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Abstract: The aim of the study was to determine the impact that three cultivation systems—conventional
till (CT), reduced till (RT), and strip-till one-pass (ST-OP)—had on the biological parameters of the
soil and their relationships with organic matter properties in the row zone (R) and inter-row zone (IR).
For this purpose, a long-term static field experiment was carried out, from which soil samples were
taken from a depth of 0-20 cm and the following were determined: TOC; TN content and fractional
composition of organic matter; activity of dehydrogenases (DEHs), catalase (CAT), alkaline (AIP),
and acid phosphatase (AcP); and the abundances of heterotophic bacteria (B), filamentous fungi
(F), actinobacteria (Ac), and cellulolytic microorganisms (Ce). Soil samples for biological parameter
tests were collected in summer (July) and autumn (October). RT and ST-OP increase the content of
TOC, TN, carbon, and nitrogen in the humic and fulvic acid fractions. For the studied groups of
microorganisms, the conditions for development were least favourable under CT cultivation. The
results show that in July, the activities of DEH and CAT were the highest in ST-OP, whereas in October,
they were the highest under CT. AIP and AcP activity were markedly the highest under ST-OP in both
months. Enzyme activity was significantly the highest in the IR zone. The results indicate that, of
the calculated multiparametric indicators, (AIP/AcP, GMea, BIF, BA12, and TEI), BA12 is a sensitive
biological indicator of soil quality.

Keywords: TOC; TN; fractional composition of OM; soil enzymes; soil microorganisms; tillage systems

1. Introduction

Tillage is a practice of agricultural management. It has a significant impact on agroe-
cosystems, crop production, and the environment [1]. Soil inversion may directly and
indirectly lead to changes in the soil environment [2]. It affects physicochemical soil
properties, nutrient circulation, and microbial activity [3].

Reducing conventional plough cultivation is a key element of conservation agriculture [4,5],
which reduces the adverse environmental impacts of field plant production [6]. One technique
that extensively reduces soil tillage is zonal tilling, including strip-till. It relies essentially
on the deep tilling of strips of soil for growing plants and an unloosened inter-row zone
covered with plant residues [7-9].

Strip tillage, especially when performed simultaneously with the application of fertil-
izers and the sowing of seeds (i.e., strip-till one-pass), is growing in popularity globally [10],
including in Europe [11,12] and Poland [13].

Strip tillage significantly differentiates the environmental conditions of loosened rows
from those of uncultivated inter-rows. The loosened soil warms quickly and allows water
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to infiltrate, while the unloosened, mulched soil is wetter, retains water longer, and warms
more slowly [14,15].

According to Campbell et al. [16], no-till and strip-till leave most of the crop residue on
the undisturbed surface, while conventional tillage introduces the residue into the soil. This
increases soil contact with the residue, which promotes its rapid decomposition into organic
matter through oxidation. Reducing the intensity of soil tillage increases the organic carbon
content in the soil, especially its upper layers, and increases its biological activity [17-20].

One factor shaped by the farming system consists of the chemical and biological pa-
rameters of soil. They should be taken into account when assessing soil condition [21]. Due
to the sequestration process, soils constitute the largest store of carbon resources [22,23].
Therefore, the mineralisation of soil organic matter (SOC) and the concomitant carbon
release and humification processes may have a huge impact on climate change and, conse-
quently, on global warming [24]. Therefore, organic carbon content (TOC) is a fundamental
indicator of soil quality.

The physical, chemical, and biological properties of soils are determined by the content
of organic matter and its composition. Humic substances (HSs) are the fraction of OM most
resistant to decomposition. The composition of HSs includes, among others humic acids
(HASs) and fulvic acids (FAs)

One of the most important parameters that indicate the “humus quality” is the ratio of
the C content of humic acids to the C content of fulvic acids (CHAs/CFAs). It is assumed
that higher ratio values characterise more fertile soils. The values of the CHA /CFA ratio
may change as humification progresses and indicate the potential mobility of organic
carbon in the soil [25,26]. As reported by, among others, Chantigny [27], Kalbitz [28],
Debska et al. [29,30], Si et al. [20], and Debska et al. [31], in agricultural soils, the factor
that significantly differentiates the content of humic and fulvic acids and humin fractions,
especially in the top layer, is agrotechnical treatments.

Soil microbiota are of fundamental importance for the functionality of agroecosystems
and ecological processes in the soil; they regulate the transfer of mineral and organic
compounds and participate in the response to environmental changes and anthropogenic
disturbances [32,33]. The composition and functionality of the soil microbiome are con-
trolled by abiotic soil properties, including pH, texture, and availability of nutrients and
moisture [34], which in turn depend on the agrotechnical treatments applied in agricultural
soils. The resource-heavy intensification of agriculture of low crop diversity may impact
soil microbial composition and a range of processes, including the circulation of nutrients,
degradation of organic matter, stabilisation of soil aggregates, and both symbiotic and
pathogenic interactions with plants [35,36]. As new cultivation technologies, including
simplified, no-plough, strip cultivation systems come into more widespread usage, the
study of their impact on microbial communities is increasingly warranted. Research to
date has mainly compared the effects of conventional and organic farming [37,38], while
our knowledge about the impact that no-till farming systems have on the soil microbiome
is minimal.

Soil contains free extracellular enzymes, adsorbed enzymes stabilised by minerals, and
intracellular enzymes found in the living and reproducing cells of microorganisms. Soil
enzymes are catalysts for many important soil processes, such as the biosynthetic pathway,
decomposition of soil humus, and phosphorus mineralisation, and they determine the qual-
ity and health of soils [39,40]. Soil enzymatic activity reflects the degree of environmental
pollution and is an early indicator of soil degradation or improvement. This property is
also a measure of soil fertility and productivity.

According to Niewiadomska et al. [41] and Niewiadomska et al. [42], cultivation sys-
tems determine soil biochemical activity. The adoption of continuous simplified cultivation
and no ploughing for several years may increase the TOC content compared to a ploughing
system and, thus, the abundance of microorganisms and the level of enzymatic activity
in the soil [22,43,44]. Research by Pérez-Brandan et al. [44] has shown that agricultural
intensification can change soil biochemical indices more quickly than it changes indicators
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of soil microbial diversity. Many researchers believe that combining several indices into
one would provide a better perception of soil condition than individual parameters [45].

The aim of this study was to compare OM contents, OM compositions, and biological
soil properties among three cultivation systems: conventional tillage (plough), ploughless,
and strip-till, distinguishing between plant rows and inter-rows. It was also assessed
whether biological properties and their related enzymatic fertility indices (AIP/AcP, GMea,
BIF, BA12, and TEI) are quick and valuable indicators of soil stress conditions caused by
the cultivation system. It was assumed that, in strip cultivation, the intense loosening of
rows adjacent to unloosened inter-rows would be a factor shaping the content (and thus
quality) of OM and the biological properties of the soil.

2. Materials and Methods
2.1. Experiment Design

The subject of the research was soil samples collected during a long-term field exper-
iment with various soil tillage systems. The experiment was set up in 2012 on Luvisol
soils in Smielin (53°09’04.0” N, 17°29/10.7" E; 93.8 m a.s.L.) in the Kuyavian-Pomeranian
Voivodeship of Poland (Figure 1).

Smielin, Poland

53°09'04.0”N, 17°29'10.7"E

Figure 1. Location of study area (https://upload.wikimedia.org/wikipedia/commons/0/08
/Poland_on_the_globe_%28Europe_centered%29.svg) (accessed on 20 November 2023).

There were three treatments in the experiment:

—  conventional tillage, mouldboard plough (CT);
- reduced tillage, ploughless cultivation (RT);
—  strip cultivation, strip-till one-pass (ST-OP).

The soil properties in the research period at the research location, as well as agrotechni-
cal practices performed within individual experimental treatments, have been thoroughly
characterised in a previous work [46], and meteorological conditions are shown in Table 1.
In the years 2018-2020, crops were grown in a rotation of winter rapeseed-winter wheat.
After harvesting winter rapeseed (July) and after sowing winter wheat (October), within
each experimental treatment, plots measuring 12 m x 25 m were designated (the same
locations in both crops), from which soil samples were taken.

Table 1. Meteorological conditions in the research area.

Year Year
Month 1981-2010 1981-2010
2018 2019 2020 2018 2019 2020
Air Temperature (°C) Precipitation (mm)
January 0.8 -0.7 2.6 -1.8 46.3 32.6 37.7 26.8
February -32 2.6 3.6 —-09 5.8 18.1 36.0 20.7
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Table 1. Cont.
Year Year
Month 1981-2010 1981-2010
2018 2019 2020 2018 2019 2020
Air Temperature (°C) Precipitation (mm)

March —-0.2 5.4 3.9 2.5 16.4 28.8 26.1 31.9
April 12.0 9.3 8.2 7.9 404 15 0.7 27.0
May 16.9 12.1 11.2 13.3 14.2 89.2 34.2 49.3
June 18.4 219 17.9 16.1 26.4 17.7 142.0 52.8
July 20.5 18.6 18.3 18.6 86.0 22.4 67.2 69.8

August 19.9 19.7 19.9 17.9 23.7 37.7 114.4 62.6

September 15.6 135 15.1 13.1 17.0 98.5 66.7 46.0

October 9.8 9.8 10.5 8.2 34.1 35.9 72.9 31.5

November 4.5 5.5 6.0 2.9 7.2 69.6 124 324

December 2.0 2.7 1.8 —-0.6 50.3 21.1 33.8 34.0

Average 9.8 10.0 17.9 8.1 367.8 473.1 142.0 484.8
2.2. Methods

2.2.1. Content and Fractional Composition of Organic Matter

Soil samples for the determined organic matter properties were taken immediately
after harvest. The samples were dried at room temperature and sieved, and the content of
total organic carbon (TOC) and total nitrogen (TN) was determined with the Vario Max CN
analyser (Elementar, Germany). The content of carbon and nitrogen in humus fractions:
Cd (Nd)—carbon (nitrogen) in solutions after decalcification;

C(HAs + FAs) (N(HAs + FAs)—sum of carbon (nitrogen) of HAs and FAs in extracts
obtained with 0.5 M NaOH; and CFAs (NFAs)—carbon (nitrogen) of fulvic acids following
humic acid precipitation were assayed with Multi N/C 3100 Analityk Jena (Jena, Germany).

The content of carbon (nitrogen) of humic acids CHAs (NHAs) and humins (C(N)hs
was calculated [31]:

C(N)HAs = C(N)HAs + FAs — C(N)FAs 1)

C(N)h = TOC(TN) — C(TN)HAs + FAs — C(N)d ©)

2.2.2. Microbial Analyses

The total count of heterotrophic bacteria (B), actinobacteria (Ac), filamentous fungi
(F), and cellulolytic microorganisms (Ce) was determined using microbiological analyses
of soil samples. Ringer’s solution was mixed with ten grams of each soil sample. After
homogenisation for 30 min, tenfold serial dilutions were made (1071-107%). The soil
solutions were then inoculated on appropriate culture media. Total heterotrophic bacteria
were isolated on standard nutrient agar, and filamentous fungi were determined on Rose
Bengal agar with 0.03 mg mL~! of streptomycin [47]. The yeast extract-glucose medium
(YGA) containing 0.1 mg mL~! of nystatin was used for isolation of actinobacteria [48].
The cellulolytic microorganisms were determined on the selective agar medium containing
0.1% sodium carboxymethylcellulose and using 0.1% Congo red [49]. Incubation was
conducted at 25-28 °C—for 4-5 days for microorganisms and for 10 days for actinobacteria.
All determinations were carried out in four replicates. The colony-forming units (CFUs)
were quantified per gram of soil dry matter (CFU g~! d.m. of soil).

2.2.3. Activity of Enzymes in the Soil

Soils for testing the activity of selected enzymes were collected in summer (July) and
autumn (October), the same as for microbiological assessment. The activities of selected
redox and hydrolytic enzymes were tested in fresh, sieved (<2 mm) soils that had been
stored for 2 weeks at 4 °C.
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—  The activity of dehydrogenases (DEHs) (EC 1.1.1) was determined by the method
of Thalmann [50];

—  Catalase activity (CAT) (EC 1.11.1.6) was determined by the method of Johnson
and Temple [51];

-  Alkaline (AIP) (EC 3.1.3.1) and acid (AcP) (3.1.3.2) activity was determined by the
method of Tabatabai and Bremner [52].

Based on the enzyme activity results, the following multiparametric indices
were calculated:

—  enzymatic pH indicator [53]:

AIP/AcP @)
—  geometric mean GMea [54]:
GMea = v'DEH x CAT x AIP x AcP (4)
—  biological index of fertility BIF [55]:
BIF — 1.5DEH + 100kCAT 5)

2
where: k is a factor proportionality equal to 0.01.

—  to assess the total level of enzyme activity (TEI), the following was calculated [56]:

TEI=)_ % (6)

where Xi is the activity of soil enzyme i and is the mean activity of enzyme i in all samples.

—  biochemical soil activity (BA12) [57] was proposed based on the activities of soil
enzymes and the content of the total organic carbon:

BA12 = log,;,TOCVDEH + CAT + AIP + AcP @)

2.3. Statistical Analyses

Based on the results, a two-way analysis of variance (ANOVA) was performed for
a split-plot design (random subblocks) using STATISTICA 13 software (Stat Soft Polska 13.3)
in order to determine the impact that each tillage system (I factor) and zone (II factor) and
interactions between tillage system and plant growth zone had on the content of TOC and
TN, fractional composition of organic matter, and soil biological variability (enzyme activity
and microbial counts). Tukey’s post hoc test was used to identify significant differences
between means. The results of enzyme activity and microbial counts are presented for
two terms (July and October). In order to better understand the relationship between
the studied parameters, a multidimensional statistical method was used, the principal
component analysis (PCA); this allows the number of variables describing a given object
to be reduced and also allows the impact that primary variables have on the principal
components and the mutual correlations among principal variables to be determined.
The results of this analysis are presented as a diagram presenting the features in the
system of the first two principal components (PC1 and PC2), which synthetically represent
mutually correlated variables. PCA was also used to present correlations between the
measured parameters. The work also used cluster analysis (CA). CA allows groups of
objects (tillage systems and zones) to be distinguished based on the diversity of variables.
Multidimensional cluster analyses are represented graphically using dendrograms. Ward’s
method [58] was used to calculate the distance between individual clusters.
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3. Results and Discussion
3.1. Content and Fractional Composition of Organic Matter

The organic carbon (TOC) content ranged from 9.36 (CT plough tillage) to 13.08 g kg !
(ST-OP strip tillage). For ST-OP, samples from (IR) (13.70 g kg ~!) had a significantly higher
TOC content than samples taken from (R) (Table 2). The TN content ranged on average
from 1.11 (CT) to 1.50 g kg~! (ST-OP). Similar to the TOC content, the only significant
difference in TN content between IR and R occurred under ST-OP. Moreover, there were no
significant differences in TOC and TN content between RT and ST-OP crops for samples
taken from rows. The TOC/TN ratios were similar, and on average, were in the range
from 8.44 (CT; ST-OP) to 8.87 (RT). The TOC/TN ratio is the main factor determining the
mineralisation of carbon and nitrogen compounds in soil organic matter [59].

Table 2. Content (g kg~ !) of total organic carbon (TOC) and total nitrogen (TN).

TOC (gkg™1) TN (gkg™) TOC/TN
Tillage Systems Zone II Factor
I Factor *
R IR Mean R IR Mean R IR Mean

CT 9.62 9.11 9.36 1.15 1.08 1.11 8.40 8.48 8.44
RT 12.44 12.78 12.61 1.43 1.42 1.42 8.70 9.03 8.87
ST-OP 12.47 13.70 13.08 1.45 1.56 1.50 8.63 8.28 8.45
Mean 11.51 11.86 11.67 1.34 1.35 1.34 8.58 8.60 8.59

LSD 10.12; I n.s,; 10.040; I n.s,; 10.22; I n.s.;

0.05 1/110.69; 11/10.78 1/110.048; 11/1 0.059 1/110.38;11/10.35

* CT—conventional tillage; RT—reduced tillage; ST-OP—strip-till one-pass, R—row; IR—inter-row;
n.s.—not significant.

In the organic matter fractionation process, the first stage is decalcitation, as a result of
which low-molecular-weight organic compounds, which constitute the most labile part of
OM, pass into the solution. A significantly higher Cd content was found in soil samples
taken under no-plough and ST-OP compared to RT (Table 3). The carbon content in the
humic acid (CHA) fraction was significantly higher for RT and ST-OP than for CT. Moreover,
significant differences in CHA content were recorded between samples taken from rows
and inter-rows. The content of CHAs was higher for the IR variant than for the R variant
(in RT and ST-OP variants). The only factor determining the carbon content in the fulvic
acid fraction was the tillage system. Similar to the aforementioned Cd and CHA fractions,
the content of the CFA fraction was significantly lower for ploughed tillage than for RT and
ST-OP. One of the most important indicators of the soil organic matter quality is the ratio of
humic acid carbon to fulvic acid carbon (CHA /CFA). Despite differences in the content
of CHA and CFA, the ratio values did not differ significantly (mean 1.1). The content of
Cd, CHAs, and CFAs significantly and positively correlated with the TOC content being
r=0.493; r = 0.675; and r = 0.993, respectively. This direct relationship between TOC and
the content of individual fractions is confirmed by reports in the literature [31,60]. In order
to obtain a full picture of the quality of OM, the shares of these fractions should be taken
into account (Figure 2A). The share of the Cd fraction ranged from 2.6 (RT) to 3.1% (CT).
The shares of CHAs, CFAs, and CHs were on average 26.1, 23.3, and 47.8%. The shares of
the CHA, CFA, and CH fractions were not determined by tillage system (factor I) nor by
place of sampling (factor II). Because the quality of humus is a characteristic element of the
soil in specific habitat conditions, it is of great importance that the agrotechnical treatments
used, including tillage systems, do not disturb the balance of the soil system.

The nitrogen content was also determined in isolated OM fractions (Table 4). The
nitrogen content of the humic and fulvic acid fractions was determined exclusively by
the tillage system. The highest significant content of Nd, NHAs, and NFAs was found in
ST-OP samples, and the lowest in samples from RT. The N content in individual fractions
correlated significantly and positively with the nitrogen content (Figure 3). The share of
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nitrogen in the Nd, NHA, and NFA fractions was small and amounted on average to 3.9,
11.7, and 12.0%, respectively. The highest level of nitrogen was determined in the humin
fraction. The nitrogen in this OM fraction constituted from 71.51% to 72.4% of total nitrogen
(Figure 2B).

Table 3. Content (mg kg ') of carbon in humus fraction.

Cd (mg kg—1) CHAs (mg kg1) CFAs (mgkg™1) CHASs/CFAs
Tillage Systems Zone II Factor
I Factor *
R IR Mean R IR Mean R IR Mean R IR Mean
CT 271 305 288 2447 2470 2458 2240 2200 2220 1.1 1.1 1.1
RT 355 310 333 3203 3465 3334 2767 2938 2852 1.2 1.2 1.2
ST-OP 375 298 336 3164 3539 3352 3001 3198 3099 1.0 1.1 1.1
Mean 333 304 319 2938 3158 3048 2669 2778 2724 1.1 1.1 1.1
LSD 138.6;1I n.s.; 1363.7; 11 163.8; 1143.6;IIn.s.; Ins.;IIns,;
0.05 I/Iins,;II/Ins. I/lins,;I/Ins. I/lins,;II/Ins. I/Ilns.; /I ns.
* CT—conventional tillage; RT—reduced tillage; ST-OP—strip-till one-pass, R—row; IR—inter-row; n.s.—not sig-
nificant; Cd—carbon in solutions after decalcification, CHAs—carbon of the fraction of humic acids, CFAs—carbon
of the fraction of fulvic acids
A B
100 100
80 — — 80 — —
60 — — 60 — —
40 — — 40 — —
20 — — 20 — |
0 — — — — — — 0 | — — — — —
ST-OFR ST-OFIL-RE CTR CTIR ETR ETI-E ST-OFR ST-OFIL-RE CTR CTIR ETR ETI-E
mCd CHAs CFAs Ch EMNd mNHAs nlNFAs ©Nh

Figure 2. Share of carbon (A) and nitrogen (B) in organic matter fractions. CT—conventional tillage;
RT—reduced tillage; ST-OP—strip-till one-pass, R—row; IR—inter-row. Cd—carbon in solutions
after decalcification, CHAs—carbon of the fraction of humic acids, CFAs—carbon of the fraction
of fulvic acids, Ch—carbon of the humin fraction; Nd—nitrogen in solutions after decalcification,
NHAs—nitrogen of the fraction of humic acids, NFAs—nitrogen of the fraction of fulvic acids,
Nh—nitrogen of the humin fraction.

Table 4. Content (mg kg~') of nitrogen in humus fraction.

Nd NHAs NFAs NHASs/NFAs
Tillage Systems Zone II Factor
I Factor *
R IR Mean R IR Mean R IR Mean R IR Mean

CT 45 48 47 112 114 113 140 145 143 0.8 0.8 0.8
RT 49 46 47 177 175 176 161 161 161 1.1 1.1 1.1
ST-OP 63 59 62 199 180 189 178 172 175 1.1 1.0 1.1
Mean 52 51 52 162 156 159 160 159 160 1.0 1.0 1.0

LSD. 1151124, 152.1;1In.s.; 115.0; I n.s; Ins,;IIns,;

0.05 I/IIns,;I/Ins. I/lIns,;I/Ins. I/IIns,;1/Ins. I/IIns.;1/Ins.

* CT—conventional tillage; RT—reduced tillage; ST-OP—strip-till one-pass, R—row; IR—inter-row; n.s.—not
significant; Nd—nitrogen in solutions after decalcification, NHAs—nitrogen of the fraction of humic acids,
NFAs—nitrogen of the fraction of fulvic acids.
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BIF BA12
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1.00 2.00
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0.50 1.00

0.50
0.00 0.00
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W july ® October W july ® October

TEI

5.00
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3.00
2.00
1.00

0.00
ST-OP (R) ST-OP (IlR) CT(R)  CT(I-R) RT (R} RT (I-R)

mJuly mQctober

Figure 3. Index of soil enzymes: AIP/AcP, GMea, BIF, BA12, and TEIL

3.2. Occurrence of Soil Microorganisms

The results of microbiological tests for the number of total bacteria and filamentous
fungi are presented in Table 5, and the results of actinobacteria and cellulolytic microorgan-
isms are in Table 6. The obtained data clearly indicate that the least favourable conditions
for the development of soil microorganisms occurred under CT. In soil samples taken
from this tillage system, the numbers of total bacteria, filamentous fungi, actinobacteria,
and cellulolytic microorganisms were lower than under either RT or ST-OP. Statistical
analysis confirmed a significantly higher number of the tested microbial groups in the soil
under RT both in the summer period after the rapeseed harvest and in the autumn period
under winter wheat cultivation. The greatest differences between RT and CT cultivation
were observed in the case of actinobacteria, the abundance of which was 41.3 x 10° cfu
dm of soil for CT, 93.5 for RT, and 88.38 for ST-OP. The plant growth zone (factor II) had
less influence on the abundance of soil microorganisms; only for bacteria and cellulolytic
microorganisms (in autumn) and for actinobacteria (in summer) were there statistically
significant differences in their occurrence between Rand IR of the compared tillage systems.
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Table 5. Number of heterotrophic bacteria (B) and filamentous fungi (F) in the soil in July and October.

B (10° cfu g~1 d.m. of Soil) F (10* cfu g~ d.m. of Soil)
Tillage Systems July October July October
I'Factor * Zone II Factor Zone II Factor

R IR Mean R IR Mean R IR Mean R IR Mean
CT 27.8 28.5 28.13 27.0 33.6 30.31 28.9 27.8 28.31 36.3 44.3 40.25
RT 49.8 37.1 43.44 42.5 50.5 46.50 42.3 51.3 46.75 81.9 69.4 75.63
ST-OP 25.3 37.9 31.60 66.7 345 50.60 46.1 46.8 46.47 108.8 684 88.57
Mean 34.28 34.51 34.39 4540 39.54 4247 39.08 41.94 40.51 75.63  60.67 68.15

LSD 113.41; I n.s. 119.98; I n.s.; 117.81;1In.s 127.50; II n.s.

0.05 I/Ilns.; II/Ins. 1/1128.26; 11/123.27 I/Ilns.; 1I/Ins. I/Ilns.;1I/Ins.

* CT—conventional tillage; RT—reduced tillage; ST-OP—strip-till one-pass, R—row; IR—inter-row;
n.s.—not significant.

Table 6. Number the actinobacteria (Ac) and cellulolytic microorganisms (Ce) in the soil in July
and October.

Ac (10° cfu g~1 d.m. of Soil) Ce (10° cfu g1 d.m. of Soil)
Tillage Systems July October July October
I Factor * Zone II Factor Zone II Factor

R IR Mean R IR Mean R IR Mean R IR Mean
CT 59.6 58.6 59.13 38.9 43.8 41.31 13.8 13.3 13.50 18.5 14.0 16.25
RT 116.8 95.8 106.3 95.4 91.6 93.50 17.3 16.3 16.78 28.5 26.1 27.31
ST-OP 47.7 72.8 60.25 1045 723 88.38 12.5 20.6 16.55 321 20.0 26.04
Mean 74.69 7573 7521 7958 6921 7440 1453 16.69 1561 2637 20.03 23.20

LSD 112.29; I n.s 124.31; I n.s. Ins.; IIns. 13.65; 11 2.46;

0.05 1/1117.39;11/114.31 I/IIns.;II/In.s. I/IIns.;II/In.s. I/115.16.;11/14.25

* CT—conventional tillage; RT—reduced tillage; ST-OP—strip-till one-pass, R—row; IR—inter-row;
n.s.—not significant.

The abundance of soil microorganisms was also influenced by the timing of soil
sampling, which was probably due to the significantly higher temperature in July (by about
10 °C) than in October and humidity conditions. Relatively more microorganisms (B, F,
and Ce) were isolated in October than in July, with the exception of actinomycetes (As), for
which the greatest number were obtained in the summer in the cultivation of CT and RT. It
should be added that the greatest differences were noted for the occurrence of filamentous
fungi, as there were significantly more of them in the autumn period (on average by about
41%) than in the summer in each of the compared cultivation systems (CT, RT, and ST-OP).

The literature yields few research results on the effects of long-term reduced tillage
systems on the soil environment and its biological properties. Seven-year static experi-
ments conducted by Matecka et al. [61] showed that simplified tillage and direct sowing
contributed to an increase in the content of TOC and TN and available forms of K and
Mg in the surface soil layer, an increase in moisture and bulk density, and a decrease
in capillary water capacity. In turn, conventional tillage based on ploughing and other
mechanical tillage treatments destroys the natural structure of the soil, causing it to dry out
and accelerating the mineralisation of organic matter [46,62,63]. A loss of organic matter
destabilizes the soil structure and reduces the water capacity and microbiological activity of
the soil. The effects of such a phenomenon were observed in our own research. The results
of microbiological analyses showed a significantly lower abundance of the tested groups
of microorganisms in CT soil compared to RT, which was statistically confirmed. The
results for the abundance of actinobacteria are noteworthy, as they exhibited the greatest
differences between the systems, because in the RT system, they were 43% more numerous
than under ST-OP and 45% more than under CT. From the phytosanitary perspective,
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the development of actinobacteria in the soil is very beneficial; their presence can protect
against the multiplication of pathogenic fungi [64,65]. The timing of the analyses also
influenced the levels of microorganism abundance. Relatively more heterotrophic bacteria,
fungi, and microorganisms hydrolysing cellulose were isolated in autumn than in summer,
which could be due to a greater influx of organic matter from, among others, accumulated
crop residues and fertilizers applied in the cultivation of winter wheat [35,38].

3.3. Activity of Enzymes in the Soil

The test results and the conducted ANOVA indicate a varied response of selected
redox and hydrolytic enzymes to the experimental factors used (Tables 7 and 8). The tillage
systems and the crop growth zone were found to significantly affect DEH activity. The
highest activity of this enzyme was found under ST-OP in July (average 0.574 mg TPF kg !
24 h~1). It is believed that ST-OP combines the positive aspects of CT and RT. Long-term
studies by Ghosh et al. [66] showed that the practice of double no-till increased the activity
of dehydrogenases by 70.75% compared to conventional tillage. CAT activity was markedly
the highest under ST-OP (average 0.363 mg H,O, kg~ h™!) in July and under CT (average
0.678 mg H,0, kg~! h™!) in October. Strip-till is a crop protection system that, among other
things, retains moisture in the soil [67]. The long-term maintenance of soil moisture leads to
the accumulation of large amounts of hydrogen peroxide, which is decomposed by catalase
into water and oxygen, making soil catalase more active. The released oxygen promotes
the vital activity of aerobic microorganisms in the soil, thereby increasing the intensity
of soil humification and increasing SOC content. CT, such as ST-OP, increased enzyme
activity in the soil while increasing organic matter [68,69]. The statistical analysis showed
significant (positive) correlations between DEH activity and TOC content (r = 0.561), CHA
content (r = 0.634), and CFA content (r = 0.607) and the CHA /CFA ratio (r = 0.627). CAT
activity was significantly and positively correlated with the CHA fraction content (r = 0.679)
(Figure 4). The relationships obtained confirm the importance of the above-mentioned
enzymes in the humification process, which leads to the formation of humus acid resistant
to decomposition. This lends further importance to the value of soil in carbon sequestration.

Table 7. Activity of dehydrogenases (DEHs) and catalase (CAT) in soil in July and October.

Tillage Systems

DEH (mg TPF kg~124 h-1) CAT (mg H,0, kg1 h-1)

July October July October

I Factor * Zone II Factor Zone II Factor
R IR Mean R IR Mean R IR Mean R IR Mean
CT 0509 0528 0518 1121 1155 1.138 0311 0340 0326 0.632 0720 0.678
RT 0510 0553 0532 1.010 1.066 1.038 0311 0342 0326 0.588 0.626 0.607
ST-OP 0532 0616 0574 0967 1273 1120 0334 0392 0363 058 0.689  0.638
Mean 0517 0566 0541 1.033 1165 1.099 0319 0358 0338 0.603 0.678 0.641
LSD 10.09.;110.10; 10.08.;110.11; 10.011; I1 0.019; 10.015; I1 0.028;
0.05 I/Iins,;I/Ins. I/Iins;I/Ins. I/Ins;II/Ins. I/Ins,;I/Ins.

* CT—conventional tillage; RT—reduced tillage; ST-OP—strip-till one-pass, R—row; IR—inter-row;
n.s.—not significant.

Table 8. Activity of alkaline (AIP) and acid phosphatase (AcP) in soil in July and October.

AlP AcP
Tillage Systems July October July October
I'Factor * Zone II Factor Zone II Factor
R IR Mean R IR Mean R IR Mean R IR Mean
CT 0.658 0.729 0.692 0.651 0.686 0.669 2146 2.024 2085 199 2103 2.050
RT 0675 0739 0707 0906 0947 0927 2711 2885 2798 2288 2378 2333
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Table 8. Cont.
AlP AcP
Tillage Systems July October July October
I Factor * Zone II Factor Zone II Factor
R IR Mean R IR Mean R IR Mean R IR Mean
ST-OP 0724 1.026 0.875 0951 1353 1.152 2364 2.889 2626 2298 2626 2462
Mean 0.686 0.831 0.758 0.836 099 0916 2407 2599 2503 2194 2369 2.281
LSDoos 10.08; 11 0.10; 10.386; 11 0.135; 10.699; 11 0.186; 10.267; 11 0.156;
I/IIns.;1I/In.s. I/IIns.;II/Ins. 1/110.754;11/10.323 I/IIns.;II/Ins.

* CT—conventional tillage; RT—reduced tillage; ST-OP—strip-till one-pass, R—row; IR—inter-row;
n.s.—not significant.

Component 2 (PC2): 20.91%

Component 1 (PC1): 51.30%

Figure 4. Principal component analysis derived from the studied soil properties and plot of the
first two principal components PC1 and PC2.

The tested tillage systems differed significantly in the activity of alkaline and acid
phosphatase and indicators of phosphorus mineralisation. The highest AIP activity was
obtained under ST-OP both in July (average 0.875 mM pNP kg 'h~!) and in October
(average 1.152 mM pNP kg~'h~!) (Table 8). The highest AcP activity was obtained un-
der RT in July (average 2.798 mM pNP kg~ 'h~!) and under ST-OP in October (average
2.462 mM pNP kg~ 'h~!) (Table 8). Research by Holatko et al. [70] showed that ST-OP com-
bined with the addition of digestate at three different depths (10, 15, and 20 cm) improved
the biological properties of the soil. According to Bieliriska and Mocek-Plociniak [43],
soil enzymatic activity (dehydrogenases, alkaline and acid phosphatase, and urease and
protease) was clearly lower in soils under conventional tillage than in soils under reduced
tillage. According to Swedrzyriska et al. [2], differences in activity between tillage systems
can be attributed to differences in the distribution of organic matter in the soil and in
the water and air conditions within the soil. It should be emphasised that a particularly
strong correlation was obtained between AcP and the content of TOC, TN, CHAs, CFAs,
NHAs, and NFAs: 7 = 0.934, r = 0.905, v = 0.535, = 0.914, r = 0.753, and r = 0.863 (Figure 4).
Intensive cultivation practices disturb the soil, and regular removal of the mulch layer
reduces the supply of substrate for microorganisms, thereby reducing enzyme activity [71].

According to He et al. [72] and Zuber and Villami [73], no-till (ploughless) and straw
return are conservation tillage practices that increase the activity of soil enzymes. The
statistical analysis showed significant (positive) correlations between DEH activity and
TOC content (r = 0.561), CHA content (r = 0.634) and CFAs (r = 0.607), and the CHA /CFA
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ratio (r = 0.627). CAT activity was significantly and positively correlated with the CHA
fraction content (r = 0.679) (Figure 4). The relationships obtained confirm the importance of
the above-mentioned enzymes in the humification process, which leads to the formation
of humus acids resistant to decomposition. This lends further importance to the value
of soil in carbon sequestration and enzymes in the soil. This is due to the reduction in
soil disturbance of the no-till method and its inclusion of straw. This results in a more
stable pool of extracellular enzymes in the soil environment. Conditions that ensure
that microorganisms are continuously and sufficiently supplied with energy also favour
increased enzyme secretion. CT has a negative effect on the niches of soil microorganisms
and thus also on the inhibition of enzymatic activity [74]. CT is a cultivation system that
increases OM degradation and reduces enzymatic activity; as a result, the soil’s ability to
sequester C decreases [75]. In the experiment presented in this study, the TOC content in
soil was approximately 37% higher under strip-till and no-plough cultivation than under
CT (Table 2).

The activities of DEH, CAT, AlP, and AcP were significantly higher in IR compared to R
in July (0.566 mg TPFkg~! 24 h~1,0.358 mg HyO, kg1 24 h~1,0.831 mM pNP kg~ ' 24 h~!,
and 2.599 mM pNP kg~! 24 h~!, respectively) and in October (1.165 mg TPF kg~! 24 h~1,
0.678 mg HyOp kg1 24 h~1,0.996 mM pNP kg~ ! 24 h~!, and 2.369 mM pNP kg ! 24 h1,
respectively) in all tested tillage systems. Research by Williams et al. [76] showed that
the activity of enzymes (1.4-B-cellobiohydrolase, B-N-acetylglucosaminidase, and acid
phosphatase) was higher in rows under ridge-till compared to inter-rows. However, Si
and Qiao [77] showed differences in the activity of enzymes (alkaline phosphatase, (3-
fructofuranosidase, catalase, and cellulase) between the soil in rows and inter-rows, and
this difference depended on the enzymes. Usually, inter-rows are left untilled. They are
a buffer zone for the changes in soil conditions that frequently occur immediately adjacent
to crops. Thus, R and IR are separate functional zones [78]. According to Hatfield et al. [79],
under ridge-till, rows are tilled in early spring and the remains of the previous crop are
transferred to the surface of the inter-rows. As the summer progresses, these residues are
sequestered and gradually converted into SOM. As the data in Table 2 show, the use of ST-
OP increased the TOC content in samples taken from IR by approximately 10%, compared
to the TOC content in R. It should also be emphasised that the soil OM in IR for the RT
and ST variant OP was characterised by approximately 8 and 12% higher CHA content
compared to the soil in R. Statistical analysis showed significant positive correlations
between the biological parameters of the soil and the TOC content, these being activity
of AIP (r = 0.501), AcP (r = 0.934), and DEH (r = 0.560) and abundance of F (r = 0.960),
Ac (r=0.503), and Cf (r = 0.671) (Figure 4). Research by Ghosh et al. [66] showed a higher
level of carbon in soil microbe biomass under no-till, as well as higher DEH activity and
earthworm population, which in turn increased yields. According to Datta et al. [80],
a higher OC content increases the rate of mineralisation by microorganisms, which results
in increased enzymatic activity. Soil organic carbon increases the concentration of available
substrate in the soil. Increased soil C content often leads to increased water retention,
which can increase the diffusion of the substrate and enzymes. A significant positive
correlation coefficient was found between the abundance of B and AcP activity (r = 0.697);
the abundance of F and AcP (r = 0.877) and DEH (r = 0.525) activities; and the abundance
of Ac and AcP activity (r = 0.665). The abundance of Cf was significantly and positively
correlated with all the tested enzymes: AIP (r = 0.751), AcP (r = 0.821), DEH (r = 0.732),
and CAT (r = 0.635). According to Dantas et al. [81], fungi are the main producers of soil
enzymes and may therefore be responsible for the increase in enzyme activity. In the
process of catalysing the decomposition of hydrogen peroxide, soil CAT releases oxygen,
which promotes the vital activity of aerobic microorganisms in the soil, thereby increasing
the intensity of soil humification and OC content.

Seasonal changes in enzyme activity result from hydrothermal conditions, such as
precipitation and temperature distributions. These are the factors that most affect the life of
microorganisms and related soil enzymatic activity [82]. The activities of DEH, CAT, and
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AIP were higher in October than in July by 103%, 89%, and 20%, respectively. Research
conducted by Stone et al. [83] and Jing et al. [84] showed that higher soil temperatures can
increase the activity of soil enzymes. However, in incubation studies, Qi et al. [85] showed
a decrease in soil enzymatic activity with increasing temperature. This was attributed to
higher rates of SOC decomposition at higher temperatures. There are some differences in
temperature sensitivity between different soil enzyme ecosystems [86]. Enzymatic activity
may also be influenced by soil water concentrations by changing rates of substrate diffusion.
According to German et al. [87], temperature may be more influential than humidity in
changing enzyme activity. The key to understanding the seasonality of enzyme activity
may lie in the factors regulating various enzyme systems [84]. Enzymes can be regulated
by microclimate and soil chemical factors or by substrate availability.

The enzyme activities and selected physicochemical properties together reflect the
dynamics of processes occurring in the soil and thus provide information about soil
fertility [88,89]. Fertility indicators calculated based on enzyme activity (Figure 3) should re-
sult from diverse soil properties and thus should indicate the directions and changes occur-
ring in the soil environment [56,89]. The enzymatic soil pH level index (AIP/AcP) was cal-
culated based on alkaline and acid phosphatase activity results [53]. The value of AIP/AcP
was highest in October under ST-OP (R) (0.52). In all other cases, the AIP/AcP value was
below 0.5. According to Dick et al. [53], an AIP/AcP value below 0.5 (<0.5) indicates an acid
soil reaction. The value of the GMea index ranged from 0.706 (RT, R) to 0.772 (ST-OP, IR) in
July and from 0.755 (CT, R) to 0.847 (ST-OP, R) in October. The GMea value was higher in
soil in the IR zone than in the R zone. According to Paz-Ferreiro et al. [90], higher GMea
values indicate better soil quality. The BIF (Biological Index Fertility) calculated based
on the activity of two redox enzymes (DEH and CAT) was higher in October than in July.
The highest BIF value was obtained under ST-OP (IR) in July (0.658) and under ST-OP (R)
in October (1.299). The BIF is becoming increasingly important in soil assessments [91].
Higher BIF values indicate more fertile soil [55]. The BA12 index calculated based on the
TOC content and the activity of the tested enzymes were the highest under RT (IR) in both
July and October. To assess the total level of soil enzymatic activity, we calculated the total
enzyme activity index (TEI). TEI index values varied depending on tillage system and zone.
The TEI was highest under ST-OP (IR) in July (4.80) and under ST-OP (R) in October (5.05).
TEI facilitates a simple comparison of the total enzymatic activity and quality of each soil
sample [92]. Soil enzymes are parameters that are sensitive to environmental factors, so
they are used to assess soil quality [40,93,94].

To demonstrate the relationship among the AIP/AcP, GMea, BIF, BA12, and TEI
indicators and TOC content and parameters determining the quality of organic matter and
microbiological soil parameters, a Pearson correlation analysis was performed (Table 9).
The correlation analysis showed that only BA12 correlated significantly (positively) with
both the content and quality parameters of OM as well as microbiological parameters.
According to Wyszkowska et al. [57], the activity of BA12 depends primarily on the activity
of dehydrogenases and organic carbon content. This confirms the importance of the TOC
content in shaping soil biodiversity. According to Mierzwa-Hersztek et al. [92], TEI is
usually positively correlated with the content of carbon and nitrogen, which our study
also found (r = 0.773, r = 0.780). Moreover, a significant (positive) correlation with the
fractional composition of OM was demonstrated (Table 9) though no such clear correlation
was obtained for individual enzymes. Research by Nurzhan et al. [95] has shown GM
(geometric mean) and WM (weighted mean) and TEI to correlate more highly with selected
physicochemical properties of the soil than with the activity of a single enzyme. Our
own research shows GMea to correlate more positively with organic carbon (r = 0.652),
TN (r = 0.661) and with the carbon and nitrogen content in the humic and fulvic acid
fractions. Tan et al. [56] showed that changes in soil use strongly influence the activity of
soil enzymes and that TEI was a more sensitive biological indicator of soil quality than
GMea. According to Garcia-Ruiz et al. [96], GMea is a good indicator for assessing soil
quality because its values correlate with soil properties. The BIF value calculated based
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on DEH and CAT activity correlated significantly with CHAs/CFAs (r = 0.759), CHA%
(r=0.672), CFA% (r = 0.612), and CH% (r = 0.767). These parameters are basic indicators of
the quality (fertility) of OM. Moreover, the shares of individual OM fractions determine
its susceptibility to decomposition and thus its importance in the carbon sequestration
process. As Bach et al. [97] find, enzymes belonging to the class of oxidoreductases mediate
in, among others, lignin degradation processes, humification, and mineralisation of OM
into dissolved organic carbon (DOC). Thus, the activity of oxidative enzymes mediate both
the degradation and formation of the most resistant components of detrital OM and is
therefore closely linked to soil C sequestration.

Table 9. Relations between the activity of selected enzyme soil quality indices and microbial and
organic matter parameters.

AlP/AcP GMea BIF BA12 TEI
TOC 0.642 0.652 n.s. 0.871 0.773
TN 0.651 0.661 n.s. 0.904 0.780
CHAs 0.638 0.648 n.s. 0.917 0.774
CFAs 0.632 0.644 n.s. 0.954 0.774
CHA/CFA n.s. n.s. 0.759 0.766 0.836
CHAs% n.s. n.s. 0.672 0.835 0.758
CFAs% n.s. n.s. 0.612 0.816 0.677
CH% n.s. n.s. 0.767 0.573 0.792

Nd 0.701 0.723 n.s. 0.872 n.s.
NHAs 0.575 0.592 n.s. 0.978 0.573
NFAs 0.508 0.520 n.s. 0.962 0.702
NHA /NFA n.s. n.s. n.s. 0.982 0.668

Nd% 0.507 0.526 n.s. 0.846 n.s.
NFAs% n.s. n.s. 0.560 0.699 0.562

B n.s. n.s. n.s. 0.707 n.s.

F n.s. n.s. n.s. 0.817 n.s.

Ac n.s. n.s. n.s. 0.766 n.s.

Ce n.s. n.s. n.s. 0.639 n.s.

AlIP/ AcP—Enzymatic pH indicator; GMea—geometric mean; BIF—biological index of fertility, BA13—biochemical
soil activity; TEI—total enzyme activity index; TOC—total organic carbon; TN—total nitrogen; Cd—carbon in solu-
tions after decalcification; CHAs—carbon of humic acids, CFAs—carbon of fulvic acids; Nd—nitrogen in solutions
after decalcification; NHAs—nitrogen of humic acids, NFAs—nitrogen of fulvic acids; B—number of heterotrophic
bacteria; F—filamentous fungi; Ac—actinobacteria; Ce—cellulolytic microorganisms; n.s.—not significant.

To explain the diversity of the tested organic matter’s microbiological and enzymatic
parameters in terms of the experimental factors used, a multidimensional principal compo-
nent analysis (PCA) was used, in which the two main components were distinguished that
accounted for 72.21% of total variance. Most of the variance was explained by PC1—51.30%,
while PC2 explained 20.91% (Figure 4). Properties characterising organic matter had the
highest PC1 loads. This component was significantly negatively related with the con-
tent of TOC (—0.973), TN (—0.968), CHAs (—0.751), CFAs (—0983), CHAs/CFAs (—0.827),
CHAs% (0.518), Nd (—0.806), NHAs (—0.961), NFAs (—0.960), NHAs/NFAs (—0.871),
NHASs% (0.641), and NFAs% (—0.762) and the activities of AIP (—0.631), AcP (—0.885),
DEH (—0.697), and CAT (—0.599) and F count (—0.954). The load values for the parameters
that determine enzymatic activity were lower than those for the quantitative and qualitative
parameters of organic matter. Loadings with values >0.75, 0.75-0.5, and 0.5-0.3 can be
defined as “strong”, “moderate”, and “weak”, respectively, as per Liu et al. [98]. The
second component, PC2, can be interpreted as describing the abundances of microorgan-
isms, because PC2 was significantly and positively related to the numbers of B (0.871) and
Ac (0.866) and negatively related to the shares of C and N in the fractions of humic and
fulvic acids.

A cluster analysis (CA) performed on the parameters determined similarities and
differences between the tillage systems used and the places of sampling (R and IR). The den-
drogram (Figure 5), prepared using the method of Ward [58], used the squared Euclidean
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distance as a measure of similarity. The chart shows two main clusters. Cluster 1 was
found to include soils from ST-OP (R), RT (R), RT (IR), and ST-OP (IR). The soil on which
conventional tillage was used (CT (R) and CT (IR)) was included in Cluster 2. Cluster 1
group soils were characterised by, among other things, a high content of TOC, CHAs, and
CFAs; high enzyme activity (DEH, CAT, AIP, and AcP); and the abundances of the tested
groups of microorganisms (B, F, Ac, and Ce). However, the soil included in Cluster 2 had
a lower content of TOC, CHAs, and CFAs; lower enzyme activity; and lower numbers
of microorganisms.

Ward's method

ST-OP R

RT R Cluster 1
RT I-R
ST-OP I-R
CT R

CT LR Cluster 2
0 500 1000 1500 2000

Figure 5. Cluster analysis.

4. Conclusions

The use of no-till cultivation and strip-till systems increases the content of TOC, TN,
carbon, and nitrogen in the fractions of humic and fulvic acids and hydrolytic enzymes
(oxidoreducing only in summer) in the soil, as compared to conventional cultivation (CT).
CT is the tillage system that creates the least favourable conditions for the development of
soil microorganisms.

Strip-till is a tillage system for the values of many tested parameters (e.g., TOC, TN,
CHAs, CFAs, DEH, CAT, AIP, and AcP), and they differed significantly between soil
samples taken from rows and those from inter-rows. The differences in parameters for
strip-till result from differences in soil conditions in the loosened soil. This is particularly
important for determining the methodology for collecting soil samples; physical, chemical
and biological testing; and, consequently, for interpreting the results.

Among the enzymatic indices presented (AIP/AcP, GMea, BIF, BA12, and TEI), BA12
and TEI correlated most strongly with organic matter properties. Moreover, BA12 correlated
strongly with the number of soil microorganisms. The results indicate that soil use strongly
influences the activity of soil enzymes, and BA12 is a sensitive biological indicator of soil
quality. From the point of view of soil fertility and the quality of organic matter, and thus
its role in carbon sequestration, BIF, too, is a very important biochemical indicator. BIF
correlated significantly and positively with the basic parameters determining the quality of
organic matter: CHAs/CFAs and the participation of carbon of humic and fulvic acids.
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