as their positive
and negative responses to climate influences (temperature, humidity) [60,61]. Piotrowska-
Dtugosz and Wilczewski [62] proved that the activity of enzymes analyzed in arable soil in
Polish conditions was significantly higher in April than in August in both years of research.

From the analysis of the spatial distribution of the activity of all tested soil enzymes
under the cultivation of wheat and rape, it was found that they had the highest values at
points 32, 33, 46, and 48, with particularly high values in variant 38. The lowest enzyme
activity values were recorded at points 31, 61, 62, and 63. Acosta-Martinez et al. [63], Grzyb
et al. [2], Sinsabaugh et al. [23], and Stursova and Baldrian [60] report that the activity of
specific soil enzymes may vary depending on the composition of plant residues and the
relative availability of nutrients, along with other factors such as soil type. According to
Philippot et al. [64], Rousk et al. [65], and Turner [66], soil pH, soil texture, and land use
are some of the most important determinants of biomass and soil microbial activity. pH
value affects their conformation, adsorption on solid surfaces, ionization, and solubility
of substrates and cofactors. In the study of Xu et al. [67] and Zheng et al. [68], protease
activity significantly decreased with increasing soil pH, while urease activity increased
with increasing soil pH. This is confirmed by our own research, in which in the first year, at
points with high pH, PROT was lower (55-57, 65); however, in the second year, no such
strong relationship was observed. It was additionally noted that the activity of URE was
higher at points with higher pH in both years of this study (33, 39, 54-57). Furthermore,
both phosphatases reacted to soil pH. Higher pH favored higher PAC activity and lower
PAL activity.

Soil moisture also affected the activity of soil enzymes. Sinsabaugh et al. [23] found
that during dry periods, soils contain less microbial biomass and show reduced enzymatic
activity. This is visible in our own research, where the low activity of all tested enzymes
occurred at points with low soil moisture (31, 40, 41, 61-63).

The principal component analysis (PCA) confirmed the existence of close relationships
between the value of soil pH and soil moisture and the level of PAL, PAC, and URE activity
under wheat cultivation. In the case of rapeseed cultivation, a positive correlation with the
pH value was observed only in the case of PAL, PROT, and URE.

Based on the obtained results, it was found that the average concentration of Nmin in
the tested soil objects was also much higher in the first year of this study than in the second,
which suggests a higher demand for this element in rapeseed than in wheat. Research
by Brennan and Bolland [69] shows that these plant species differ in their reaction to the
availability of N in the soil. According to the above-mentioned authors, the higher doses
of N recommended for rapeseed result from the higher critical demand for this element
during the formation of its biomass. Also, Avice and Etienne [70] and Bouchet et al. [71]
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report that winter rape is characterized by high N uptake, especially in the autumn and
winter, and thus a high demand for N fertilizers.

The analysis of the spatial distribution of N ions under the cultivation of both tested
plants revealed a significantly lower concentration of ammonium ions in the analyzed soil
variants compared to N-NOj ions. Studies by Kabala et al. [72] also indicated a significantly
lower concentration of N-NH, ions than N-NOj in soil solutions under sorghum cultivation,
which the authors explain is due to their lower mobility in soil solutions.

According to Vasu et al. [18], the uptake of nutrients by plants from the soil during their
growth and development leads to spatial variability in their distribution. This phenomenon
depends on the type of plant and its growth rate. This is confirmed by the results of our
study, where in the first year of research, the highest concentration of both N ions was
observed at point 58. In the second year, the highest concentration of N-NH, ions was
noted at point 50 and N-NOj at 52 and 53. Shafreen et al. [73] state that the distribution of
nitrogen compounds in soils depends on their geological features, climatic conditions, as
well as organic matter content and microbial activity.

Differences in the content of the analyzed N ions in the tested soil variants also resulted
from the time variability of the experiment. Both in the first and second years of our own
research, the highest concentration of ammonium and nitrate ions was observed in the
summer period (periods III and VII). Fluctuations in nitrate concentrations in the soil
solution during the growing season of winter wheat, winter rye, winter barley, and sugar
beet have also been described by other researchers [74]. According to Georgallas et al. [75],
Perego et al. [76], and Sierra et al. [77], high concentrations of nitrates analyzed in arable
soils in the summer may result from the use of mineral nitrogen fertilization in previous
weeks, as well as from high air temperatures which are conducive to rapid mineralization
of crop residues or organic fertilization used in previous years. Research results by Kabala
et al. [72] confirm that both ammonium and nitrate ions reached maximum concentrations
in the soil under sorghum cultivation in June and July and minimum concentrations in
September and October. On the other hand, research by Below [78] shows that the content
of N-NOj3 and N-NHy ions in the soil is also affected by the developmental stage of plants,
which is associated with different intensities of nitrate ion uptake from the soil. The authors
suggest that plants absorb N-NHj ions faster than N-NO3 during early vegetative growth,
while in later stages, N-NOj ions are absorbed faster, which is explained by the lack of fully
functional N-NOj3 ion uptake and assimilation systems in young plants.

From the research of Turner et al. [58], it is evident that PROT and URE correlate
positively with the amount of organic N in the soil and negatively with the content of
mineral N. However, the level of their activity is largely regulated by the type of soil and
its moisture [2]. The statistical analysis showed a negative interaction between the content
of ammonium ions and the activity of urease in the soil under the cultivation of wheat and
rapeseed. In addition, no positive relationship was observed between the content of N-NHy
and N-NOs ions and the level of protease activity, either in the first year or during rapeseed
cultivation [78,79]. In the first year of this study, a negative relationship was also noted
between the content of nitrate ions and the concentration of soil phosphorus. This type of
relationship was confirmed by Shen et al. [80], according to whom soil P deficiency during
the cultivation of lupine plants stimulated the release of protons and citrate secretion by
the roots in conjunction with their inhibition of nitrate uptake.

On the basis of the obtained results of our own research, a negative correlation was also
shown between the content of ammonium and nitrate ions and soil moisture under wheat
cultivation and a positive correlation with nitrate ions under rape cultivation. Alharbi [81]
made different observations in his research, showing a positive relationship between soil
moisture and the ammonification process. According to the above, with high soil moisture,
the air content within it decreases, the ammonification process intensifies, and the soil
pH increases. On the other hand, with low soil moisture, the percentage of air in the soil
increases, so the nitrification process will dominate, leading to a decrease in soil pH.
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The yield of crops in the field also showed obvious spatial variation due to the inherent
spatial variability of soil biochemical and physical parameters. In our research, the yield
of wheat and rape was higher in the south-central part of the field, which indicates the
existence of separate production zones. Litke et al. [82], analyzing the average yield of
wheat grain over a three-year study, found that it ranged from 4.7 to 9.5 t-ha~!. Assefa
et al. [83], Harker et al. [84], and Assefa et al. [85], on the other hand, report that the average
rapeseed yield weight obtained in a given year of research was, on average, from 2.5 to
5tha”l. According to Rondanini et al. [86] and Beres et al. [87], rapeseed yields have not
improved significantly over the last four decades and are still lower than cereal yields.
Representative values of the harvest index for wheat varieties generally range from 30 to
60% and rape from 25% to 40% [15,39].

Undoubtedly, the most important and basic macronutrient determining the yield of
plants is N. The response of plants to N nutrition in terms of yield weight may vary by
location. Spatial analysis of the distribution of the content of the tested nitrate ions and the
yield of wheat and rapeseed confirmed this relationship. In the research facilities where the
yield of both plants was high, the average concentration of ammonium and nitrate ions
was low. This relationship can be seen at points 39, 48, and 51. This suggests that plants
take up a lot of N in order to produce a large amount of yield. In the measurement points
where a low yield was noted (variants 31, 58, 65, 66), even though soil N was present, it was
not actively taken up by the plants. According to Delin [88], different crop N utilization
may be due to spatial differences in N losses, fungal diseases, competition from weeds, or a
limited supply of other nutrients. Weymann et al. [89] have pointed out that plant yield is a
result of complex interactions between plant genotype, soil, pest, and weather conditions
and decisions made during the plant growth and development phase. In the research by
Basso et al. [90], Zhang et al. [91], and Zhao et al. [92], soil texture and nutrients showed
moderate spatial variability, which affected water and N dynamics during plant growth
and ultimately resulted in spatial yield variability. A sandy texture can cause excessive
water infiltration and leaching of NO3-N, which reduces N uptake and, consequently, yield.
Also, Mueller et al. [93] found that between 60 and 80% of the global variation in the yield
of major crops is due to factors related to soil resources and climate. Results of the field
experiments of Nowosad et al. [94] and Ray et al. [95] point to the influence of weather
conditions, especially temperature and precipitation, on plant development, seed yield,
and seed composition.

According to Bartomeus et al. [96] and Xuan et al. [97], in addition to nutrients, the
yield of crops is influenced by the pH value of the soil and its moisture [98], and Haberle
and Svoboda [99] showed that water availability is one of the strongest factors determining
the uptake and efficiency of N use by the plant, which affects the yield. The results of
our research showed that the highest yield of plants was obtained at points 39, 55, and 56,
characterized by high soil moisture and pH above 6. According to Kumaraswamy and
Shetty [100], drought-related stress is one of the main factors contributing to impaired
functioning plant metabolism and can lead to a loss of about 30-70% of the productivity of
field crops during their growth. Moreover, low soil pH significantly affects plant growth,
reducing its yield by up to 69% [101]. Hurtado et al. [102] note that spatial variability of
soil acidity conditions can occur even in areas with seemingly uniform cultivation and
precise correction of soil acidity, and effective use of agricultural inputs and improvement
of natural soil processes are important factors in increasing yields.

Factors affecting the yield will also directly affect the harvest index (HI). Thus, all of
the above information is in line with a number of studies that show that the HI is influenced
by plant genetic variation and environmental variation within a specific climatic region, as
well as abiotic stresses, sowing dates, plant density, and row spacing. [14,103-105].

5. Conclusions

It was shown that the spatial structure of most of the tested variables differed sta-
tistically significantly depending on the time and place of soil sampling and the type of
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plant. Frequently changing soil conditions resulting from the cultivation of the tested
plants favored changes in the activity of the tested enzymes and in the physicochemical
composition of the soil, which translated into the yield of both plants.

The highest temporal stability was recorded in the case of pH values and alkaline
phosphatase activity in the soil under wheat cultivation. However, no similar trend was
observed in the variability of the tested soil parameters during the two-year experiment.
Nevertheless, in the harvest phase of the tested plants, most of the analyzed enzymatic and
physicochemical parameters of the soil reached the highest values.

However, the occurrence of characteristic areas in the field was observed in which the
analyzed parameters stood out with only high or only low values.

In the case of wheat, high activity of the tested enzymes was found in the southern
part of the field. The obtained parameters are reflected in the spatial distribution of wheat
yield, with its highest values in the south-central part of the field, which may indicate high
soil productivity in the above-mentioned place. This is confirmed by the second year of
research, where a higher rapeseed yield was obtained in the south-central part of the field.
Also, the percentage of soil moisture and the high activity of most of the enzymes tested in
this area confirm that the N study site has several zones with the same level of productivity.
Based on the above information, it can be concluded that geostatistical techniques can help
quantify and map spatial and temporal patterns of soil enzymatic parameters and soil
resources that translate into crop yield.

Obtaining this information is necessary for the correct diagnosis of soil fertility and,
thus, for the development of techniques for the effective and precise application of mineral
fertilizers, especially nitrogen.
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