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Abstract: Soil organic matter (SOM) is a heterogeneous mixture of materials ranging from fresh
plant tissues to highly decomposed humus at different stages of decomposition. Soil organic carbon
(SOC) status is directly related to the amount of organic matter in soil and therefore is generally used
to measure it. Soil carbon sequestration refers to the removal of carbon (C) containing substances
from the atmosphere and its storage in soil C pools. The soil microbial community (SMC) plays an
important role in the C cycle, and its activity is considered to be the main driver of differences in
C storage potential in soil. The composition of SMC is crucial for maintaining soil ecosystem services,
as the structure and activity of SMC also regulate the turnover and distribution of nutrients, as well
as the rate of soil organic matter (SOM) decomposition. Here, we applied fungi on the soils taken
from two fields, one used as a pasture and one for agriculture (wheat cultivation), in a histosol in
the eastern part of Türkiye and investigated the changes in the organic carbon and enzyme activity
contents of the soils at the end of the 41-day incubation period. In the study, four different fungal
species (Verticillium dahliae (SOR-8), Rhizoctonia solani (S-TR-6), Fusarium oxysporum (HMK2-6), and
Trichoderma sp.) were used and catalase, urease, and alkaline phosphatase activities were examined.
Results showed that the values of SOC were V. dahliae (7.46%), Trichoderma sp. (7.27%), R. solani
(7.03%), Control (6.97%), and F. oxysporum (6.7%) in pastureland and were V. dahlia (4.72%), control
(4.69%), F. oxysporum (4.65%), R. solani (4.37%), and Trichoderma sp. (4.14%) in agricultural land,
respectively. SOC and soil enzyme activities were significantly affected by land use types (p < 0.05).
The higher SOC and enzyme activities were observed in pastureland. Finally, it was determined
that soil organic carbon and soil enzyme activities were affected by fungi. This study is important in
terms of revealing that the effects of fungi on soil organic carbon and enzyme activities are different
in various land types.

Keywords: land use type; fungi; soil organic carbon; catalase activity; urease activity;
alkaline phosphatase activity

1. Introduction

Soil carbon includes both soil organic matter and inorganic carbon (carbonate min-
erals). It is reported that the carbon stored in soil is higher than the carbon pool in the
atmosphere [1,2] and is also the largest terrestrial carbon stock. A small change in this soil
carbon pool has a major impact on the global climate [3] because soil organic carbon (SOC)
plays a crucial role in the global carbon cycle. In addition, it has a significant effect on many
processes taking place in soil. Improper soil management and the conversion of forest and
pasturelands into fields can cause large losses of carbon and convert these areas from carbon
stores to carbon sources [4]. SOC mineralization is an important process, which is part of
the carbon cycle and is largely controlled by carbon quality [5]. According to Schimel and
Schaeffer [6], the structure and availability of SOC greatly influence SOC mineralization.

Most soil-dwelling microorganisms are heterotrophic; they cannot synthesize their
own nutrients and depend on soil organic matter as a source of energy and carbon. Since
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they show aerobic development, they obtain energy from the oxidation of organic materials.
The difference in organic matter decomposition can be attributed to characteristics of soil
microbial communities, including structural and functional diversity [7]. According to
Rousk et al. [8], the two main groups of the microbial decomposer community are bacteria
and fungi, and they share the function of decomposing organic matter. Naturally, the
number and diversity of microorganisms are directly affected by the environment they live
in, namely soil properties [9].

These microorganism communities living in soil are considered as energy and nutrient
stores apart from performing the mineralization of organic matter [10]. Understanding
soil C storage in terms of soil microbiology is of great importance for the development
of applications that will change soil microbial properties [6,11]. SOC quality, microbial
communities, and nutrient status are thought to affect SOC mineralization [8,12,13]. Ac-
cording to Fontaine et al. [14], the effects of the structure and activity of the microbial
community on SOC decomposition are quite strong. So far, although a number of studies
have acknowledged the importance of characteristics of microbial communities such as
biomass, diversity, and composition in the regulation of soil C storage [15], clear conclu-
sions regarding the relationships between these microbial community characteristics and
SOC have not been established.

Hao et al. [16] claimed that microbial biomass and composition affect SOC while
Degrune et al. [17] showed that microbial community diversity was not directly related
to SOC. It is stated that SOC mineralization is strongly affected by exogenous substances
added to soil [18]. There are studies showing that exogenous additions can increase
or decrease SOC mineralization through the activities of microorganism communities,
resulting in positive or negative ignition effects [19]. As a result, it is of great importance to
investigate the effect of microorganisms in the soil on SOC in terms of global carbon stock
and carbon mineralization.

Among microorganisms, fungi play an important role in soil biomass and soil structure
and affect biochemical and biophysical mechanisms directly and indirectly [20]. Despite
this important role of fungi in the soil habitat, they can cause diseases in plants in different
ways. Rhizoctonia spp., Fusarium spp., Verticillium spp., Sclerotinia spp., Pythium spp., and
Phytophthora spp. cause heavy losses to many crops. They share some basic features as
resting structures (microsclerotia, sclerotia, chlamydospore, or oospores) which can survive
for longer periods in host plant debris, soil, or organic matter without a host. Soilborne
diseases are especially difficult to control, and chemical control is not effective. Therefore,
biological control was accepted as a potential control strategy [21]. Trichoderma spp. has
effective biocontrol agents against plant pathogens [22] and is a better alternative to chemi-
cals. The genus are the active mycoparasites which are known to produce large quantities
of fungi-toxic metabolites [22–24].

Soil enzymes are closely related to soil physical, chemical, and biological properties.
They play an important role in nutrient cycling especially on the recycling of soil organic
matter, which has a direct effect on soil properties in soil. Therefore, soil enzyme activities
are closely associated with soil organic matter. Soil enzyme activities are used as main and
sensitive indicators of biological processes. They can provide fast and accurate information
about small changes in microbial activity, soil organic matter, pH, and other soil properties.
Since enzymes are very sensitive to the changes on their environment, soil enzymes are
affected by all kinds of applications on soils [25,26].

In this study, we tested the following hypotheses: (1) it is expected that the effect of
different land use, which is cultivated (wheat grown) and uncultivated (natural pasture),
on soil organic carbon and enzyme activity will be different; (2) soil organic carbon and soil
enzyme activities can change after inoculation with fungi.

We examined the relationships among soil organic carbon and soil enzyme activities
including urease, catalase, and alkaline phosphatase in different soils used as agricultural
and pasturelands with destructive soilborne fungal pathogens, namely Verticillium dahliae,
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Rhizoctonia solani, and Fusarium oxysporum in the agricultural land and Trichoderma sp. as
bioagent against these pathogens.

2. Material and Methods
2.1. Study Site

The soil samples were collected from the agricultural land where the wheat was grown
and pastureland from Eastern Anatolia Region of Türkiye (Kars). The Eastern Anatolia
Region has very cold and snowy winters, while summers are cool and rainy, with harsh
continental climate characteristics. It has one of the lowest average temperatures in Türkiye.
It has an annual average of 3.8 ◦C. The average of the highest temperature values during the
year occurs in July (16.1 ◦C) and the average of the lowest temperature values in January
(−8.8 ◦C) [27]. Some soil characteristics are shown in Table 1.

Table 1. Results of some soil properties.

Soil
Soil Characteristics

Texture SOC, % EC, µmhos/cm pH

Pastureland Silty clay 6.971 156.33 6.5

Agricultural land Silty clay 4.694 46.33 6.9
Note. SOC: Soil organic carbon; EC: Electrical conductivity.

2.2. Soil Sampling

For soil physical and chemical analysis, disturbed soil samples were collected at five
different points with three replicates at a depth of 0–30 cm into the soil layer for both
pasture and agricultural land in 2021 in Kars.

2.3. Fungal Cultures and Soil Treatments

Fungi used in the study: V. dahliae (SOR-8), R. solani (S-TR-6), F. oxysporum (HMK2-6),
and Trichoderma sp. isolates were supplied from the culture collection of Igdır University,
Faculty of Agriculture, Department of Plant Protection and Phytopathology Laboratory.
The fungi isolates were cultivated on 90 mm Petri dishes containing Potato Dextrose Agar
(Oxoid, Basingstoke, Hampshire, England) at 25 ◦C for seven days. Then, 10 discs with
mycelia (5 mm diameter) cut from the edge of a colony of these isolates were placed in a
plastic zipper bag (15 cm × 10 cm) which was filled with 60 g of soil, and the soil inoculum
was prepared. The control was inoculated 10 agar discs with only PDA. Three replications
were used per treatment. At the same time, a total of 10 mL sterile water was added
into each soil sample on day 21. The soil samples were incubated at room temperature
(23 ± 2 ◦C) for 41 days and were evaluated in treated soils after incubation.

2.4. Soil Analysis

Soil texture, organic carbon, soil pH, electrical conductivity, catalase activity, urease
activity, and alkaline phosphatase activity were determined in disturbed soil samples. Soil
texture, organic carbon, pH, and electrical conductivity were determined according to Gee
and Bauder [28], Walkley and Black [29], McLean [30], and Rhoades [31], respectively.

For determining catalase activity, 20 mL of phosphate buffer (pH 7) and 10 mL of
3% H2O2 substrate solution were added to 5 g of soil. The volume (mL) of O2 released
within 3 min at 23 ◦C was measured. Controls were tested in the same way but with the
addition of 2 mL of 6.5% NaN3 [32].

To determine urease activity, 0.25 mL of toluene, 0.75 mL of citrate buffer (pH 6.7), and
1 mL of 10% urea substrate solution were added to 1 g soil, and the soil samples were incu-
bated for 3 h at 37 ◦C. The formation of ammonium was discovered spectrophotometrically
at 578 nm [33].

To detect alkaline phosphatase activity, 4 mL phosphate buffer (pH 8.0) and 1 mL
p-nitrophenyl phosphate (disodium salt hexahydrate) solution were added to the 1 g soil



Sustainability 2023, 15, 1765 4 of 12

sample, and the samples were incubated for 1 h at 37 ◦C. The formation of p-nitrophenol
(p-NP) was explored spectrophotometrically at 410 nm [34].

2.5. Statistical Analysis

The data were analyzed using statistical software program SPSS (SPSS Inc., Chicago, CA, USA).
The mean values of each group were tested by ANOVA (Analysis of variance) tests. The
differences between each group were detected for statistical significance (p < 0.05), and the
differences between specified groups were determined by the Duncan multiple comparison
test (p < 0.05). Principal component analysis (PCA), redundancy analysis (RDA), and partial
redundancy analysis (P-RDA) were used to determine the correlations between soil organic
carbon, soil enzyme activities, pasture-agricultural land, and fungi using Xlstat.

3. Results and Discussion
3.1. Soil Organic Carbon (SOC)

Soil organic carbon is very sensitive to applications on soil [35,36]. Tillage, one of
the land use changes in pasturelands, can affect soil organic carbon [37–39]. In the study,
the higher values were detected in pastureland for all fungi and control. In pastureland,
the highest SOC was in V. dahliae (7.46%), Trichoderma sp. (7.27%), R. solani (7.03%), con-
trol (6.97%), and F. oxysporum (6.7%), respectively. According to findings, it is clear that
F. oxysporum decreased soil organic carbon while the other fungi increased under pasture-
land, but the difference was statistically insignificant except for V. dahliae and Trichoderma sp.
(Table 2, Figure 1). Soil organic carbon was higher in pastureland than agricultural land. It
means soil organic carbon decreased with agricultural practices (tillage). The decrease in
soil organic carbon can be explained by the fact that tillage accelerates the decomposition
of organic matter by breaking down soil aggregates [40]. In accordance with our study,
many researchers reported that soil organic carbon decreased with tillage practices [41,42].
Additionally, Dalal et al. [43] and Gebresamuel et al. [44] determined that soil organic
carbon was reduced when pastureland was converted to agricultural land.

Table 2. Effects of fungi and land uses types on soil organic carbon (%).

Soil

Application

Soilborne Pathogen Bioagent

Control Fusarium oxysporum Verticillium dahliae Rhizoctonia solani Trichoderma sp.

Pastureland 6.97 ± 0.2 cdA 6.7 ± 0.13 dA 7.46 ± 0.12 aA 7.03 ± 0.07 bcA 7.27 ± 0.16 abA

Agricultural land 4.69 ± 0.24 aB 4.65 ± 0.18 aB 4.72 ± 0.12 aB 4.37 ± 0.26 abB 4.14 ± 0.12 bB

Note. Lower case letters used horizontally (Control, Fusarium oxysporum, Verticillium dahliae, Rhizoctonia solani,
and Trichoderma sp.) indicate significant differences; capital letters used vertically (Pasture-Agricultural) indicate
significant differences according to Duncan multiple comparison test at p < 0.05 significance level.
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The means of variables were statistically significant and the variables were categorized
as “a–f” according to Duncan multiple comparison test as given in Figure 1.

The values of soil organic carbon differed for all fungi, but the difference was statisti-
cally insignificant except for Trichoderma sp. in the agricultural land. The values were in
V. dahliae (4.72%), control (4.69%), F. oxysporum (4.65%), R. solani (4.37%), and Trichoderma sp.
(4.14%), respectively (Table 2, Figure 1).

The soil organic matter sources are plant and animal (micro-macro organisms) residues.
Microbial residues are important sources for soil organic matter [45–48]. Moreover, fungal
residues are rich in amino acids, fungal polysaccharides, and mineral elements and act as
organic materials [49]. In the study, we determined that fungi increased soil organic carbon,
except F. oxysporum under pastureland. Trichoderma sp. decreased soil organic carbon, and
the decrease was statistically significant, but the other fungi did not statistically affect soil
organic carbon in agricultural land. The increase in pastureland may be due to fungal
residues which are a source of organic matter, as stated in previous studies [45,48]. In
agreement with the findings, Khan et al. [50] reported that microbial residues increased soil
organic carbon. Some other researchers observed that the application of chemical fertilizers
in combination with fungal residue enhanced carbon sequestration capacity of soils [51].
Additionally, Wu et al. [52] stated that the application of Trichoderma sp. increased the
concentration of effective phosphorus, available potassium, and organic matter.

3.2. Soil Enzyme Activity

The type of vegetation or land use is an important factor affecting the extracellular
enzyme activities of the soil. In the study, alkaline phosphatase and catalase activities were
significantly affected by land use types. Phosphatase, catalase, and urease activities were
measured as 117.44, 177.03, and 12.87 in the pastureland and as 109.07, 76.05, and 11.52
in the agricultural land, respectively. Similar results were also found in the treatments
where the fungi were applied. However, the decrease in urease activity was statistically
insignificant in control and F. oxysporum (p > 0.05); it was significant (p < 0.05) in V. dahliae,
R. solani, and Trichoderma sp. (Table 3; Figures 2–4). The differences between land use
types may be because of the differences in soil organic carbon [53,54]. In agreement with
the findings, Tang et al. [55] and Li et al. [56] demonstrated that soil enzyme activities
were higher under grassland than farmland because of soil organic carbon concentration.
Błonska et al. [57] stated that woodland soils were with significantly greater enzyme activity
in comparison to agricultural soils. Yang et al. [58] reported that soil enzyme activities
were significantly affected by different land cover and land use types depending on the
studied enzymes. Lebrun et al. [59] determined that hydrolases activities were higher in the
grasslands than in the cropped soils. At the same time the fungicide applications used in
agricultural areas affect the amount of soil enzymes. Chen et al. [60] indicated that dazomet
applications for the control of the F. oxysporum on chrysanthemum significantly decreased
soil catalase and urease activities.

Table 3. The analyzed results of soil alkaline phosphatase (µg g p-nitrophenol soil−1 h−1), catalase
(mL O2 3 min−1 g soil−1), and urease activity (µg g N soil−1 h−1), according to applications.

Soil Enzyme

Application

Control
Soilborne Pathogen Bioagent

Fusarium oxysporum Verticillium dahliae Rhizoctonia solani Trichoderma sp.

Pastureland
Alkaline phosphatase 117.44 ± 1.21 aA 106.09 ± 1.03 cA 111.18 ± 2.01 bA 110.91 ± 1.47 bA 116.74 ± 1.10 aA

Catalase 177.03 ± 3.96 aA 149.28 ± 8.41 cA 90.91 ± 4.80 eA 104.94 ± 4.89 dA 161.29 ± 4.55 bA

Urease 12.87 ± 1.51 b 7.67 ± 0.50 d 12.52 ± 0.46 bcA 10.86 ± 0.74 cA 17.08 ± 1.30 aA

Agricultural land
Alkaline phosphatase 109.07 ± 3.17 aB 99.69 ± 0.72 bB 87.92 ± 3.08 cB 103.13 ± 2.92 bB 83.89 ± 2.59 cB

Catalase 76.05 ± 5.25 aB 65.17 ± 4.96 bB 59.84 ± 7.19 bB 61.21 ± 4.35 bB 47.22 ± 2.68 cB

Urease 11.52 ± 0.69 a 8.51 ± 1.04 b 9.00 ± 0.80 bB 8.13 ± 0.75 bB 7.70 ± 0.91 bB

Note. Lower case letters used horizontally (Control, Fusarium oxysporum, Verticillium dahliae, Rhizoctonia solani,
and Trichoderma sp.) indicate significant differences; capital letters used vertically (Pasture-Agricultural) indicate
significant differences according to Duncan multiple comparison test at p < 0.05 significance level.
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The means of variables were statistically significant and the variables were categorized
as “a–g” according to Duncan multiple comparison test (Figure 2).

It was seen that the means of variables were statistically significant and the variables
were categorized as “a–h” according to Duncan multiple comparison test (Figure 3).

As shown in Figure 4, the means of variables were statistically significant and the
variables were categorized as “a–d” according to Duncan multiple comparison test.

Another finding in the study was that alkaline phosphatase activities were significantly
affected by fungi, except for Trichoderma sp. under pastureland (p < 0.05). F. oxysporum,
V. dahliae, and R. solani decreased soil alkaline phosphatase activity. The catalase activities
were significantly affected by fungi and F. oxysporum (149.28 mL O2 3 min−1 g soil−1),
V. dahliae (90.91 mL O2 3 min−1 g soil−1), R. solani (104.94 mL O2 3 min−1 g soil−1), and
Trichoderma sp. (161.29 mL O2 3 min−1 g soil−1) which decreased catalase activity when
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compared to the control (177.03 mL O2 3 min−1 g soil−1). The activities of urease were
significantly affected by F. oxysporum, R. solani, and Trichoderma sp. under pastureland
(p < 0.05). The lowest value of urease was in F. oxysporum (7.67 µg g N soil−1 h−1), and the
highest was in Trichoderma sp. (17.08 µg g N soil−1 h−1).

In agricultural land, soil enzyme activities were significantly affected by fungi (p < 0.05).
Moreover, all fungi decreased soil alkaline phosphatase, catalase, and urease activities
(Table 3; Figures 2–4). The decrease may be caused by the sampling time (the sampling
time was the 41st day of inoculation). According to Christopher et al. [61], the enzyme
activities increased from the seventh to the fourteenth day of sampling, and the maximum
activities were observed on the fourteenth day, and then it started to decrease.

Fungi can change soil enzyme activities and microbial biomass [62,63]. Agaricus
bisporus 100% and 150% fungal residues affected the content of soil nutrients (available
N, P, and K) and soil enzymatic activities (urease, neutral-phosphatase, and catalase)
at vegetative growth stage and reproductive growth stage of rice and wheat [64]. Soil
enzymes such as urease, phosphatase, catalase, and saccharase are derived from various
soil microorganisms. In the study, fungi decreased soil enzyme activities. In agreement
with the findings, Naseby et al. [65] reported that urease activities of Trichoderma harzianum
isolates (TH1, T4, N47, and T12) and Trichoderma pseudokoningii isolate (To10) showed
similar trends in the control. However, T. harzianum (TH1, T4 and N47) significantly
reduced the urease activities according to Pythium control. Isolates T. harzianum (TH1, T4,
and T12) significantly decreased the alkaline phosphatase activities when compared to the
Pythium control. Wu et al. [52] reported that urease activity and sucrase activity differed
according to treatments. Some treatments significantly reduced urease activity, but some
other treatments (single applications of the Trichoderma) caused no significant differences.

Contrary to our findings, Qin et al. [66] studied the effects of Arbuscular mycorrhizal
fungi on different soil enzyme activities (protease, peroxidase, dehydrogenase, fluorescein
diacetate, cellulase, β-glucosidase, trehalase, esterase, invertase chitinase, neutral phos-
phatase, acid phosphatase, total phosphatase, alkaline phosphatase, nitrogenase, urease,
and catalase) and positive effects were determined among all enzyme activity except for
polyphenol oxidase. Liu et al. [67] showed that T. harzianum biofertilizer significantly
increased soil available sucrase and catalase activities, but the activities of urease decreased.
Asghar and Kataoka [68] obtained similar results where phosphatase activity was higher
with Trichoderma sp. than in organic materials without Trichoderma sp. Trichoderma hamatum
FB10 increased enzyme activity when compared with the control, urease (12%), phos-
phatase (291%), catalase (27.5%), and saccharase (69%) [69]. Ji et al. [70] determined that
T. harzianum, Trichoderma asperellum, T. hamatum, and Trichoderma atroviride inoculation
resulted in increased soil enzyme activity including urease, phosphatase, and catalase com-
pared to control. Xiao et al. [71] stated that Funneliformis mosseae increased soil nutrients
and soil enzyme activities.

3.3. Correlation of Variables

The principal component analysis and redundancy analysis were applied for deter-
mining the correlation of variables. Principal component analysis (PCA) is a multivariate
analysis method based on data reduction, taking into account the correlation between data.
In the study, data were well correlated; 85.35% of the total information was explained with
two PCs; and 66.28% of the information was explained by PC1 alone (Table 4).

Table 4. Percentage of information retained by each PC.

PC1 PC2 PC3 PC4 PC5 PC6

Eigenvalue 3.977 1.144 0.568 0.220 0.078 0.012

Variability (%) 66.283 19.070 9.467 3.672 1.303 0.206

Cumulative (%) 66.283 85.352 94.819 98.491 99.794 100.000
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The amount of each of the original variables contained in the PC is defined by loading
(Figure 5). By plotting the loading for two PCs, it is possible to assess the relative importance
of each of the variables (i.e., fungi, SOC): the further the variable is from the origin, the more
important it is. Correlations between variables are observed in the loading plot (variables
with positive correlations will be placed close to each other or variables with reverse
correlation will be at 180◦ angles to each other). The loading plot shows the importance
of original variables in each PC. Soil organic carbon, urease activity, alkaline phosphatase,
and catalase activities were negatively correlated with pasture-agricultural land. The figure
also shows that soil organic carbon and urease activity had closer angles, which means
that the variables were correlated. On the other hand, fungi and pasture-agricultural land
were inversely correlated with the other variables, and pasture–agricultural land had an
angle about 180◦ to the soil organic carbon. A 180◦ angle indicates that land use types were
negatively correlated with soil organic carbon. Because the type of land use system is an
important factor controlling soil organic carbon levels, it affects the quantity and quality of
litter input, litter decomposition rates, and organic matter stabilization processes in soil.
Table 5 shows that the catalase (20.89%), alkaline phosphatase (20.09%), urease (14.61%),
soil organic carbon (21.98%), and pasture-agricultural land (21.26%) had a higher impact
on PC1. On the other hand, fungi (1.15–82.01%) were negligible to PC1 and had a higher
impact on PC2.
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Table 5. Contribution of the variables in each PC (%).

PC1 PC2 PC3 PC4 PC5 PC6

Catalase 20.894 4.088 7.665 18.654 48.087 0.613

Alkaline phosphatase 20.096 1.792 5.455 65.215 7.164 0.279

Urease 14.611 0.479 66.434 15.622 2.024 0.830

SOC 21.986 7.008 4.807 0.048 14.944 51.207

Pasture-Agricultural Land 21.260 4.621 15.189 0.149 11.799 46.983

Fungi 1.154 82.013 0.449 0.312 15.983 0.089

Redundancy analysis (RDA) was used to examine the relationships among soil en-
zymes and fungi. Individually, the first two axes of the RDA accounted for 92.90% of the
variance in the agricultural land, with the first axis accounting for 76.46% of the variance.
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In pastureland, the first two axes of the RDA accounted for 98.11%, with the first axis
accounting for 92.97% of the variance (Figure 6).
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The results of redundancy analyses for pastureland are shown in Figure 6A. According
to the figure, Trichoderma sp. and V. dahliae were correlated, but F. oxysporum and R. solani
were negatively correlated with the soil enzyme activities and soil organic carbon.

The agricultural land results of redundancy analyses are shown in Figure 6B. Accord-
ing to figure, R. solani and V. dahliae were correlated. but Trichoderma sp. and F. oxysporum
were negatively correlated with the soil enzyme activities and soil organic carbon.

4. Conclusions

Applications of fungi (soilborne pathogens and bioagents) to the soil affected soil
organic carbon and soil enzyme activities in both pasture and agricultural lands. The
highest SOC and soil enzyme activities (alkaline phosphatase and catalase activities) were
in pastureland. Moreover, Trichoderma sp. increased SOC in pastureland. Therefore, if
microorganisms such as bioagents are not harmful to soil health, it is recommended that
they be applied in order to increase the retention of organic carbon in soil. On the other
hand, another result of this study is a decrease in soil organic carbon in the cultivated
agriculture area in the same region. This has prompted us to recommend as minimum
tillage as possible in order to retain carbon in soil in terms of its impact on climate change.
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T.G.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stockmann, U.; Adams, M.A.; Crawford, J.W.; Field, D.J.; Henakaarchchi, N.; Jenkins, M.; Minasny, B.; McBratney, A.B.;

Courcelles, V.R.; Singh, K.; et al. The knowns, known unknowns and unknowns of sequestration of soil organic carbon. Agric.
Ecosyst. Environ. 2013, 164, 80–99. [CrossRef]

http://doi.org/10.1016/j.agee.2012.10.001


Sustainability 2023, 15, 1765 10 of 12

2. Schweinle, J.; Rodl, A.; Borjesson, P.; Neary, D.G.; Langeveld, J.W.; Berndes, G.; Cowie, A.; Ahlgren, S.; Margni, M.; Gaudreault, C.
Assessing the Environmental Performance of Biomass Supply Chains: Methods, Results, Challenges and Limitations; IEA Bioenergy Task 43.
Report 2015:TR01; IEA Bioenergy: Paris, France, 2015; p. 121.

3. Jackson, R.B.; Lajtha, K.; Crow, S.E.; Hugelius, G.; Kramer, M.G.; Piñeiro, G. The ecology of soil carbon: Pools, vulnerabilities, and
biotic and abiotic controls. Annu. Rev. Ecol. Evol. Syst. 2017, 48, 419–445. [CrossRef]

4. Lal, R. Managing soils and ecosystems for mitigating anthropogenic carbon emissions and advancing global food security.
BioScience 2010, 60, 708–721. [CrossRef]

5. Chow, A.T.; Tanji, K.K.; Gao, S.; Dahlgren, R.A. Temperature, water content and wet–dry cycle effects on DOC production and
carbon mineralization in agricultural peat soils. Soil Biol. Biochem. 2006, 38, 477–488. [CrossRef]

6. Schimel, J.P.; Schaeffer, S.M. Microbial control over carbon cycling in soil. Front. Microbiol. 2012, 3, 348. [CrossRef]
7. Adair, E.C.; Parton, W.J.; Del Grosso, S.J.; Silver, W.L.; Harmon, M.E.; Hall, S.A.; Burke, I.C.; Hart, S.C. Simple three-pool model

accurately describes patterns of long term litter decomposition in diverse climates. Glob. Chang. Biol. 2008, 14, 2636–2660.
[CrossRef]

8. Rousk, J.; Brookes, P.C.; Bååth, E. Contrasting soil pH effects on fungal and bacterial growth suggest functional redundancy in
carbon mineralization. Appl. Environ. Microbiol. 2009, 75, 1589–1596. [CrossRef]

9. Aciego Pietri, J.C.; Brookes, P.C. Substrate availability and pH as factors controlling microbial biomass, activity and community
structure in an arable soil. Soil Biol. Biochem. 2008, 41, 1396–1405. [CrossRef]

10. Liu, L.; Gundersen, P.; Zhang, T.; Mo, J. Effects of phosphorus addition on soil microbial biomass and community composition in
three forest types in tropical China. Soil Biol. Biochem. 2012, 44, 31–38. [CrossRef]

11. Liang, C.; Kao-Kniffin, J.; Sanford, G.R.; Wickings, K.; Balser, T.C.; Jackson, R.D. Microorganisms and their residues under restored
perennial grassland communities of varying diversity. Soil Biol. Biochem. 2016, 103, 192–200. [CrossRef]

12. Six, J.; Conant, R.T.; Paul, E.A.; Paustian, K. Stabilization mechanisms of soil organicmatter: Implications for C-saturation of soils.
Plant Soil 2002, 241, 155–176. [CrossRef]

13. Kemmitt, S.J.; Wright, D.; Goulding, K.W.T.; Jones, D.L. pH regulation of carbon and nitrogen dynamics in two agricultural soils.
Soil Biol. Biochem. 2006, 38, 898–911. [CrossRef]

14. Fontaine, S.; Henault, C.; Aamor, A.; Bdioui, N.; Bloor, J.M.G.; Maire, V. Fungi mediate long term sequestration of carbon and
nitrogen in soil through their priming effect. Soil Biol. Biochem. 2011, 43, 86–96. [CrossRef]

15. Trivedi, P.; Anderson, I.C.; Singh, B.K. Microbial modulators of soil carbon storage: Integrating genomic and metabolic knowledge
for global prediction. Trends Microbiol. 2013, 21, 641–651. [CrossRef] [PubMed]

16. Hao, M.; Hu, H.; Liu, Z.; Dong, Q.; Sun, K.; Feng, Y.; Li, G.; Ning, T. Shifts in microbial community and carbon sequestration in
farmland soil under long-term conservation tillage and straw returning. Appl. Soil Ecol. 2019, 136, 43–54. [CrossRef]

17. Degrune, F.; Theodorakopoulos, N.; Dufrêne, M.; Colinet, G.; Bodson, B.; Hiel, M.P.; Taminiau, B.; Nezer, C.; Daube, G.;
Vandenbol, M. No favorable effect of reduced tillage on microbial community diversity in a silty loam soil (Belgium). Agric.
Ecosyst. Environ. 2016, 224, 12–21. [CrossRef]

18. Hamer, U.; Marschner, B. Priming effects of sugars, amino acids, organic acids and catechol on the mineralization of lignin and
peat. J. Plant Nutr. Soil Sci. 2002, 165, 261–268. [CrossRef]

19. Sullivan, B.W.; Hart, S.C. Evaluation of mechanisms controlling the priming of soil carbon along a substrate age gradient. Soil
Biol. Biochem. 2013, 58, 293–301. [CrossRef]

20. Ritz, K.; Young, I.M. Interactions between soil structure and fungi. Mycologist 2004, 18, 52–59. [CrossRef]
21. Amin, F.; Razdan, V.K. Potential of Trichoderma species as biocontrol agents of soil borne fungal propagules. J. Phytol. 2010, 2, 10.
22. Khalid, S.A.L. Trichoderma as biological control weapon against soil borne plant pathogens. Afr. J. Biotechnol. 2017, 16, 2299–2306.

[CrossRef]
23. Okungbowa, F.I.; Shittu, H.O. Fusarium wilts: An overview. Environ. Res. J. 2012, 6, 83–102.
24. Panth, M.; Hassler, S.C.; Baysal-Gurel, F. Methods for management of soilborne diseases in crop production. Agriculture 2020,

10, 16. [CrossRef]
25. Tabatabai, M.A. Soil Enzymes. In Methods of Soil Analysis: Part 2 Microbiological and Biochemical Properties; Soil Science Society of

America, Inc.: Madison, WI, USA, 1994; Volume 5, pp. 775–833.
26. Li, Y.; Nie, C.; Liu, Y.; Du, W.; He, P. Soil microbial community composition closely associates with specific enzyme activities and

soil carbon chemistry in a long-term nitrogen fertilized grassland. Sci. Total Environ. 2019, 654, 264–274. [CrossRef] [PubMed]
27. Turkish State Meteorological Service. Available online: https://www.mgm.gov.tr/ (accessed on 28 December 2018).
28. Gee, G.W.; Bauder, J.W. Particle-Size Analysis. In Methods of Soil Analysis. Part 1. Physical and Minerological Methods, 2nd ed.;

Agronomy Monographs; American Society of Agronomy: Madison, WI, USA, 1986; Volume 9, pp. 383–441.
29. Walkley, A.; Black, L.A. An examination of the Degtjareff method for determining soil organic matter, and a proposed modification

of the chromic acid titration method. Soil Sci. 1934, 37, 29–38. [CrossRef]
30. Mclean, E.O. Soil pH and Lime Requirement. In Methods of Soil Analysis. Part 2. Chemical and Microbiological Properties, 2nd ed.;

Agronomy Monographs; American Society of Agronomy: Madison, WI, USA, 1982; Volume 9, pp. 199–224.
31. Rhoades, J.D. Soluble Salts. In Methods of Soil Analysis: Part 2 Chemical and Microbiological Properties; Agronomy Monographs;

American Society of Agronomy: Madison, WI, USA, 1983; Volume 9, pp. 167–179.
32. Beck, T.H. Die messung der katalaseaktivitaet von Böden. Z. Pflanz. Und Bodenkd. 1971, 130, 68–81. (In German) [CrossRef]

http://doi.org/10.1146/annurev-ecolsys-112414-054234
http://doi.org/10.1525/bio.2010.60.9.8
http://doi.org/10.1016/j.soilbio.2005.06.005
http://doi.org/10.3389/fmicb.2012.00348
http://doi.org/10.1111/j.1365-2486.2008.01674.x
http://doi.org/10.1128/AEM.02775-08
http://doi.org/10.1016/j.soilbio.2009.03.017
http://doi.org/10.1016/j.soilbio.2011.08.017
http://doi.org/10.1016/j.soilbio.2016.08.002
http://doi.org/10.1023/A:1016125726789
http://doi.org/10.1016/j.soilbio.2005.08.006
http://doi.org/10.1016/j.soilbio.2010.09.017
http://doi.org/10.1016/j.tim.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24139848
http://doi.org/10.1016/j.apsoil.2018.12.016
http://doi.org/10.1016/j.agee.2016.03.017
http://doi.org/10.1002/1522-2624(200206)165:3&lt;261::AID-JPLN261&gt;3.0.CO;2-I
http://doi.org/10.1016/j.soilbio.2012.12.007
http://doi.org/10.1017/S0269915X04002010
http://doi.org/10.5897/AJB2017.16270
http://doi.org/10.3390/agriculture10010016
http://doi.org/10.1016/j.scitotenv.2018.11.031
http://www.ncbi.nlm.nih.gov/pubmed/30445326
https://www.mgm.gov.tr/
http://doi.org/10.1097/00010694-193401000-00003
http://doi.org/10.1002/jpln.19711300108


Sustainability 2023, 15, 1765 11 of 12

33. Hoffmann, G.G.; Teicher, K. Ein kolorimetrisches verfahren zur bestimmung der urease aktivitat in böden. Z. Pflanz. Düngung
Bodenkd. 1961, 95, 55–63. (In German) [CrossRef]

34. Hofmann, E.D.; Hoffmann, G.G. Die bestimmug der biologischen tatigheit in böden mit enzymethoden. Adv. Enzymol. Relat.
Areas Mol. Biol. 1966, 28, 365–390. (In German)

35. Adugna, A.; Abegaz, A. Effects of land-use changes on the dynamics of selected soil properties in northeast Wellega, Ethiopia.
Soil 2016, 2, 63–70. [CrossRef]

36. Yang, S.; Sheng, D.; Adamowski, J.; Gong, Y.; Zhang, J.; Cao, J. Effect of land-use change on soil carbon storage over the last
40 years in the Shi Yang River Basin China. Land 2018, 7, 11. [CrossRef]

37. Alvarez, R.; Alvarez, C.R.; Daniel, P.E.; Richter, V.; Blotta, L. Nitrogen distribution in soil density fractions and its relation to
nitrogen mineralisation under different tillage systems. Soil Res. 1998, 36, 247–256. [CrossRef]

38. Singh, P.; Heikkinen, J.; Ketoja, E.; Nuutinen, V.; Palojärvi, A.; Sheehy, J.; Esala, M.; Alakukku, L.; Regina, K.; Mitra, S. Tillage and
crop residue management methods had minor effects on the stock and stabilization of topsoil carbon in a 30-year field experiment.
Sci. Total Environ. 2015, 518, 337–344. [CrossRef] [PubMed]

39. Erdel, E. Soil Enzyme Activities Affecting by Different Tillage Systems and Cover Crops Following Corn Cultivation. J. Inst. Sci.
Technol. 2022, 12, 1134–1142. [CrossRef]

40. Martinez, J.M.; Galantini, J.A.; Duval, M.E.; Lopez, F.M. Tillage effects on labile pools of soil organic nitrogen in a semi-humid
climate of Argentina: A long-term field study. Soil Tillage Res. 2017, 169, 71–80. [CrossRef]

41. Calegari, A.; Hargrove, W.L.; Rheinheimer, D.D.S.; Ralisch, R.; Tessier, D.; de Tourdonnet, S.; de Fatima Guimarães, M. Impact of
long-term no-tillage and cropping system management on soil organic carbon in an Oxisol: A model for sustainability. J. Agron.
2008, 100, 1013–1019. [CrossRef]

42. Van Eerd, L.L.; Congreves, K.A.; Hayes, A.; Verhallen, A.; Hooker, D.C. Long-term tillage and crop rotation effects on soil quality,
organic carbon, and total nitrogen. Can. J. Soil Sci. 2014, 94, 303–315. [CrossRef]

43. Dalal, R.C.; Thornton, C.M.; Allen, D.E.; Owens, J.; Kopittke, P.M. Long-term land use change in Australia from native forest
decreases all fractions of soil organic carbon, including resistant organic carbon, for cropping but not sown pasture. Agric. Ecosyst.
Environ. 2021, 311, 107326. [CrossRef]

44. Gebresamuel, G.; Molla, B.; Teka, K.; Negash, E.; Haile, M.; Okolo, C.C. Changes in soil organic carbon stock and nutrient status
after conversion of pasture land to cultivated land in semi-arid areas of northern Ethiopia. Arch. Agron. Soil Sci. 2022, 68, 44–60.
[CrossRef]

45. Kögel-Knabner, I. The macromolecular organic composition of plant and microbial residues as inputs to soil organic matter.
Soil Biol. Biochem. 2002, 34, 139–162. [CrossRef]

46. Glaser, B.; Turrión, M.B.; Alef, K. Amino sugars and muramic acid—Biomarkers for soil microbial community structure analysis.
Soil Biol. Biochem. 2004, 36, 399–407. [CrossRef]

47. Rumpel, C.; Kögel-Knabner, I. Deep soil organic matter, a key but poorly understood component of terrestrial C cycle. Plant Soil
2011, 338, 143–158. [CrossRef]

48. Ludwig, M.; Achtenhagen, J.; Miltner, A.; Eckhardt, K.U.; Leinweber, P.; Emmerling, C.; Thiele-Bruhn, S. Microbial contribution
to SOM quantity and quality in density fractions of temperate arable soils. Soil Biol. Biochem. 2015, 81, 311–322. [CrossRef]

49. Lan, L. The status quo and development of China’s edible mushroom industry. Chin. Agr. Sci. Bull. 2009, 25, 205–208.
50. Khan, K.S.; Mack, R.; Castillo, X.; Kaiser, M.; Joergensen, R.G. Microbial biomass, fungal and bacterial residues, and their

relationships to the soil organic matter C/N/P/S ratios. Geoderma 2016, 271, 115–123. [CrossRef]
51. Shi, S.; Wang, X.; Ye, Z.; Chen, W.; Li, T.; Chen, J.; Li, J. Effect of the combined application of fungal residue and chemical fertilizers

on the mineralization of soil organic carbon in paddy fields. Environ. Sci. Pollut. Res. Int. 2019, 26, 23292–23304. [CrossRef]
[PubMed]

52. Wu, J.; Zhu, J.; Zhang, D.; Cheng, H.; Hao, B.; Cao, A.; Yan, D.; Wang, Q.; Li, Y. Beneficial effect on the soil microenvironment of
Trichoderma applied after fumigation for cucumber production. PLoS ONE 2022, 17, e0266347. [CrossRef] [PubMed]

53. Zhang, Y.L.; Chen, L.J.; Chen, X.H.; Tan, M.L.; Duan, Z.H.; Wu, Z.J.; Li, X.J.; Fan, X.H. Response of soil enzyme activity to
long-term restoration of desertified land. Catena 2015, 133, 64–70. [CrossRef]
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