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Abstract: This study reveals the mutual interaction of the abiotic (climate) and biotic
(bacteria, actinomycetes and fungi) factors and their impact on dehydrogenase enzyme
activity in the soil within the Quercetum montanum typicum forest community at the National
Park “Frushka gora” in the Vojvodina Province of Serbia. A total of 32 field visits were
conducted between 2014 and 2017 to obtain site-specific data on air and soil temperature
and humidity, and soil sampling for further microorganisms” abundance and dehydroge-
nase activity determination through lab analysis. The key findings indicate that climate
conditions, particularly variations in air temperature and humidity, significantly impact
dehydrogenases and are positively impacted by soil bacteria and actinomycetes, although
the effect of fungi varies. Climate conditions, particularly variations in air temperature
and humidity, significantly impact the abundance of soil microorganisms, and further
positively impact the dehydrogenase activity. These findings underscore the importance
of understanding the interplay between abiotic and biotic factors in soil ecosystems for
sustainable environmental management and to support soil fertility and health.

Keywords: forest soils; soil microorganisms; fungi; bacteria; actinomycetes; dehydrogenase
activity

1. Introduction

As an environment of microorganisms, soil represents an important and inevitable
link in the chain of circulation of matter and energy in nature.

Soil bacteria is a vital component of the soil microbial community, with essential roles
in the functioning of forest ecosystems. These microorganisms are predominantly found
in the uppermost layers of the soil, particularly in the organic (O) and accumulation (A)
horizons, where they are exposed to various environmental stressors, including drought
and subsequent rewetting periods [1,2]. Bacteria contribute to the transformation of organic
compounds into forms that can be utilized by plants, thereby enhancing soil fertility and
health [3]. Microbial interactions with plant roots, such as mycorrhizal associations, facili-
tate nutrient uptake, indicating a complex relationship that underscores the significance of
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bacteria in promoting plant health and soil structure formation [3]. Numerous studies have
shown that the total number of bacteria can be used as an indicator of the general activity
of soil [4-7].

Actinomycetes contribute to the decomposition of organic matter and play a vital
role in nutrient cycling, particularly through their production of extracellular enzymes
that facilitate the breakdown of complex organic substances [8]. Within forest ecosystem:s,
actinomycetes represent a small but important fraction of the bacterial population, often
comprising around 4.5% of the overall microbiota [8], influential in enhancing soil health
and maintaining ecological balance by participating in the degradation of organic ma-
terials and the release of essential nutrients, and characterized by its ability to thrive in
various environmental conditions and contribute to essential soil processes, particularly
in the presence of organic matter [9]. Their number is closely linked to the composition
and diversity of the surrounding vegetation, which serves as a primary regulator of soil
characteristics and microbial communities [3,8]. The enzymatic activities of actinomycetes,
such as dehydrogenase, play a crucial role in soil biochemical processes [9].

The diversity and activity of fungi in forest soils are affected by both biotic factors,
such as plant community composition, and abiotic factors, including soil pH, moisture,
and temperature conditions [1,10]. Fungi are essential decomposers in forest ecosystems,
breaking down complex organic matter and facilitating nutrient availability for plants. The
decomposers are saprophytic fungi that transform dead organic matter into the biomass of
their cells, carbon dioxide, organic acids, etc. The saprophytic group of fungi is important
for the immobilization and storage of nutrients in the soil. The most numerous fungi
decomposers in the soil are Penicillium, Aspergillus, Pleurotus, Mucor, Alternaria, Trichoderma,
Fusarium, Rhizopus, etc. [11]. Their extensive hyphal networks enable them to explore larger
soil volumes compared to bacteria, allowing fungi to access and decompose substrates that
are resistant to bacterial degradation [3,10]. This capability not only aids in the recycling of
nutrients but also contributes to the stabilization of soil organic matter, which is vital for
maintaining soil health and fertility [1].

Seasonal variations affect the activity levels of actinomycetes, with increased dehydro-
genase activity observed during the warmer months. Actinomycetes interact synergistically
with other soil microorganisms, including fungi and bacteria, enhancing nutrient avail-
ability and soil structure. They are capable of degrading pectin, lignin and xenobiotics,
substances that are significantly more resistant to microbial degradation [7].

The interactions among bacteria, actinomycetes, and fungi in forest soils play a crucial
role in enhancing dehydrogenase activity, which is an important indicator of microbial
activity and soil health [12]. Studies indicate that these microorganisms not only coexist
but also engage in complex interactions that can be either synergistic or antagonistic, signif-
icantly affecting soil biochemical processes and ecosystem functions [10]. Fungi-bacteria
interactions are significant drivers of ecosystem functions as they engage in complex rela-
tionships that can range from mutualism to antagonism, affecting microbial community
dynamics and soil health [10]. Several soil parameters such as soil pH, moisture, and
nutrient concentrations correlate with microbial diversity indices, which in turn affect the
dehydrogenase activity in the soil [8].

The decomposition of organic matter in soil as an oxidation-reduction process is
catalyzed by dehydrogenase enzymes and in the soil, they are most often of microbial
origin. Dehydrogenases are enzymes that catalyze the reaction of hydrogen separation from
various organic compounds and their transfer to oxygen (aerobic dehydrogenases) or to
organic compounds (anaerobic dehydrogenases). Certain studies indicate that the general
microbiological activity of the soil can be assessed based on dehydrogenase activity [13].
The activity of the dehydrogenase enzyme depends on the overall physiological activity
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of microorganisms, with higher dehydrogenase activity indicating a higher-intensity min-
eralization of organic matter in the soil [14,15]. Variations in environmental conditions,
particularly air and soil temperature and humidity, are the principal causes of seasonal
variations in dehydrogenase activity values [16].

Several studies on the properties of the soils of the Vojvodina region [17] and their
microbial activity [18] have been carried out in the past. However, most of these studies
were conducted on agricultural soils [19-21]. Dehydrogenase enzyme activity has been
previously researched in forest soils of the National Park “Frushka gora”, focusing on
soil microbial abundance and its impact on dehydrogenases in 2015, and indicating a
directly proportional correlation of soil microorganisms and dehydrogenase activity [22].
Yet, the dehydrogenase activity in forest soils has been insufficiently studied, and without
considering seasonal abiotic variations impact.

The aim of this study is to reveal the mutual interaction of the abiotic (climate) and
biotic (bacteria, actinomycetes and fungi) factors in the soil within Quercetum montanum
typicum forest community at NP “Frushka gora” and determine their impact on dehydro-
genase enzyme activity through data analysis of site-specific values such as air and soil
temperature and humidity, number of bacteria, actinomycetes and fungi, and dehydroge-
nase activity values. It is expected that the abiotic and biotic factors impact the intensity of
dehydrogenase activity in forest soils.

2. Materials and Methods
2.1. Study Area

This study is set in a Quercetum montanum typicum forest community that is a coppice
forest of Sessile oak (Quercus petraea (Matt.) Liebl.) with an admixture of Beech (Fagus sylvat-
ica L.). The site of investigation is situated in department 20/c, management unit Popovica-
Majdan-Zmajevac, NP “Frushka gora” (coordinates 45°09'24.00” N, 19°48'38.80" E),
Republic of Serbia. Moderately steep terrain, southeast exposure, 480-500 m elevation,
schist geological base, and haplic luvisol (epidystric) soils characterize the area.

2.2. Data Collection

A 25 x 25 m sample plot was set up for field research and separated into 5 x 5 m areas
with markers at their centers (Figure 1). Eight of the 25 points represented on the sample plot
were randomly selected as representatives and were continuously measured afterward.
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Figure 1. Sample plot scheme.
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Field visits were conducted every 14 days from May to October in the 2014-2017
period and for each of the 8 points three technical replicates were taken as measurements
for air temperature and humidity at 30 cm and 200 cm, soil humidity and soil sampling.

The number of microorganisms was determined by inoculating the appropriate soil
suspension onto selective nutrient media for the following groups of microorganisms:
(a) Total number of bacteria on soil agar [23], (b) Number of fungi on Czapek-Dox medium
and (c) Number of actinomycetes on synthetic agar [24]. The dehydrogenase enzyme
activity (DHA) in soil was determined using the Thalmann spectrophotometric method [25]
after incubation of the sample with 2,3,5-triphenyltetrazolium chloride and measurement
of triphenylformazan (TPF) absorbance at 546 nm and expressed in ug TPF g_1 24 h~ L
NASA POWER DAV service (https://power.larc.nasa.gov/data-access-viewer/, accessed
on 20 December 2024) v2.4.6 supplies climate data (air temperature and precipitation) for
the sample plot area.

2.3. Data Analysis

The statistical methodology employed in our study aimed to explore the temporal
variation in microorganism counts across multiple sampling dates while accounting for
nested data structures and overdispersion commonly observed in count data. The data
were analyzed using generalized linear mixed models (GLMMs), an approach well-suited
for hierarchical datasets where observations are clustered within random effects, such as
replicates and samples in our study.

The models were built using the glmmTMB [26] framework, enabling the inclusion
of fixed and random effects, as well as distributions specific for count data. Initially, a
Poisson model was constructed under the assumption of equidispersion, where the mean
and variance of the response variable are equal. To account for potential overdispersion,
a negative binomial model was also fitted, which introduces an additional dispersion
parameter, allowing the variance to exceed the mean. Both models included fixed effects
for sampling date and replicate, alongside a random intercept for the sample variable to
capture unobserved heterogeneity at the sample level.

Diagnostic assessments were a critical part of the data analysis in our study, ensuring
the validity and adequacy of the models. Using the DHARMa [27] package, residual
diagnostics were conducted to evaluate model fit. The Q-Q plots were generated to
assess the uniformity of residuals, and formal tests for overdispersion were applied. The
diagnostic results guided model selection, with the Akaike Information Criterion (AIC)
used as a metric to compare model fits quantitatively. The model with the lowest AIC value
was chosen as the most appropriate for the data.

Post hoc analyses were conducted to compare actinomycetes” counts across sam-
pling dates. Estimated marginal means were calculated on the response scale using the
emmeans [28] package, and pairwise contrasts were performed to identify significant dif-
ferences between dates. Statistical significance was visualized by grouping the dates using
letter codes, simplifying the interpretation of multiple comparisons.

Pearson correlations were used to assess the relationship between the number of
microorganisms and climatic variables. Additionally, correlations were calculated between
the number of microorganisms and the activity of the dehydrogenase enzyme activity in
the soil.

3. Results

A total of 32 field visits were conducted between 2014 and 2017 to measure site-specific
air temperature and humidity at 30 cm and 200 cm, soil humidity and soil sampling.
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The climate data analysis for the 2014-2017 study period (Figure 2) reveals that
mean annual air temperature ranges between 12.34 °C and 12.88 °C, the annual sum of
precipitation is higher in 2014 and 2016, the highest mean monthly air temperature of
27.01 °C is calculated for July 2015, the mean monthly air temperatures below 0 °C are
calculated in December 2016 and January 2017, and the June-September period is noticeably
warmer and drier throughout the study period.
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o 2.00

20.00
150
10 1000 7

5,00
50 — b
s

— \/ < 0.00
v’ FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

JAN FEB MAR APR  MAY JUN JuL AUG SEP OCT  NOV  DEC Month

Precipitation (mm)

Month
—2014 —2015 —2016 2017 —T(C)2014 —T(©)2015 —T(C) 2016 T(0)2017
(a) (b)

Figure 2. (a) Mean monthly precipitation (mm) and (b) mean monthly air temperature (°C) 2014-2017.

Climate conditions were found to be proportionately correlated with the site-gathered
data for soil temperature and humidity at 20 cm below ground and air temperature and
humidity at 30 cm and 200 cm above ground. April and May have the highest air humidity
(Figure 3), followed by the hot and dry June-September period. The period from October
to March has a close total monthly precipitation value and a consistent distribution pat-
tern. Soil humidity and soil temperature are strongly correlated. Large-scale climate and
site-specific air temperature and humidity correlate with soil temperature and humidity

(Figure 4).
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Figure 3. Air temperature (°C) and humidity (% RH) at 30 cm and 200 cm above ground 2014-2017.
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There were variations in the total number of bacteria during the study period:
3.24 x 10° to 21.64 x 10° CFU (8 September 2014, and 21 May 2014, respectively) in
2014; 3.18 x 10° to 99.84 x 10° CFU (9 September 2015 and 23 October 2015) in 2015;
5.97 x 10° to 15.61 x 10° CFU (3 June 2016 and 20 May 2016) in 2016; and 9.66 x 10° to
77.86 x 10° CFU (9 June 2017 and 21 July 2017) in 2017.

The total number of actinomycetes varied from 104.41 x 103 to 291.94 x 10° CFU (8
September 2014, and 11 July 2014, respectively) in 2014; from 8.95 x 10% to 355.71 x 10® CFU
(14 July 2015, and 23 October 2015) in 2015; from 38.07 x 10° to 252.31 x 10° CFU (24 June
2016, and 20 May 2016) in 2016; and from 24.66 x 10% to 263.89 x 10° CFU (28 September
2017, and 30 June 2017) in 2017.

The total number of fungi varied from 162.98 x 10° to 403.96 x 103 CFU (25 July 2014,
and 21 May 2014, respectively) in 2014; from 5.95 x 10° to 187.89 x 10° CFU (27 July 2015,
and 14 July 2015) in 2015; from 137.78 X 10° to 182.5 x 103 CFU (3 June 2016 and 24 June
2016) in 2016, and from 25.31 x 10% to 418.09 x 10% CFU (15 September 2017 and 30 June
2017) in 2017.

The most notable differences are observed in the numbers of bacteria in 2015 and 2017,
actinomycetes in 2014, and fungi in 2015 and 2017 (Figure 5).
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2014/10/06 262,092 c| 2015/06/29 16,867 abl 2017/06/30 263,897 d|
2014/07/11 291,948 c 2015/06/15 31,773 b]

2015/10/05 165,572 [
2015/10/23; 355,713 d|

m Date 2014 letters Date 2015 letters Date 2016 letters Date 2017 letters
2014/07/25) 162,984 al 2015/07/27 5,955 al 2016/06/03 137,788 al 2017/09/15 25317 a|
2014/06/13| 170,537 al 2015/08/10 8,867 ab| 2016/09/09 139,678 al 2017/07/28 28,062 abl
2014/08/11 177,520 abl 2015/10/23 10,499 ab| 2016/05/20 167,198 al 2017/09/28 36,502 abc
2014/07/11 187,626 ab 2015/09/09 13,587 bc| 2016/06/24 182,501 al 2017/10/13 40,182 bc|
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Figure 5. Number of bacteria, actinomycetes and fungi (in CFU, Colony Forming Units) 2014-2017.
Alphabetic data indicate variability in the number of microorganisms by year and rating statistically
significant differences of category and date comparison.

The number of bacteria showed notably high levels in the fall of 2015 and throughout
2017, while all other data reflect close values. Actinomycetes are most numerous during
the earliest and last measurements of each year, whereas their numbers are significantly
lower during the June-September span. There is a strong correlation between changes in
the overall number of actinomycetes and the levels of dehydrogenase enzyme activity. The
number of fungi peaks in the earliest and latest measurements of each year, similar to the
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number of actinomycetes, and falls significantly during the hot and dry summer months.
Seasonal changes in the environment have a significant impact on the number of fungi over
the course of the study.

The dehydrogenase enzyme activity values during the study period varied between
80 and 300 pug TPF g~! 24 h~1, as presented in Figure 6.

Number of Bacteria (CFU) and mean DHA (pug TPF g™ 24 h™) by date 2014-2017
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Figure 6. Impact of the total number of microorganisms (CFU) on dehydrogenase activity (ug TPF
g1 24 h~1)2014-2017.

Analysis of dehydrogenase enzyme activity (DHA) has revealed significantly variable
values over the course of the investigation: 45.71-771.43 ug TPF g~! 24 h~! (site 10,
8 September 2014, and site 6, 11 July 2014, respectively) in 2014; 20.00-320.00 pg TPF g~ !
24 h~1 (site 13,10 August 2015, and site 19/20, 24 August 2015) in 2015; 22.86-494.29 ug TPF
g_l 24 h~1 (site 21, 3 June 2016, and site 6, 9 September 2016) in 2016; and 40.00-800.00 pg
TPF g~! 24 h~! (site 3/4, 28 September 2017, and site 10, 12 May 2017) in 2017.

Figure 7 shows a visual representation of the correlation between all variables, includ-
ing biotic and abiotic groups.
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Figure 7. Correlation coefficients of all variables in (a) 2014, (b) 2015, (c) 2016 and (d) 2017.

In 2014, the DHA had positive, strong correlations with the number of bacteria (0.55),
actinomycetes (0.76) and fungi (0.47), and a significant negative correlation with the soil
temperature (—0.41). The number of bacteria is positively correlated to the number of
actinomyecetes (0.36) and fungi (0.78) and negatively correlated to air humidity at 200 cm
(—0.52). The number of actinomycetes has a strong negative correlation with soil humidity
(—0.47), while the number of fungi has a strong negative correlation with air humidity at
200 cm (—0.52) and soil temperature (—0.53). The values of the abiotic factors only show
a significant positive correlation among some of themselves like the air temperature at
30 cm with the air temperature at 200 cm (1.0) and the soil temperature (0.9), air humidity
at 30 cm with air humidity at 200 cm (0.88), and air temperature at 200 cm with soil
temperature (0.9).

In 2015, the DHA had strong, positive correlations with the air humidity at 30 cm
(0.73) and 200 cm (0.68), and negative, strong correlations with the air temperature at
30 cm (—0.6) and 200 cm (—0.62) and the soil temperature (—0.55). The number of bacteria
had a strong positive correlation with the number of actinomycetes (0.96) and a strong
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negative correlation with air temperature at 30 cm (—0.54) and 200 cm (—0.52) and the soil
temperature (—0.65). The number of actinomycetes had a strong, negative correlation to air
temperature at 30 cm (—0.59) and 200 cm (—0.59) and the soil temperature (—0.72). The
number of fungi in 2015 did not have a strong correlation to any of the biotic or abiotic
factors. Among the abiotic group of factors, the air temperature at 30 cm had a strong
positive correlation with the air temperature at 200 cm (1.0) and the soil temperature (0.91),
as well as a strong negative correlation to air humidity at 30 cm (—0.76) and 200 cm (—0.78);
the air humidity at 30 cm had a strong positive correlation to the air humidity at 200 cm
(0.99) and a strong negative correlation to the air temperature at 200 cm (—0.78) and the
soil temperature (—0.66); air temperature at 200 cm had a strong negative correlation
with the air humidity at 200 cm (—0.8) and a strong positive correlation with the soil
temperature (0.89); and air humidity at 200 cm had a strong negative correlation with the
soil temperature (—0.65).

In 2016, the DHA had strong positive correlations with the number of bacteria (0.62)
and fungi (0.62) with actinomycetes (0.33), and negative correlations with the air humidity
at 30 cm (—0.46) and 200 cm (—0.42) and soil humidity (—0.4). The number of bacteria
had similar positive correlations with the number of actinomycetes (0.33), air humidity
at 30 cm (0.33) and 200 cm (0.35), and a strong positive correlation with the number of
fungi (1.0), as well as a negative correlation with the air temperature at 30 cm (—0.4) and
at 200 cm (—0.41). The number of actinomycetes had a strong positive correlation with
the soil humidity (0.72) and positive correlations with the number of fungi (0.33), the air
humidity at 30 cm (0.37) and 200 cm (0.42), and strong negative correlations with the soil
temperature (—0.94), air temperature at 30 cm (—0.84) and at 200 cm (—0.81). The number
of fungi in 2015 did not have a strong correlation to any of the biotic or abiotic factors.
The abiotic variables have multiple significant correlations among them, indicating their
interdependence and diverse impact patterns.

In 2017, the DHA had strong positive correlations with the number of fungi (0.53)
and the soil temperature (0.63), and negative correlations with the air humidity at 30 cm
(—0.6) and 200 cm (—0.54). The number of bacteria had negative correlations with the
number of fungi (—0.55) and actinomycetes (—0.48) with the soil humidity (—0.51). The
number of actinomycetes had a strong positive correlation with the number of fungi (0.94).
The number of fungi had a positive correlation with the soil humidity (0.58). The abiotic
variables in 2017 had multiple strong positive and negative correlations among them,
indicating their interdependence and diverse impact patterns.

4. Discussion

Soil microorganisms are impacting organic matter decomposition and as such are of
exceptional importance for soil characteristics. Bacteria, fungi, algae, protozoa, viruses and
lichens live in the soil, which actively participate in the creation and evolution of the soil
and in achieving its fertility [13]. Bacteria in forest soils contribute to the decomposition of
organic matter and the recycling of nutrients in ecosystems and constitute one of the most
diverse habitats on Earth [29].

Due to the important role of microorganisms in the soil, it is important to monitor
their number as well as the activity of the dehydrogenase enzyme. Soil microorganisms in
temperate deciduous forests are manifesting large seasonal variations in environmental
conditions, such as temperature and moisture [29]. Enzymatic activity reflects the intensity
of the processes taking place in the soil and is, therefore, used as an indicator of general
biogenicity and soil fertility [7,15,30]. The number of bacteria, actinomycetes and fungi
in the soil are conditioned by ecological factors such as the air and soil temperature and
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humidity, and land management practices [31]. All the previous findings listed above
correspond with the results of this research.

In 2014, significant positive correlations were present within the group of abiotic
variables, the number of bacteria, actinomycetes and fungi, which was negatively correlated
to abiotic changes, and the DHA was strongly positively correlated to the number of
microorganisms. These findings suggest that soil microorganisms are stressed by hot, dry
weather, which lowers microbial activity and impacts DHA. The result corresponds with
previous research findings [17,32].

Significant correlations between the abiotic group’s variables were observed in 2015.
Only the strong positive correlation between the number of bacteria and actinomycetes is
significant within the group of biotic variables. There is not a significant correlation between
the number of fungi and any of the biotic or abiotic variables. The DHA is solely influenced
by abiotic variables and does not significantly correlate with any microorganisms. This
finding, which contradicts earlier studies conducted in the same region [17,22,33], can be
explained by the precipitation occurring more frequently during the vegetational period
and in higher amounts each year.

In 2016, significant correlations were present within the abiotic group of variables,
and within the biotic group number of fungi and bacteria, which were strongly positively
correlated. The number of actinomycetes had strong negative correlations with air and soil
temperatures, and a strong positive correlation with soil humidity, indicating their high vari-
ability due to natural conditions variations. There was no significant correlation between
the number of fungi and any of the biotic or abiotic variables. Strong positive relationships
between the DHA and the number of bacteria and fungi indicate that more bacteria lead to
increased enzymatic activity, a hypothesis supported by other studies [29,34].

Similar to earlier years of this study, 2017 revealed a variety of significant corre-
lations within the group of abiotic variables, with soil humidity having a particularly
strong positive impact on the number of fungi. The number of fungi in the biotic factors
category had a strong negative correlation with bacteria and a strong positive correla-
tion with actinomycetes. This suggests that because fungi and actinomycetes can gener-
ate spores, a humid climate with fewer soil bacteria offers ideal circumstances for their
emergence [3,9,10]. Seasonal environmental variations have an impact on the fungal popu-
lation and, in turn, the dehydrogenase activity, as evidenced by the DHA’s high positive
correlations with the number of fungi and soil temperature and negative correlations with
air humidity.

Previous research indicates that the interactions among bacteria, actinomycetes, and
fungi in forest soils enhance DHA, which is an important indicator of microbial activity
and soil health [12]. Also, the bacteria are considered as most influential type of soil
microorganisms for DHA, predominantly found in the uppermost layers of soil and exposed
to various environmental conditions [1,2], and hence condition actinomycetes and fungi.
Bacterial decrease in humid environment enables an increase in actinomycetes and fungi,
due to their natural abilities, and promotes decomposing of organic materials resistant to
bacterial degradation [3,10]. Strong correlations were found in this study between abiotic
variables and soil microorganisms (bacteria, actinomycetes, and fungi), which together
affect the dehydrogenase activity, corresponding with the outcomes of the above-mentioned
previous studies.

5. Conclusions

In summary, the extensive analysis conducted over the four-year period from 2014
to 2017 has revealed intricate relationships between climate factors and soil microbial
communities, as well as their respective activities.
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The key findings indicate that climate conditions, particularly variations in air tempera-
ture and humidity, significantly impact the distribution and activity of soil microorganisms,
including bacteria, actinomycetes, and fungi. The dehydrogenase enzyme activity, serving
as an indicator of microbial function, underscores the vital role of environmental factors
in shaping soil health and microbial dynamics. The activity of dehydrogenase enzymes
is generally positively impacted by soil bacteria and actinomycetes, although the effect of
fungi varies.

The observed correlations between microbial populations and abiotic conditions high-
light the complexity of soil ecosystems and their sensitivity to climate variations. For
instance, the notable variations in microbial number throughout the study period, partic-
ularly during extreme seasonal conditions, emphasize the need for ongoing monitoring
to forecast ecological responses to climate change. Overall, this study not only enriches
our understanding of soil biology but also calls for concerted efforts to preserve microbial
diversity and soil health, which are critical for sustainable land management. By fostering
a deeper connection between climate awareness and soil health, we can progress towards
mitigating the impacts of climate change and ensuring the resilience of our ecosystems for
future generations.
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