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Abstract: For an agricultural region such as the Vojvodina Province in northern Serbia, soil quality monitoring is very
important. Enzymatic activities are proposed as good indicators as they respond to even the slightest changes in the soil.
This study aimed to analyze the enzymatic activity levels across three different soil types in Vojvodina and to examine their
connection to soil chemical properties and land use. All soil types (chernozem, vertisol, solonchak) were sampled at nine
locations, each with 3 field plots. The activities of acid and alkaline phosphatase, 3-glucosidase, dehydrogenase, and catalase
were measured in samples, as well as the selected chemical properties. Results showed differences in enzymatic activity
across different soil types and land use. The most active enzymes in vertisol were acid phosphatase and B-glucosidase; in
solonchak, it was alkaline phosphatase; in chernozem, it was dehydrogenase. A high correlation between enzymatic activi-
ties and certain soil chemical properties (pH reaction, organic matter, organic carbon, total nitrogen) was also observed,
underlining the existence of a relationship between different soil components. The highest determined correlation was
between acid phosphatase and pH (r=-0.7), alkaline phosphatase and total nitrogen (r=0.7), and organic matter (r=0.72);
the obtained correlations were found to be statistically significant.

Abbreviations: microbial enzymes; soil chemical properties; agricultural soil; soil quality; land use

INTRODUCTION fertility [4]. However, soil chemical properties are not
the sole indicators of changes in soil, as they typically
only alter significantly under extreme conditions. The
study of biological and biochemical properties is also
invaluable [5]. The use of biological indicators for soil
quality is highly complex and remains a subject of an
ongoing study [6]. Biochemical soil properties, such
as soil enzymes, are good indicators of soil health and
fertility, as they are involved in important metabolic
processes and are responsive to even the slightest
changes in soil [7-9]. Hence, when soil disturbances
affect the microbial community, changes in enzymatic
activities are also expected [10]. It is essential to study

Soil quality is a multifaceted concept, typically charac-
terized by physical, chemical, and biological attributes
[1]. Microorganisms, a pivotal component of the soil’s
biological ecosystem, play a vital role in both soil forma-
tion, one of the factors in pedogenesis, and soil fertility.
This is the result of microorganisms having substantial
roles in the soil, including the decomposition of soil
organic matter and nutrient cycling [2]. Characteristic
microbial communities are present in each soil type.
Cultivation practices often disturb relationships inside
soil communities that lead to the reduced number and

enzymatic activities of microorganisms [3]. Chemical
analyses of soil can provide valuable insights into soil
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the factors influencing soil enzymatic activities [11].
Land use affects the soil organic matter content, which
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causes changes in soil chemical properties, further
affecting soil microorganisms [7,12]. Different land
use types, such as agricultural and undisturbed soils
(e.g., forests, pastures), are characterized by different
chemical property values and, consequently, different
microbial community composition and enzymatic
activity levels.

Acid and alkaline phosphatase, B-glucosidase, de-
hydrogenase, and catalase are among the most studied
soil enzymatic activities. Phosphatases are a group
of enzymes capable of hydrolyzing phosphoric acid.
These enzymes are correlated with phosphorus stress,
as they have substantial roles in P cycling [13,14].
B-glucosidase is a very common and predominant
enzyme in soils, with a crucial role in the catalysis of
B-glucosides, producing glucose, an important carbon
and energy source [14,15]. Dehydrogenase transfers
protons and electrons from substrates to acceptors,
thus oxidizing soil organic matter. These processes are
involved in soil microorganism respiration pathways
and are considered to be related to soil type and air-
water conditions [14,16,17]. Catalase prevents cell
damage caused by reactive oxygen species (ROS) by
splitting hydrogen peroxide into molecular oxygen
and water [18]. The activity of catalase is related to
aerobic organisms’ metabolic activity and is studied
as the soil fertility indicator [19].

The Autonomous Province of Vojvodina is mainly
an agricultural region. Understanding the soil quality
of such a region is important for enhancing agricultural
productivity. Evaluating the soil’s physical, chemical,
biological, and biochemical properties is crucial in de-
termining its overall quality, indicating a need to study
these properties. Dominant soil types in Vojvodina are
chernozem and vertisol. In the Vojvodina Province,
chernozem and hydromorphic black soil cover more
than 75% of the total area and are not distributed uni-
formly [20]. On the other hand, solonchak soil, due to
its unfavorable water and physical properties, is not
suitable for intensive agricultural production. However,
it can be utilized for extensive natural pastures [21].
These soil types exhibit varying degrees of agricul-
tural output, with chernozem and vertisol displaying
high productivity with none or some restrictions,
respectively, and solonchak showcasing relatively low
agricultural potential with serious limitations. Saline
soils are invaluable for the unique endemic ecosystems
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they support. These soils offer specialized habitats for
a diverse range of highly specialized plants, animals,
and other organisms [22].

The primary objective of this study was to assess
the enzymatic activity levels in three distinct soil types
in Vojvodina and to discern between variations in these
activities in the different soil types. Additionally, the
study aimed to establish connections between enzy-
matic activities, soil chemical properties, and land use.

MATERIALS AND METHODS

Study area

The study was conducted in the Autonomous Province
of Vojvodina, northern Serbia. Vojvodina is character-
ized by diverse soils, including chernozem, vertisol,
and solonchak [20]. These soil types were selected for
investigation due to their prevalence in the region, as
well as their specific characteristics. The identification
of each soil type was conducted in two steps. Initially,
it referenced Vojvodina’s pedological map, a ratio of
1:50,000 [23]. Subsequently, the process included
field and laboratory observations for each location,
allowing for the determination of the soil group based
on the WRB classification [24]. For each soil type, 3
locations were selected for sampling. At each location,
soil samples were collected from 3 plots, 2 agricultural
and 1 uncultivated control plot (Supplementary Table
S1, Supplementary Fig. S1). Control plots were se-
lected based on their immediate proximity and similar
characteristics to agricultural plots of the same soil
type. These plots were under minimal anthropogenic
influence during longer periods (forests, meadows,
etc.). Chernozem was sampled in the region of Backa
(Rimski Sanéevi, and Futog - field plots C1-C9), ver-
tisol in the regions of Backa and Banat (Becej, Muzlja,
and Vr$ac - field plots V1-V9), and solonchak in the
region of Backa (Rancevo, Kljaji¢evo, and Tresnjevac
— field plots S1-S9). Sampling locations were chosen
based on known typical soil chemical characteristics
to obtain representative samples for each soil type.

Soil sampling

Soil sampling was conducted using the circular refer-
ence sample method [25]. Representative sampling
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locations were selected through a field survey. The
center of each circle was recorded using a GPS de-
vice, and individual samples were taken according
to a predetermined arrangement of points relative
to the positioned center. A total of 20-25 individual
samples were collected from each position, and an
average composite sample was created, representing
the investigated area. Five average composite samples
(5 repetitions) were obtained from each investigated
location. Sampling was performed using an agrochemi-
cal probe reaching a soil depth of 30 cm. This method
is commonly used for monitoring soil nutrient content
and changes in its properties. The sampling equipment
was thoroughly washed with distilled water, sprayed
with ethanol, and sterilized using a flame to reduce
the risk of sample contamination. Soil samples were
packed in sterile bags, transported to the laboratory
at 4°C, and analyzed within the next 24 h.

Soil chemical properties analyses

To analyze soil chemical properties, soil samples were
air-dried and subsequently ground in a soil mill to a par-
ticle size of <2 mm [26]. The pH value was determined
potentiometrically in a suspension with water (active
acidity) and 1 M KCl (exchangeable acidity) [27]. The
determination of free CaCO, was performed volumetri-
cally using a Scheibler calcimeter [28]. Organic matter
(OM) content was determined using a modified Tyurin
method based on the oxidation of soil organic carbon
(SOC) with K,CrO,, [29]. The total nitrogen content
was determined using CHNS elemental analysis on a
VarioEL III analyzer [30]. Total organic carbon (TOC)
content was also determined using CHNS elemental
analysis on a VarioEL III analyzer according to the
ISO procedure, 10694:2005 determination of organic
and total carbon after dry combustion [31]. Readily
available phosphorus P (AL) in the soil was determined
by extraction of ammonium lactate [32], whereby
detection was performed spectrophotometrically at
the wavelength of 830 nm in a UV/VIS spectropho-
tometer using the phospho-molybdate-blue-method
[33]. Readily available potassium K (AL) in the soil
was determined by extraction of ammonium lactate
[32] using a flame photometer. Soil dry matter (dm)
content was determined by drying 1 g of soil at 105°C
until a constant weight was achieved.

29
Soil enzymatic activities analyses

The activities of soil dehydrogenase, acid and alkaline
phosphatase, 3-glucosidase, and catalase were mea-
sured. Dehydrogenase activity was determined in 1
g of soil using 2,3,5-triphenyl tetrazolium chloride
as substrate and incubating in tris(hydroxymethyl)
aminomethane buffer (pH 7.6) for 24 h at 25°C [30-
33]. Enzyme activity was expressed as pg triphenyl
formazan (TPF) g! dm of soil h™'. Acid and alkaline
phosphatase activities were determined in 0.5 g of soil
using p-nitrophenyl phosphate as substrate, incubat-
ing in a modified universal buffer (MUB), pH 6.5 for
acid, and pH 11 for alkaline phosphatase) for 1 h at
37°C [13,38]. Enzyme activity was expressed as g
p-nitrophenol (pNP) g™' dm of soil h™'. The activity
of B-glucosidase was determined in 0.5 g of soil us-
ing p-nitrophenyl-p-D-glucopyranoside as substrate,
incubating in MUB for 1 h at 37°C [15,39]. Enzyme
activity was expressed as pg pNP g™' dm of soil h™".
Catalase activity was determined by permanganomet-
ric titration after incubation of 2 g of soil with 0.3%
hydrogen peroxide solution [40,41]. Enzyme activity
was expressed as mL 0.2 M KMnO, g"' dm of soil h™".

Statistical analysis

All statistical analyses were conducted in R Studio [42].
The dplyr package [43] was used for data manipula-
tion. Determination of Pearson’s correlation coefficient
between soil chemical characteristics and enzymatic
activities was performed using the corr package [44].
The corrplot package was used to determine the statisti-
cal significance of the obtained correlations [45]. The
Kruskal-Wallis test was used to determine differences
in chemical properties and enzymatic activities between
different soil types, and post-hoc analysis based on the
Dunn test was conducted to determine differences
between any two soil types. Visualization of all results
was performed using the ggplot2 package [46].

RESULTS
Soil chemical properties

The following soil chemical properties were examined
as follows: pH in KCl, pH in H,O, CaCO, content,
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Table 1. Descriptive statistic parameter values of major chemical properties of three different soil types in Vojvodina Province, Serbia.
Means followed by a different letter indicate significant differences.

. Chemical properties
Soil Parameter . . Organic Total N Organic C
type pHinKCl | pH in H,O | CaCO, % matter % % % P,0,mg/100 g | K,O mg/100g
Min. 4.98 6.06 0.27 1.88 0.15 1.01 1.88 9.60
E Max. 7.44 8.48 16.86 3.34 0.23 2.46 83.93 37.34
% Mean 6.78 a 7.64 ab 3.49 ab 244 a 0.18 a 1.66 a 28.40 a 20.72 ab
% St. dev. 0.80 0.76 5.58 0.49 0.03 0.43 27.26 9.12
Sample var. 0.64 0.57 31.15 0.24 0.00 0.18 743.27 83.22
Min. 4.68 5.75 0.00 1.65 0.14 1.48 3.04 14.56
= | Max. 591 6.83 0.56 4.13 0.27 3.65 78.55 62.62
'é Mean 530a 6.39a 0.32a 2.89a 0.21a 2.57a 2548 a 35.06a
> [st.dev. 0.37 0.37 0.20 0.81 0.04 0.85 26.94 16.12
Sample var. 0.14 0.13 0.04 0.66 0.00 0.73 725.97 259.70
Min. 7.49 8.30 15.44 1.34 0.12 1.75 7.50 13.89
E Max. 8.90 10.22 27.87 3.61 0.25 3.15 19.18 24.82
é Mean 7.95b 8.98b 20.16 b 2.76 a 0.20 a 244 a 15.10a 17.44b
—8 St. dev. 0.53 0.74 4.40 0.75 0.04 0.48 4.02 3.27
Sample var. 0.29 0.55 19.32 0.56 0.00 0.23 16.16 10.70

Table 2. Descriptive statistics parameter values of enzymatic activities of 3 different soil types in Vojvodina Province, Serbia. Acid and
alkaline phosphatase, and B-glucosidase activity are expressed as ug pNP g* dm h, dehydrogenase as pg TPF g* dm h™, and catalase as

mL 0.2 M KMnO, g" dm h'. Means followed by a different letter indicate significant differences.

Soil Parameter Enzymatic activities
type Acid phosphatase | Alkaline phosphatase B-glucosidase Dehydrogenase Catalase
£ Min. 5.35 29.27 0.96 0.11 0.68
¥ |Max. 56.78 57.25 12.05 2.89 2.02
% Mean 19.10 a 36.76 a 6.92a 0.79 a 1.14a
é St. dev. 16.60 9.39 3.01 0.95 0.54
Sample var. 275.67 88.09 9.08 0.90 0.30
Min. 32.57 9.78 4.63 0.02 0.59
§ Max. 86.86 98.99 18.26 0.16 2.36
k= Mean 55.58 b 39.17 a 11.53 a 0.06 b 1.34a
> St. dev. 17.71 26.68 4.87 0.05 0.66
Sample var. 313.81 711.87 23.74 0.00 0.43
" Min. 15.19 7.83 3.00 0.03 0.50
% Max. 39.15 67.62 9.87 2.14 2.25
g Mean 22.05a 46.25a 6.62a 0.54a 1.39a
E St. dev. 7.44 17.83 2.66 0.63 0.66
Sample var. 55.42 317.76 7.10 0.39 0.44

OM, total nitrogen, and SOC content, and the amount
of P,O, and K,O accessible to plants. The results are
presented in Table 1 and Supplementary Fig. S2. The
highest pH in KCl and H,O was measured in solon-
chak soil samples, with mean values of 7.95 and 8.98,
respectively. The pH of the chernozem soil samples was
generally neutral, except for plot C3, which had a pH
value below 7. Vertisol samples displayed lower pH,

with the mean value of 5.30 in KCl, and 6.39 in H,O.
The pH in KCl of solonchak soil samples was signifi-
cantly higher than that of chernozem and vertisol; the
pH in H,O of solonchak was significantly higher than
that of vertisol. The solonchak samples had the highest
CaCO, content, with an average value of 20.16%, while
the content in the vertisol samples was significantly
lower, with a mean value of 0.32%. The OM content was



Arch Biol Sci. 2024;76(1):27-40

chernozem

Zz

solonchak vertisol

754

0

5

o

2

(9]

Acid phosphatase

(Mg pNP g~'dm h™')

0

o R - ||hlul

SIS FS

AR PIPIPPE PP P LLLLLL L

90

Alkaline phosphatase ©

(ug PNP 9“1 dm h™")

Tuind £l i-lll.l

SISO >E

c?’ c? e a} c;“’ ro" e‘b a}b PLOPHELL PP

2

20

15

il il i-'i-.i

10

R-glucosidase

(g PNP g~"dm h")

CFP>PJ

=

APS 2P L R P PP LLOL PP

34

24

Dehydrogenase

(ug TPF g'dm h™')

o

W

== [ —C

ST EA

&

O FPFRPPL PR PILLTLLPL PP

0 "IIII"

Catalase
(ml0.2M KMnO4 g™' h™")

CHE>EA

PO PHPPLLL DD P LLLLLL P

Fig. 1. Soil enzymatic activity levels. A - acid phosphatase, B - alkaline
phosphatase, C - B-glucosidase, D - dehydrogenase, E — catalase. Control
plots are striped (&); field plot IDs are presented on the x-axis.
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similar across all three soil types,
with the mean values around 2%
and no significant differences be-
tween different soils. Organic car-
bon and total nitrogen contents
were also similar in all three soil
types. No significant differences
were observed in P,O, content
in chernozem, vertisol, and sol-
onchak. The content of K,O was
significantly higher in vertisol
(mean value 35.06 mg/100 g) than
in solonchak (mean value 17.44
mg/100 g).

Soil enzymatic activities

The analysis of acid and alka-
line phosphatase, B-glucosidase,
dehydrogenase, and catalase ac-
tivity was conducted (Table 2,
Fig. 1, Supplementary Fig. S3).
Vertisol exhibited the highest
acid phosphatase activity (mean
value 55.58 pug pNP g' dm h'),
which was significantly higher
than activity in chernozem and
solonchak. Accordingly, alkaline
phosphatase activity was gener-
ally lower in all vertisol samples
compared to acid phosphatase ac-
tivity, with a mean value of 39.17
ug pNP g dm h. In chernozem,
alkaline phosphatase activity with
an average value of 36.76 ug pNP
g' dm h' was higher than acid
phosphatase activity with an av-
erage value of 19.10 pg pNP g
dm h'. The exception was plot
C3, which exhibited elevated acid
phosphatase activity. Similarly,
alkaline phosphatase activity was
generally higher in solonchak
than acid phosphatase, with an
average value of 46.25 ug pNP g*!
dm h, except for plot S3, which
represented the control soil. The
activities of B-glucosidase and
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trogen, and SOC contents and a very low

Fig. 2. Pearson’s correlation between enzymatic activities and soil chemical properties
(r). Statistical significance is presented with asterisks (* P<0.05, ** P<0.01, *** P<0.001).

catalase were not found to be significantly different
across the investigated soil types. Dehydrogenase ac-
tivity was significantly lower in vertisol (mean value
of 0.06 ug TPF g' dm h™') compared to chernozem
(mean value of 0.79 ug TPF g dm h™') and solonchak
(mean value of 0.54 ug TPF g* dm h').

Patterns in enzymatic activities across land-use
types were observed, namely differences between
overall activity in agricultural and control soils in all
three soil types (Supplementary Fig. S4); however,
neither of these differences was found to be statisti-
cally significant.

Correlation between enzymatic activities and soil
chemical properties

Linear correlation based on Pearson’s correlation co-
efficient (r) was calculated to test if a relationship
between the analyzed enzymatic activities and soil
chemical properties exists and what is the nature of
the relationship (Fig. 2). Acid phosphatase exhibited a
high negative correlation with pH in KCl (r=-0.74 ***)
and pH in H,O (r=-0.70 ***), moderate negative correla-
tion with CaCO, content (r=-0.46 ***), and moderate
positive correlation with OM (r=0.43 **), total nitrogen
(r=0.42 ***), and SOC (r=0.59 ***) contents. A high
positive correlation was observed between alkaline
phosphatase and OM (r=0.72 ***), total nitrogen (r=0.70
***), and SOC (r=0.61 ***) contents. Dehydrogenase
activity did not correlate highly or moderately with
any of the chemical characteristics. However, a low

correlation with the remaining examined
chemical properties.

DISCUSSION

The results obtained for chernozem in this study agree
with previously reported values for chemical properties
[47,48], except for a slightly acidic pH value observed
in plot C3 and significantly higher PO, content in plots
C1 and C7. Plot C3 represents a forest control plot
characterized by high organic matter content, which
undergoes degradation, leading to soil acidification.
About 42% of the plots analyzed in our study were
below the lower limit of optimum phosphorus supply,
while 23% of the plots were below the limit regarding
potassium supply, which was reported to be 15 mg/100
g of soil [49]. Vertisol, which is characterized by high
clay content, has an unfavorable chemical composition.
Depending on the CaCO, content, these soils can be
slightly acidic to slightly alkaline [47]. Our research
tindings for vertisol agree with the expected value
range (pH 5.8-8.1) [47] for the chemical properties of
vertisol, with a slightly acidic pH reaction observed
across all field plots, indicating a lower CaCO, con-
tent. We observed a higher P,O, content in plots V7
and V9. On the other hand, solonchak exhibits poor
physical properties, as the presence of salt determines
its chemical properties. The chemical analysis results
obtained in this study are typical for solonchak and
fall into previously reported ranges for pH from 7.8
to 10.45 and OM of 1-2%, reaching up to 4% [47].

Amongst the most used and change-responsive
indicators of soil quality and health are soil enzymes.
Enzyme activities usually correlate with the SOC and
total nitrogen content since a higher organic matter
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content stimulates enzyme synthesis [50]. Organic
matter is substantial in establishing an optimal soil
structure and regulating the water, air, and heat condi-
tions within the soil [51], which, in turn, enhances the
activity of microorganisms. Soil pH reaction also highly
affects enzymatic activity, influencing the solubility of
enzymes, substrates, and cofactors.

Phosphatase activity in soil is known to be influ-
enced by several soil chemical properties, such as pH,
total nitrogen, organic phosphorus, and SOC [50-52].
Specifically, acid phosphatase activity correlates nega-
tively with soil pH, while alkaline phosphatase exhibits
a statistically significant positive correlation with
pH value. We observed the highest acid phosphatase
activity in acidic vertisol, indicating a strong negative
correlation with pH, while alkaline phosphatase exhib-
ited a very low positive correlation with pH reaction.
Besides vertisol, acid phosphatase activity was found
to be higher in one field plot on generally pH-neutral
chernozem. The plot in question (C3) had an acidic pH
value, which can be attributed to the soil being under
forest. Our results show that both acid and alkaline
phosphatase display statistically significant moderate
to high positive correlation with total nitrogen and
SOC contents in the soil. These findings underscore
the interplay between soil chemical properties and
phosphatase activities, offering valuable insights into
nutrient cycling processes in soil ecosystems.

The research has revealed a significant correla-
tion between P-glucosidase and soil pH value and
total nitrogen content [52,54]. We observed that the
enzyme's activity exhibits a significant negative correla-
tion with pH, indicating a decrease in activity with the
increase in pH value [55]. Soil salinity is also known
to suppress -glucosidase activity. Slightly lower levels
of glucosidase activity were measured in solonchak,
but not significantly lower compared to chernozem,
which can be attributed to the fact that chernozem has
a neutral to slightly alkaline pH reaction, leading to a
decrease in enzyme activity. In contrast, the highest
enzyme activity levels were recorded in vertisol, which
is characterized by a slightly acidic pH reaction.

Dehydrogenase activity is closely linked to the soil
pH reaction, exhibiting a positive correlation [56].
This study confirmed a statistically significant low
positive correlation exists, while there is negligible
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or no correlation with other soil chemical parameters
except the K O content. The optimum soil pH for de-
hydrogenase activity is considered to be between 6.6
and 7.8, while acidic conditions suppress enzymatic
activity [57,58]. The lowest dehydrogenase activity in
our samples was recorded in vertisol, which is expected
given the acidic nature of this soil type.

Based on our results, catalase activity exhibited
a significant positive correlation with total nitrogen
content, which is in agreement with other studies [56].
Catalase activity is also known to be negatively corre-
lated with pH value, which was negligible in our study,
implying that pH does not affect the enzyme’s activity.

Enzymatic activities are known to differ signifi-
cantly amongst different land-use types [59]; however,
the differences we found between agricultural and
control soils in enzymatic activity levels were not
statistically significant.

CONCLUSIONS

Investigations performed on different soil types in
Vojvodina confirmed a strong statistically significant
relationship between enzymatic activity and soil chemi-
cal properties. The main factors affecting enzymes are
the soil pH reaction, total nitrogen, organic matter,
and the organic carbon content. A significant high
correlation exists between acid phosphatase and pH, as
well as alkaline phosphatase and organic matter, total
nitrogen, and organic carbon. Moderate correlation is
shown between acid phosphatase and organic carbon,
and B-glucosidase and pH, organic matter, and total
nitrogen. Dehydrogenase and catalase activities did
not exhibit a correlation with the chemical properties.
In addition, differences in enzymatic activity levels
across soil types were detected. Acid phosphatase and
B-glucosidase displayed the highest activity in vertisol,
while alkaline phosphatase was the most active in sol-
onchak. Dehydrogenase and catalase showed similar
activity levels in all soil types. Regarding land-use type,
some differences between agricultural and uncultivated
control soil were observed but were without statistical
significance. We conclude that enzyme activities are
suitable soil quality indicators. However, to acquire a
more accurate estimation of soil quality, future research
should include more soil physicochemical properties
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and microbial community composition analysis since
it is known that all soil components are connected.

Funding: This work was funded by Grant No. 142-451-2610/2021-
1/2 from the Provincial Secretariat for Higher Education and
Scientific Research of the Autonomous Province of Vojvodina
(Project title: Environmental DNA - biomarker of soil quality
in Vojvodina).

Author contributions: Conceptualization, DR, SM, SP, and DT;
methodology, SM, JV, DT, Sb, and AK; software, AK; validation,
DT, SM, and DR; formal analysis, AK; investigation, DR, SM, and
AK; resources, SM, JN, JV, and DR; data curation, SM, and AK;
writing - original draft preparation, AK; writing — review and
editing, DR, SM, JN, JV, SB, and AK; visualization, AK; supervi-
sion, DR, and SM; project administration, DR, and SM; funding
acquisition, DR, N, JV, and SM. All authors have read and agreed
to the published version of the manuscript.

Conlflict of interest disclosure: The authors declare no conflict
of interest.

Data availability: Data underlying the reported findings have
been provided as raw datasets that are available here: [https://
www.serbiosoc.org.rs/NewUploads/Uploads/Kuzmanovic%20
et%20al_Raw%20Dataset_1.pdf], and [https://www.serbiosoc.
org.rs/NewUploads/Uploads/Kuzmanovic%20et%20al_Raw%20
Dataset_2.xlsx]

REFERENCES

1. Kennedy AC, Smith KL. Soil microbial diversity and the
sustainability of agricultural soils. Plant Soil. 1995;170:75-86.

2. Gougoulias C, Clark JM, Shaw LJ. The role of soil microbes
in the global carbon cycle: tracking the below-ground micro-
bial processing of plant-derived carbon for manipulating
carbon dynamics in agricultural systems. J Sci Food Agric.
2014;94(12):2362-71.

3. Cardoso EJBN, Vasconcellos RLF, Bini D, Miyauchi MYH, dos
Santos CA, Alves PRL, de Paula AM, Nakatani AS, Pereira ] de
M, Nogueira MA. Soil health: Looking for suitable indicators.
What should be considered to assess the effects of use and
management on soil health? Sci Agric. 2013;70(4):274-89.

4. Mili¢ S, Vasin ], Ninkov J, Zeremski T, Brunet B, Sekuli¢ P.
Fertility of privately owned plowland used for field crop pro-
duction in Vojvodina, Serbia. Ratar i Povrt. 2011;48:359-68.

5. Filip Z. International approach to assessing soil quality by
ecologically-related biological parameters. Agric Ecosyst
Environ. 2002;88:169-74.

6. Pulleman M, Creamer R, Hamer U, Helder J, Pelosi C, Péres
G, Rutgers M. Soil biodiversity, biological indicators and soil
ecosystem services-an overview of European approaches. Curr
Opin Environ Sustain. 2012;4:529-38.

7. Acosta-Martinez V, Cruz L, Sotomayor-Ramirez D, Pérez-
Alegria L. Enzyme activities as affected by soil properties and
land use in a tropical watershed. Appl Soil Ecol. 2007;35:35-45.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Arch Biol Sci. 2024;76(1):27-40

Yang L, Zhang Y, Li E. Soil Enzyme Activities and Soil Fertil-
ity Dynamics. In: Shrivastava A, editor. Advances in Citrus
Nutrition. Dordrecht: Springer; 2012. p. 143-56.

Nannipieri P, Grego S, Ceccanti B. Ecological significance of
the biological activity in the soil. In: Bollag JM, Stotzky G,
editors. Soil Biochemistry. New York: Marcel Dekker; 1990.
p. 293-355.

Nayak DR, Babu YJ, Adhya TK. Long-term application of
compost influences microbial biomass and enzyme activities
in a tropical Aeric Endoaquept planted to rice under flooded
conditions. Soil Biol Biochem. 2007;39:1897-906.

Dick RP, Burns RG. A brief history of soil enzymology research.
In: Dick RP, editor. Methods of Soil Enzymology. Madison,
USA: Soil Science Society of America; 2015. p. 1-34.
Maharjan M, Sanaullah M, Razavi BS, Kuzyakov Y. Effect of
land use and management practices on microbial biomass and
enzyme activities in subtropical top-and sub-soils. Appl Soil
Ecol. 2017;113:22-8.

Eivazi F, Tabatabai MA. Phosphatases in soils. Soil Biol Bio-
chem. 1977;9:167-72.

Utobo EB, Tewari L. Soil enzymes as bioindicators of soil
ecosystem status. Appl Ecol Environ Res. 2015;13(1):147-69.
Eivazi F, Tabatabai MA. Glucosidases and galactosidases in
soils. Soil Biol Biochem. 1988;20(5):601-6.

Trevors JT. Dehydrogenase activity in soil: A compari-
son between the INT and TTC assay. Soil Biol Biochem.
1984;16(6):673-4.

Huang L, Hu W, Tao J, Liu Y, Kong Z, Wu L. Soil bacterial
community structure and extracellular enzyme activities under
different land use types in a long-term reclaimed wetland. J
Soils Sediments. 2019;19:2543-57.

Yao X hua, Min H, Lii Z hua, Yuan H ping. Influence of acet-
amiprid on soil enzymatic activities and respiration. Eur J Soil
Biol. 2006;42:120-6.

Trasar-Cepeda C, Gil-Sotres F, Leir6s MC. Thermodynamic
parameters of enzymes in grassland soils from Galicia, NW
Spain. Soil Biol Biochem. 2007;39:311-9.

Zivkovié B, Nejgebauer V, Tanasijevi¢ D, Miljkovi¢ N, Stojkovié
L, Drezgi¢ P. Zemljista Vojvodine. Novi Sad: Institut za poljo-
privredna istrazivanja; 1972.

Gruji¢ G, Vasin J, Beli¢ M. Soil salinisation in Vojvodina - the
Republic of Serbia. Curr Opin Environ Sustain. 2021;50:149-58.
Zeremski T, Tomi¢ N, Mili¢ S, Vasin J, Schaetzl R], Mili¢ D,
Gavrilov MB, Zivanov M, Ninkov J, Markovi¢ SB. Saline soils:
A potentially significant geoheritage of the Vojvodina Region,
Northern Serbia. Sustain. 2021;13.

Nejgebauer V, Zivkovi¢ B, Tanasijevi¢ D, Miljkovi¢ N. Pedoloska
karta Vojvodine R 1:50.000, Institut za poljoprivredna
istrazivanja, Novi Sad. 1971.

TUSS Working Group WRB. World Reference Base for Soil
Resources. International soil classification system for naming
soils and creating legends for soil maps. 4th ed. International
Union of Soil Sciences (IUSS), Vienna, Austria. 2022.
Bogdanovi¢ D, Lazi¢ S, Beli¢ M, Nesi¢ L, Ciri¢ V, Cabilovski R.
Uzorkovanje zemljista za ispitivanje plodnosti. In: Manojlovi¢
M, editor. Uzorkovanje zemljista i biljaka za agrohemijske i
pedoloske analize (priru¢nik). Univerzitet u Novom Sadu,
Poljoprivredni fakultet; 2014.


https://www.serbiosoc.org.rs/NewUploads/Uploads/Kuzmanovic%20et%20al_Raw%20Dataset_2.xlsx

Arch Biol Sci. 2024;76(1):27-40

26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

SRPSISO 11464. Kvalitet zemljista - Prethodna obrada uzoraka
za fizicko-hemijske analize. 2004;

ISO 10390. Soil quality - Determination of pH. 1994.

ISO 10693. Soil quality - Determination of carbonate content -
Volumetric method. Netherlands: Springer Science & Business
Media; 1995.

ISO 14235. Soil quality - Determination of organic carbon by
sulfochromic oxidation. 1998.

AOAC 972.43. Microchemical determination of carbon,
hydrogen, and nitrogen, automated method. 2000.

SRPS ISO 10694. Kvalitet zemljista - Odredivanje organskog
i ukupnog ugljenika posle suvog sagorevanja (elementarna
analiza). 2005.

Egner H, Riehm H, Domingo WR. Untersuchungen iiber
die chemische Bodenanalyse als Grundlage fiir die Beur-
teilung des Nahrstoffzustandes der Boden, II: Chemische
Extractionsmetoden zu Phosphorund Kaliumbestimmung.
K Lantbrukshiigskolans Ann. 1960;26:199-215.

Murphy J, Riley JP. A modified single solution method for
the determination of phosphate in natural waters. Anal Chim
Acta. 1962;27:31-6.

Thalman A. Zur Methodik der Bestimmung der Dehydrogenase
Activitat in Boden Mittels Triphenyltetrazoliumhlorid (TTC).
Landw Forsch. 1968;21:249-57.

Klein DA, Loh TC, Goulding RL. A rapid procedure to evaluate
the dehydrogenase activity of soils low in organic matter. Soil
Biol Biochem. 1971;3(4):385-7.

ISO 23753-1. Determination of dehydrogenase activity in soil
Part 1: Method using triphenyltetrazolium (TTC). 2011.
Garcia-Delgado C, D’Annibale A, Pesciaroli L, Yunta F, Cro-
gnale S, Petruccioli M, Eymar E. Implications of polluted soil
biostimulation and bioaugmentation with spent mushroom
substrate (Agaricus bisporus) on the microbial community
and polycyclic aromatic hydrocarbons biodegradation. Sci
Total Environ. 2015;508:20-8.

Tabatabai MA, Bremner JM. Use of p-nitrophenyl phos-
phate for assay of soil phosphatase activity. Soil Biol Biochem.
1969;1(4):301-7.

Acosta-Martinez V, Cano A, Johnson J. Simultaneous deter-
mination of multiple soil enzyme activities for soil health-
biogeochemical indices. Appl Soil Ecol. 2018;126:121-8.
Johnson JL, Temple KL. Some variables affecting the mea-
surement of “catalase activity” in soil. Soil Sci Soc Am ]J.
1964;28(2):207-9.

Roberge MR. Methodology of enzymes determination and
extraction. In: Burns RG, editor. Soil Enzymes. New York:
Academic Press; 1978. p. 341-73.

RStudio Team. RStudio: integrated development environment
fo R [Internet]. Boston: RStudion, PBC; 2021. Available from:
http://www.rstudio.com/

Wickham H, Frangois R, Henry L, Miiller K, Vaughan D. dplyr:
A grammar of data manipulation [Internet]. 2023. Available
from: https://github.com/tidyverse/dplyr

Kuhn M, Jackson S, Cimentada J. corrr: Correlations in R
[Internet]. 2022. Available from: https://github.com/tidymodels/
corrr, https://corrr.tidymodels.org

Wei T, Simko V. R package “corrplot”: visualization of a cor-
relation matrix [Internet]. Trends in Microbiology. 2017.
Available from: https://github.com/taiyun/corrplot

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

35

Wickham H. ggplot2: Elegant graphics for data analysis [Inter-
net]. 2nd ed. New York: Springer International Publishing;
2016. Available from: https://ggplot2.tidyverse.org

Pavlovi¢ P, Kosti¢ N, Karadzi¢ B, Mitrovi¢ M. The Soils of
Serbia. Hartemink AE, editor. Madison, USA: Department of
Soil Science, FD Hole Soils Laboratory, University of Wisconsin-
Madison; 2017.

Mili¢ S, Ninkov J, Zeremski T, Latkovi¢ D, Seremesi¢ S,
Radovanovi¢ V, Zarkovi¢ B. Soil fertility and phosphorus
fractions in a calcareous chernozem after a long-term field
experiment. Geoderma. 2019;339:9-19.

Manojlovi¢ S. Sistem kontrole plodnosti zemljista i upotrebe
dubriva u Vojvodini - od nau¢nih istraZivanja, preko razvojnih
istrazivanja do funkcionisanja u poljorivrednoj proizvodnji
Vojvodine. In: Zbornik radova Pokrajinskog komiteta za nauku
I informatiku, knjiga broj 18. 1986. p. 123-7.

Taylor JP, Wilson B, Mills MS, Burns RG. Comparison of
microbial numbers and enzymatic activities in surface soils
and subsoils using various techniques. Soil Biol Biochem.
2002;34:387-401.

Miljkovi¢ N. Ameliorative Pedology. University of Novi Sad,
Faculty of Agriculture, Water Management Department, Public
Water Management Company “Vode Vojvodina”, Novi Sad.
2005.

Acosta-Martinez V, Tabatabai MA. Enzyme activities in a
limed agricultural soil. Biol Fertil Soils. 2000;31:85-91.
Turner BL, Haygarth PM. Phosphatase activity in temperate
pasture soils: Potential regulation of labile organic phosphorus
turnover by phosphodiesterase activity. Sci Total Environ.
2005;344:27-36.

Aon MA, Colaneri AC. II. Temporal and spatial evolution of
enzymatic activities and physico-chemical properties in an
agricultural soil. Appl Soil Ecol. 2001;18:255-70.

Adetunji AT, Ncube B, Meyer AH, Mulidzi R, Lewu FB. Soil
B-glucosidase activity, organic carbon and nutrients in plant
tissue in response to cover crop species and management
practices. South African J Plant Soil. 2020;37(3):202-10.

Tan X, Xie B, Wang J, He W, Wang X, Wei G. County-scale
spatial distribution of soil enzyme activities and enzyme activ-
ity indices in agricultural land: Implications for soil quality
assessment. Sci World J. 2014;2014.

Ferndndez-Calvino D, Soler-Rovira P, Polo A, Diaz-Ravifa
M, Arias-Estévez M, Plaza C. Enzyme activities in vineyard
soils long-term treated with copper-based fungicides. Soil Biol
Biochem. 2010;42:2119-27.

Moeskops B, Sukristiyonubowo, Buchan D, Sleutel S, Her-
awaty L, Husen E, Saraswati R, Setyorini D, De Neve S. Soil
microbial communities and activities under intensive organic
and conventional vegetable farming in West Java, Indonesia.
Appl Soil Ecol. 2010;45:112-20.

Kong Y, Qu A, Feng E, Chen R, Yang X, Lai Y. Seasonal Dynamics
of Soil Enzymatic Activity under Different Land-Use Types in
Rocky Mountainous Region of North China. Forests. 2023;14(3).



36 Arch Biol Sci. 2024;76(1):27-40

SUPPLEMENTARY MATERIAL

Supplementary Table S1. Description of agricultural plots chosen for soil sampling, including location, soil type, brief plot description
(land use, crop), and coordinates.

Field plot ID | Location Soil type Plot description Coordinates
Lat. Lon.
C1 Rimski Sancevi 1 chernozem agricultural, wheat 45.323533 19.845817
C2 Rimski Sancevi 1 chernozem agricultural, corn 45.319593 19.918322
C3 Rimski Sancevi 1 chernozem control, forest 45.326413 19.858557
C4 Rimski Sancevi 2 chernozem agricultural, wheat 45.329126 19.845849
C5 Rimski Sancevi 2 chernozem agricultural, wheat 45.324289 19.847339
C7 Futog chernozem agricultural, corn 45.245382 19.696786
C8 Futog chernozem agricultural, wheat 45.246626 19.696785
C9 Futog chernozem control, forest 45.240622 19.699131
V1 Becej vertisol agricultural, orchard 45.583608 20.086958
V2 Becej vertisol agricultural, sunflower 45.581293 20.086911
V3 Becej vertisol control, meadow in the forest 45.579718 20.086729
V4 Muzlja vertisol agricultural, organic, wheat 45.289950 20.272072
V5 Muzlja vertisol agricultural, wheat 45.301575 20.275848
V6 Muzlja vertisol control, meadow 45.307951 20.258690
V7 Vrsac vertisol agricultural, vineyard 45.105204 21.329008
V8 Vrsac vertisol agricultural, pumpkin 45.103016 21.331516
\E Vrdac vertisol control, forest 45.105761 21.330247
S1 Rancevo solonchak agricultural, soybean 45.869438 19.125111
S2 Rancevo solonchak agricultural, corn 45.866464 19.126623
S3 Rancevo solonchak control, pasture 45.867231 19.121985
S4 Kljaji¢evo solonchak agricultural, wheat 45.736836 19.262121
S5 Kljaji¢evo solonchak agricultural, wheat 45.736168 19.264500
S6 Kljaji¢evo solonchak control, pasture 45.736830 19.264342
S7 Tre$njevac solonchak agricultural, corn 45.982334 20.000062
S8 Tre$njevac solonchak agricultural, wheat 45.981869 20.000192
S9 Tre$njevac solonchak control, pasture 45.984553 19.999160
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Supplementary Fig. S1. Soil sampling locations in the Autonomous Province of Vojvodina. Each soil type was sampled at 3
locations — solonchak (1-3): Ranéevo (S1-S3), Kljaji¢evo (S4-S6), and Tre$njevac (S7-S9); vertisol (4-6): Becej (V1-V3), Muzlja
(V4-V6), and Vrsac (V7-V9); chernozem (7-8): Rimski Sanéevi 1 and 2 (C1-C5), and Futog (C7-C9).
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Supplementary Fig. $2. Differences in chemical properties across three different soil types. A - pH in KCI, B - pH in H,0, C -
CaCO, (%), D - organic matter (%), E - total nitrogen (%), F - organic carbon (%), G - P,0, (mg/100 g), H - K,0 (mg/100 g).
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Supplementary Fig. $3. Differences in enzymatic activities across three different soil types. A - acid phosphatase (pg pNP g
dm h'), B - alkaline phosphatase (ug pNP g' dm h™'), C - p-glucosidase (ug pNP g' dm h™'), D - dehydrogenase (ug TPF ¢! dm
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