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Abstract

Background:Climate change affects life on Earth. Meanwhile, microorganisms (unlike plants and animals) are usually not considered
when studying climate change, particularly due to the impact of climatic fluctuation on them. A substantial variety of microbes and their
responses to changing environmental conditions make determining their role in the ecosystem functioning very difficult. Nevertheless,
microorganisms support the existence of all life forms on the planet. It is also important to know how microorganisms affect climate
change and how this subsequently then affects microorganisms. Previous research demonstrates the leading role and importance of mi-
croorganisms in studying the biological aspects of climate change. Thus, this paper aimed to examine the correlation between nitrogen
cycle microorganisms and climate change. Methods: The nitrogen cycle microorganism (NCM) soil formed the primary research object,
which, simultaneously, is not associative microflora and belongs to the following groups: amino heterotrophs using organic forms of
nitrogen, aminoautotrophs using mineral forms of nitrogen, and diazotrophs fixing nitrogen in the air. The response of NCMs in simul-
taneously increasing atmospheric CO2, precipitation, temperature, and nitrogen in an artificially created agricultural soil ecosystem was
investigated. Results: The NCM number and their structure responded to these simulated changes. The increased volume of nitrogen
significantly changed the NCM structure, which depends on temperature and precipitation. The dominance of NCMs was noted when
the temperature and precipitation remained unchanged. However, the number of microorganisms consuming mineral forms of nitrogen
increased following a rise in temperature and a reduction in precipitation. Further, the proportion of microorganisms consuming organic
forms of nitrogen increased following a decrease in temperature and increased precipitation. Total NCMs reduced significantly when the
CO2 increased; this decrease was most pronounced with increased precipitation. Changes in the group composition of the community
are associated with an increase in the nitrification process, with no changes in total NCMs. Conclusions: These results illustrate that
the ever-increasing concentration of CO2 in the atmosphere has a direct impact on both Earth’s climate and alters the composition and
activity of microbial populations.
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1. Introduction
Anthropogenic interference with the environment al-

ready leads not only to pollution (chemical, radiation, phys-
ical, biological, etc.) but also to climate change. Under
the influence of global climate change, changes occur in
the biosphere, including the soil. Climate possesses a di-
rect impact on soil formation, being one of the primary soil
formation factors. It determines the hydrothermal regime
and energy level of the soil. Furthermore, the climate indi-
rectly affects other factors of soil formation (parent or soil-
forming rocks, plants and living organisms, etc.). The total
number of microorganisms in terrestrial habitats is approxi-
mately 3 × 1029 [1]. Soil microorganisms regulate the car-
bon level immobilized in the soil and released back into the
atmosphere, which is indirectly exerted on the carbon stock
in plants and soil through the mobilization of macronutri-
ents such as nitrogen and phosphorus [2,3]. Therefore, it
appears highly relevant to consider the effects of climate
change and its consequences on microbial communities in
soil.

The authors have decided to focus on the nitrogen
cycle microorganisms (NCMs) freely living in soils as a
model. This group of microorganisms has not been chosen
by chance. It is an ideal model for studying the global ni-
trogen cycle. NCMs are widespread in nature. They can
be found in soil, freshwater, and seawater. They are of
great environmental importance; namely, they play a deci-
sive role in the fate of nitrogen in the ecosystems of Earth.
Nitrogen is considered to be the most crucial nutrient in
productivity regulation and species diversity in all ecosys-
tems of Earth [4]. Most nitrogen conversions such as nitro-
gen fixation, nitrification, and denitrification are regulated
by microbial-controlled processes. However, as the global
population continues to grow, human impact has already
substantially altered the global nitrogen cycle [5]. Human
impact includes the increase in CO2 in the atmosphere from
fuel combustion or agriculture. The latter also leads to the
deposition of nitrogen-containing compounds in soils. As
a result of vigorous human activity, the air temperature, the
amount, and the quality of precipitation change [6,7]. It is
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evident that numerous global changes can interact to alter
the microbial community of soils. However, howmicrobial
communities respond to such changes is a bit unclear. It has
been proven that the set of properties of microbial commu-
nities (for example, microbial respiration) can be changed
by individual global shifts [8]. There is some evidence that
the number of microbial plant symbionts changes with the
increase in CO2 [9]. Volatile compounds produced by bac-
teria are able to act as both intra- and interspecies regula-
tors of microbial communities [10]. It has also been illus-
trated that the composition and number of soil microorgan-
isms change in response to the application of agricultural
fertilizers and substantial fluctuations in soil temperature
and moisture [11–13]. It is unclear, however, whether the
NCM abundance and diversity in soils can change under the
influence of multifactorial global changes.

The research will help approach the understanding of
the contribution of climatic fluctuations to the development
of the nitrogen cycle microorganisms (NCM), in particular,
and to the development of the microbial community in the
soil as a whole. The practical meaning of the paper lies in
the ability to regulate NCMs to enrich the soil with available
nitrogen, treat it, and, consequently, increase productivity.

2. Materials and Methods
2.1 Goals and Objects of Research

The research goal is to detect changes in the structure
of nitrogen cycle microorganisms (NCM) in soil. Tasks that
contribute to the achievement of the mentioned goal include
investigating the effect of carbon dioxide, humidity, nitro-
gen precipitation, and temperature rise (both individually
and in various combinations) on NCMs.

The research object is the NCM soil, which, simul-
taneously, is not associative microflora and belongs to the
following groups: amino heterotrophs using organic forms
of nitrogen, aminoautotrophs using mineral forms of nitro-
gen, and diazotrophs fixing nitrogen in the air.

The authors have investigated the NCM reaction (sep-
arately for aminoheterotrophs, aminoautotrophs and dia-
zotrophs) to a simultaneous increase in the atmospheric
CO2, precipitation, temperature, and nitrogen in an artifi-
cially created ecosystem of agricultural soil.

2.2 Scheme (design) of the Experiment

The authors have artificially created various environ-
mental changes that can affect the ecosystem in soils, as
described in one of the early jobs [14]. The soil (mono-
lith) was collected in a fiberglass vessel (30 × 30 × 30
cm) in an area excluded from arable land 5 years ago (aban-
doned) and planned to be returned to arable land (Primorsky
Krai, Russia). Next, the vessel was sealed and delivered
to the laboratory. A total of 30 such cubes were laid:
control and 4 experimental variants. All blocks were ran-
domly assigned to 3 blocks of one of the designs. Experi-
mental variants include (1) simulation of increasing atmo-

spheric carbon dioxide (adding CO2 to the air with a tar-
get concentration of 700 ppm), (2) imitation of precipita-
tion (increased [by 50% and 75%] moistening of the soil),
(3) imitation of global warming (increase in ambient tem-
perature), and (4) increased nitrogen content (by adding
Ca(NO3)2 in the amount of 7 g/m2). The NCM (separately
for aminoheterotrophs, aminoautotrophs and diazotrophs)
reaction to these factors is studied both individually and as
a complex. Complex: separately, carbon dioxide amount
in the airspace is studied, in experiments with simulated
precipitation, temperature increase; increasing temperature
with simulated precipitation, increasing temperature with
increasing nitrogen content; simulated precipitation and ni-
trogen addition. Control vessels were not subjected to treat-
ment. Soil samples for research were collected for each op-
tion every 10 days.

2.2.1 Simulation of the Increase in Atmospheric CO2

In a hermetically sealed block adding carbon diox-
ide to the air with a target concentration of 700 ppm. A
gas cylinder was used, which was supplied into the vessel
through a special hole under the control of a pressure gauge.
The plots were fumigated continuously for 30 days. In the
Earth’s atmosphere, the concentration of CO2 is, according
to various sources, 200–500 ppm [15,16]. The concentra-
tion of carbon dioxide depends on the place and time. In
our experiments, the control variants had a CO2 indicator
of 350 ppm, so in the experimental variant we doubled the
concentration of CO2 to 700 ppm. In addition, we took into
account the intermediate forecasting model (RCP 6.0) by
2100 [17] and trends in the concentration of carbon dioxide
in the atmosphere according to the National Oceanic and
Atmospheric Administration, USA [18].

2.2.2 Imitation of Precipitation
To moisten the soil, a cap with special holes for water

supply was built over the vessel. Quadrants of increased
rainfall received increased (by 50% and 75%) moistening
of the soil through overhead sprinklers plus drip tubes. In-
creased hydration was monitored on an ongoing basis and
maintained at a given level for 30 days. Volumetric soil
moisture was measured using an Aqua-Lab M20SO1 mois-
ture meter (Aqua-Lab, Moscow, Russia) by placing the
probe into the soil to a depth of 10 cm (in the middle of
the layer being studied). Researchers are actively studying
the effects of different levels of soil waterlogging on mi-
crobial communities and their functions [19–21]. We chose
two levels (50% and 75%) due to their greatest universality
and averageness.

2.2.3 Imitation of Global Warming
The temperature was increased as suggested in the

works of other researchers [22–24]. Warming of 20 °C
relative to the control inside the unit was achieved us-
ing infrared ceiling heaters equipped with reflective domes
for uniform heat distribution. The soil temperature was
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measured continuously using a TESTO 103 thermometer
(Testo, Lenzkirch, Germany) by placing the probe into the
soil to a depth of 10 cm (in the middle of the layer being
studied). During 30 days of the experiment.

2.2.4 Increased Nitrogen Content
Quadrants treated with N deposition received a total

of 7 g N/m2 at a time as a spray of liquid Ca(NO3)2, as
suggested in the works of other researchers [24,25].

2.3 Determination of Target Groups of Microorganisms
Determination of the quantitative composition of soil

NCMwas carried out by sowing dilutions of soil suspension
on solid elective media. For one repetition of one experi-
mental group, 10 g of soil was removed sterilely (over an al-
cohol lamp) and placed in 100 mL of sterile saline solution.
The flask was shaken for 20 minutes at room temperature
and 150 rpm on an Elmi S-3.02L.A20 shaker (Elmi, Riga,
Latvia) to separate microbial cells from soil particles. Af-
ter completion of the process, the suspension from the flask
was plated onto agar selective media: fishmeal hydrolyzate
(FHM), starch-ammonia agar (SAA) and Ashby agar, in-
tended for the isolation of aminoheterotrophs, aminoau-
totrophs and nitrogen fixers, respectively. GRM agar (nu-
trient agar based on fishmeal hydrolysate) used ready-made
media produced in Obolensk, Russia. Starch ammonium
agar and Ashby agar were prepared independently accord-
ing to the preparation instructions.

GRM agar, Starch-ammonia agar and Ashby’s agar
were prepared independently according to preparation in-
structions. GRM agar had the following composition, g:
pancreatic hydrolysate of fish meal—12.0 g, dry enzy-
matic peptone—12.0 g, sodium chloride—6.0 g, microbi-
ological agar—10.0 ± 2.0 g. Starch-ammonia agar had
the following composition, g: starch—10.0, (NH4)2SO4—
2.0, K2HPO4—1.0, MgSO4—1.0, CaCO3—3.0, agar-
agar—20.0, distilled water—1000 mL. Ashby’s agar had
the following composition, g: sucrose—20.0, K2HPO4—
0.2, MgSO4 × 7H2O—0.2, NaCI—0.2, FeSO4—0.1,
CaCO3—5.0, distilled water—1000 mL.

The cultures were incubated in a thermostat for 3–5
days at a temperature of 26 °C. After incubation, the grown
colonies were counted.

All calculations were carried out in the STATISTICA
v-13.3.0×64 for Windows TIBCO Software Inc. (Palo
Alto, CA, USA), Microsoft Excel 2022 (Redmond, WA,
USA) was used to construct the diagrams. To identify dif-
ferences, the statistical method of analysis was used, the
Wilcoxon T-test. Overall treatment effect sizes were cal-
culated as follows: % effect = 100% * (elevated – ambi-
ent)/ambient [24]. Effects with p ≤ 0.05 are called signif-
icant, and effects with p > 0.05 are called marginally sig-
nificant.

3. Results and Discussion
The NCM number and structure have responded to

these simulated changes (Fig. 1).
We observed significant effects of the multivariate

global change treatments on the community structure and
abundance of NCM. When considering the main effects
across all treatments, the abundance of aminoautotrophs
tended to increase under elevated temperature (+376.32%)
and decreased under elevated precipitation and carbon diox-
ide (–41.86 and –54.31%, respectively). The effect of N on
aminoautotroph abundance was weak and did not increase
significantly under high N (+11.11%) (Table 1). In contrast,
the amplitude of the response of diazotrophs to the main
global change treatments was generally lower than that of
aminoautotrophs (Table 1), except for the effect of N. The
influence of temperature, precipitation and carbon dioxide
on the number of diazotrophs was weak: temperature had
a slightly positive effect (+12.39%), while increased pre-
cipitation and carbon dioxide had a slightly negative ef-
fect, decreasing the number of diazotrophs by –13.51%
and –18.92%, respectively. The influence of all the stud-
ied factors on the number of aminoheterotrophs was quite
strong and relatively equally opposite to each other. In-
creased precipitation and carbon dioxide contributed to an
increase in the number of aminoheterotrophs (+66.67 and
+83.33%, respectively), while increased precipitation and
nitrogen contributed to approximately the same decrease
in the number of aminoheterotrophs (–64.36 and –79.26%,
respectively). In addition, it is important to note that for
aminoheterotrophs we established effects opposite to those
observed on the number of aminoautotrophs.

The increased nitrogen amount has significantly
changed the NCM structure, which depends on tempera-
ture and precipitation (Fig. 2). The dominance of nitrogen-
fixing microorganisms (up to 80% of the total amount of
NCM) is noted when the temperature and precipitation do
not increase. With an increase in temperature and a decrease
in precipitation, the number of microorganisms consuming
mineral nitrogen forms has increased (up to 83% of the to-
tal amount of NCM). With a decrease in temperature and an
increase in precipitation, the proportion of microorganisms
consuming organic nitrogen forms has increased (up to 79%
of the total amount of NCM). Total NCMs has decreased
significantly with an increase in CO2. This decrease is most
pronounced with an increase in precipitation.

According to the calculation of the Wilcoxan T-test,
the addition of Ca(NO3)2 alone does not affect the amount
of NCM in the soil (does not differ from the control), while
Ca(NO3)2 + warming and Ca(NO3)2 differ from the values
in the control (Fig. 3).

Possible mechanisms for the rational use of the men-
tioned results. The authors assume that the total microbial
population in the soil can indirectly influence the change in
the total NCM amount that the authors have observed in re-
sponse to the introduced factors. The authors have recorded
that the increased soil moisture changes the abundance of
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Fig. 1. Multifactorial global induced changes in the nitrogen cycle microorganism (NCM) community.

Fig. 2. NCM composition in the studied soils.

total NCMs both positively and negatively (Fig. 4). Strong
humidification negatively affects the number of microor-
ganisms, but the presence of warming, which obviously
leads to the evaporation of excess moisture, contributes to
an increase in the number of microorganisms.

An increase in the microorganism number can occur
due to a decrease in water stress with a relatively moderate
increase in soil moisture [26,27]. We see this increase at
50% humidity. A greater increase in soil moisture can re-
duce the abundance by reducing the oxygen diffusion into
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Table 1. Analysis of the results of processing for the abundance of NCM (% effect).
Treatments Aminoautotrophs Amonoheterotrophs Diazotrophs

Ca(NO3)2 +11.11 –79.26 +476.92
Warming +376.32 –64.36 +12.39
Precipitation –41.86 +66.67 –13.51
CO2 –54.31 +83.33 –18.92
Ca(NO3)2 + warming +1344.44 –88.15 –66.35
Ca(NO3)2 + precipitation –33.33 –11.11 +15.38
Ca(NO3)2 + CO2 +39.47 +10.15 –31.30
Warming + precipitation +10.15 –20.63 +94.33
Warming + CO2 +54.47 –44.44 –12.16
Precipitation + CO2 –58.14 +16.67 –40.54
n = 6 per treatment, all the effects are significant (p ≤ 0.05), the “+” sign in front of the
number means a positive effect, the “–” sign — a negative one.

Fig. 3. The Wilcoxan test Mean values are presented with the corresponding standard errors (n = 6, p ≤ 0.05).

the soil [26]. Therefore, the optimum soil moisture reflects
a steady-state between these two parameters. This steady-
state may be the leading one in this interaction, which the
authors have established in the process of studying many
factors. The elevated temperature reduces water stress and
increases the oxygen to the soil access, since a humidity in-
crease leads to a net negative effect on the NCM amount
due to the reduced oxygen availability. From Fig. 4 we see
that increased temperature reduces water stress (75%) and
increases the total amount of NCM in the soil relative to the

variant with increased moisture by 75% without increasing
the temperature. In general, increasing themoisture by 75%
leads to a total negative effect on the amount of NCM.

We found that total NCM decreased with increasing
soil temperatures leading us to conclude that both soil mois-
ture and temperature may limit microbial activity in this
ecosystem (Fig. 5). Another study found that increased soil
temperatures can decrease microbial biomass N and micro-
bial activity measured as microbial respiration [28].
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Fig. 4. The level of nitrogen cycle microorganisms in soils depends on the precipitation amount (colony forming units, CFU).
Mean values are presented with the corresponding standard errors (n = 6, p ≤ 0.05).

Perhaps, although it is unlikely, the carbon dioxide ef-
fect is also mediated through soil moisture. Carbon dioxide
adds to soil moisture due to changes in the overall activity
of the soil microbial community. Some authors point out
that much of the global variability in modeled land carbon
uptake is due to temperature and vapor pressure deficit ef-
fects, which are controlled by soil moisture [29,30].

The authors observe a total NCM similar reaction to
carbon dioxide and increased soil moisture (Fig. 6). As for
individual groups, we see a trend toward an increase in the
number of aminoheterotrophs and a decrease in the num-
ber of aminoautotrophs. Our approximation reliability val-
ues are 0.8057 (aminoheterotrophs) and 0.8784 (aminoau-
totrophs), which is a fairly acceptable result, characterizing
the smoothing as reliable.

The increased carbon dioxide amount changes the re-
source competition intensity between total NCM and het-
erotrophic microorganisms. The increased carbon dioxide
level adds to the activity and number of heterotrophs in the
soil [31,32]. Total NCMs are inferior competitors for some
resources (for example, oxygen) [26] for heterotrophic mi-
croorganisms, and exasperating resources competition may
cause a decrease in the total NCM number with the ele-
vated carbon dioxide content. This decrease may be aggra-
vated by an addition in the precipitation amount if it also
reduces the marginal resource concentration (Fig. 6), either
by leaching (for mobile nutrients) [27] or by decreasing dif-
fusion (in the case of oxygen) [26]. Precipitation and high
humidity contribute to a two-fold increase in the carbon
dioxide content in the surrounding atmosphere [33]. Pre-
sumably, it is the primary factor in reducing the aminoau-
totroph number in a multifactor experiment.

The change in the aminoautotrophs amount that the
authors have observed in the nitrogen addition reaction is
probably due to the nitrate direct effect on the soil. In the

literature, there are indications that elevated precipitation
can reduce the available nitrogen [34]. Simultaneously,
if the elevated temperature leads to soil moisture decrease
[35,36], then with an increased precipitation amount, the
amount of available nitrogen decreases at a fast rate [37].
The loss of soil carbon is also accelerated by the increase in
temperature [38]. Warmer soil temperature will accelerate
soil processes, rapid decomposition of organic matter, in-
creased microbiological activity, quicker nutrients release,
increase nitrification rate and generally accentuate chemical
weathering of minerals [39]. Overall, climate change will
disrupt the equilibrium, both directly and indirectly, with
respect to NCM. These effects can underlie the interactions
between precipitation, temperature, and nitrogen introduc-
tion.

4. Conclusions

The results show that the global multifactor changes
can consistently change the microbial community. The
qualitative and quantitative ratio of NCMs can vary de-
pending on the amount of precipitation, nitrogen and carbon
dioxide, and the level of humidity and ambient temperature.
Such changes in the microbial community can possess se-
vere responses and disrupt the operation of the entire sys-
tem. The group of bacteria studied in the paper represents
a significant part of the microbial diversity of Earth. Mem-
bers of this group are the primary shapers of the ecosys-
tem functioning [40]. Changes in the microbial diversity
of NCM (both quantitative and qualitative) can be caused
by global climate change in general and in particular: in-
creased precipitation, temperature, carbon dioxide, and ni-
trogen. From the functionality low degree, the nitrogen cy-
cle microorganisms and, in particular, aminoautotrophs are
especially vulnerable to the changes. The current research
shows that fully understanding the environmental impact
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Fig. 5. Reaction of individual microorganism groups to the warming addition with different treatments (colony forming units,
CFU).Mean values are presented with the corresponding standard errors (n = 6, p ≤ 0.05).

Fig. 6. Reaction of individual microorganism groups to the CO2 or precipitation addition (colony forming units, CFU). Mean
values are presented with the corresponding standard errors (n = 6, p ≤ 0.05).

of global change requires comprehending the response of
the microbial community as one of the most rapidly chang-
ing factors. Soil carbon emissions depend on more than
just a few parameters, so when conducting these studies, all

factors that affect emissions should be taken into account.
Only then will the results be definitive. Otherwise, some
aspects of the study will be missing.

7

https://www.imrpress.com


Abbreviations
NCM, nitrogen cycle microorganisms; CFU, colony

forming units.

Availability of Data and Materials
The datasets used and/or analyzed during the current

study are available from the author on reasonable request.

Author Contributions
MS completed the entire work from research develop-

ment to writing the manuscript.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
The author thanks the technical service of the Federal

Scientific Center for Biodiversity, Far Eastern Branch of the
Russian Academy of Sciences, for assistance in creating an
artificial ecosystem of agricultural soil.

Funding
The research was carried out within the state assign-

ment of Ministry of Science and Higher Education of the
Russian Federation (theme No. 124012400285-7).

Conflict of Interest
The author declares no conflict of interest.

References
[1] FlemmingHC,Wuertz S. Bacteria and archaea on Earth and their

abundance in biofilms. Nature Reviews. Microbiology. 2019;
17: 247–260.

[2] Bardgett RD, van der PuttenWH. Belowground biodiversity and
ecosystem functioning. Nature. 2014; 515: 505–511.

[3] Singh BK, Bardgett RD, Smith P, Reay DS. Microorganisms
and climate change: terrestrial feedbacks andmitigation options.
Nature Reviews. Microbiology. 2010; 8: 779–790.

[4] Vitousek P, Mooney H. Towards an ecological understanding of
biological nitrogen fixation. Biogeochemistry. 2002; 57: 1–45.

[5] Bernhard A. The nitrogen cycle: Processes, players, and human
impact. Nature Education Knowledge. 2010; 3: 25.

[6] Shaw MR, Zavaleta ES, Chiariello NR, Cleland EE, Mooney
HA, Field CB. Grassland responses to global environmental
changes suppressed by elevated CO2. Science (NewYork, N.Y.).
2002; 298: 1987–1990.

[7] Vitousek PM, Mooney HA, Lubchenco J, Melillo JM. Human
domination of Earth’s ecosystems. InMarzluff JM, Shulenberger
E, Endlicher W, Alberti M, Simon U, ZumBrunnen C. Urban
Ecology. Springer: Boston, MA. 2008.

[8] Zak DR, Pregitzer KS, King JS, Holmes WE. Elevated atmo-
spheric CO2, fine roots and the response of soil microorganisms:
a review and hypothesis. New Phytologist. 2000; 147: 201–222.

[9] Montealegre CM, Kessel CV, Blumenthal JM, Hur HG, Hartwig
UA, Sadowsky MJ. Elevated atmospheric CO2 alters microbial
population structure in a pasture ecosystem. Global Change Bi-
ology. 2000; 6: 475–482.

[10] SidorenkoML, Buzoleva LS. Character of interactions of sapro-
phytic soil microflora via gaseous metabolites. Mikrobiologiia.
2008; 77: 273–277.

[11] Avrahami S, Liesack W, Conrad R. Effects of temperature and
fertilizer on activity and community structure of soil ammonia
oxidizers. Environmental Microbiology. 2003; 5: 691–705.

[12] LipsonDA. The complex relationship betweenmicrobial growth
rate and yield and its implications for ecosystem processes.
Frontiers in Microbiology. 2015; 6: 615.

[13] Walker TWN, Kaiser C, Strasser F, Herbold CW, Leblans NIW,
WoebkenD, et al. Microbial temperature sensitivity and biomass
change explain soil carbon loss with warming. Nature Climate
Change. 2018; 8: 885–889.

[14] Sidorenko ML. Ammonia-oxidizing bacteria respond to multi-
factorial global change. Regional Problems. 2018; 21: 67–69.

[15] Zhang YG, Pagani M, Liu Z, Bohaty SM, Deconto R. A 40-
million-year history of atmospheric CO2. Philosophical Trans-
actions. Series A, Mathematical, Physical, and Engineering Sci-
ences. 2013; 371: 20130096.

[16] Johnson SN, Cibils-Stewart X, Waterman JM, Biru FN, Rowe
RC, Hartley SE. Elevated atmospheric CO2 changes defence al-
location in wheat but herbivore resistance persists. Proceedings.
Biological Sciences. 2022; 289: 20212536.

[17] Smith MR, Myers SS. Impact of anthropogenic CO2 emissions
on global human nutrition. Nature Climate Change. 2018; 8:
834–839.

[18] National Oceanic and Atmospheric Administration. Earth Sys-
tem Research Laboratory. Global Monitoring Division - Global
Greenhouse Gas Reference Network. Available at: https://
www.esrl.noaa.gov/gmd/ccgg/trends/global.html (Accessed: 21
September 2024)

[19] Li J, Kang RH, Yu HM, Wang YY, Yao M, Fang YT. Effects of
soil moisture on microbial processes of soil nitrogen gases pro-
duction under anaerobic conditions. Ying Yong Sheng Tai Xue
Bao. 2021; 32: 1989–1997. (In Chinese)

[20] Raghavendra B, Srinivas T, Padmodaya B. Influence of Soil pH
and Moisture on the Viability of Sclerotia of S. rolfsii. Interna-
tional Journal of Current Microbiology and Applied Sciences.
2018; 7: 92–100.

[21] Zavaleta ES, Shaw MR, Chiariello NR, Thomas BD, Cleland
EE, Field CB, et al. Grassland responses to three years of ele-
vated temperature, CO2, precipitation, and N deposition. Eco-
logical Monographs. 2003; 73: 585–604.

[22] University of Georgia. Role Of Soil Microbes in Global Warm-
ing Clarified. ScienceDaily. 2008. Available at: https://ww
w.sciencedaily.com/releases/2008/10/081028120951.htm (Ac-
cessed: 10 August 2024).

[23] Tikhonova EN, Men’ko EV, Ulanova RV, Kravchenko IK, Li H.
Effect of temperature on the taxonomic structure of soil bacterial
communities during litter decomposition. Microbiology. 2019;
88: 781–785.

[24] Le Roux X, Bouskill NJ, Niboyet A, Barthes L, Dijkstra P, Field
CB, et al. Predicting the Responses of Soil Nitrite-Oxidizers to
Multi-Factorial Global Change: A Trait-Based Approach. Fron-
tiers in Microbiology. 2016; 7: 628.

[25] Niboyet A, Le Roux X, Dijkstra P, Hungate BA, Barthes L,
Blankinship JC, et al. Testing interactive effects of global en-
vironmental changes on soil nitrogen cycling. Ecosphere. 2011;
2: 1–24.

[26] Belser LW. Population ecology of nitrifying bacteria. Annual
Review of Microbiology. 1979; 33: 309–333.

[27] Hastings RC, Butler C, Singleton I, Saunders JR, McCarthy AJ.
Analysis of ammonia-oxidizing bacteria populations in acid for-
est soil during conditions of moisture limitation. Letters in Ap-
plied Microbiology. 2000; 30: 14–18.

[28] Zhang N, Liu W, Yang H, Yu X, Gutknecht JLM, Zhang Z, et al.
Soil microbial responses to warming and increased precipitation
and their implications for ecosystemC cycling. Oecologia. 2013;
173: 1125–1142.

8

https://www.esrl.noaa.gov/gmd/ccgg/trends/global.html
https://www.esrl.noaa.gov/gmd/ccgg/trends/global.html
https://www.sciencedaily.com/releases/2008/10/081028120951.htm
https://www.sciencedaily.com/releases/2008/10/081028120951.htm
https://www.imrpress.com


[29] Humphrey V, Berg A, Ciais P, Gentine P, Jung M, Reichstein M,
et al. Soil moisture-atmosphere feedback dominates land carbon
uptake variability. Nature. 2021; 592: 65–69.

[30] Dilekoğlu MF, Sakin E. Effect of Temperature and Humidity in
Soil Carbon Dioxide Emission. The Journal of Animal & Plant
Sciences. 2017; 27: 1596–1603.

[31] Hungate BA, Jaeger Iii CH, Gamara G, Chapin Iii FS, Field CB.
Soil microbiota in two annual grasslands: responses to elevated
atmospheric CO2. Oecologia. 2000; 124: 589–598.

[32] Luo Y, Jackson RB, Field CB, Mooney HA. Elevated CO2 in-
creases belowground respiration in California grasslands. Oe-
cologia. 1996; 108: 130–137.

[33] Leakey Andrew DB, Lau Jennifer A. Evolutionary context for
understanding and manipulating plant responses to past, present
and future atmospheric [CO2]. Philosophical Transactions of the
Royal Society B. 2012; 367: 613–629.

[34] Li X, Yan Y and Fu L. Effects of Rainfall Manipulation on
Ecosystem Respiration and Soil Respiration in an Alpine Steppe
in Northern Tibet Plateau. Frontiers in Ecology and Evolution.
2021; 9: 708761.

[35] Fan K, Slater L, Zhang Q, Sheffield J, Gentine P, Sun S, et al.
Climate warming accelerates surface soil moisture drying in the
Yellow River Basin, China. Journal of Hydrology. 2022; 615:
128735–128735.

[36] Cai W, Cowan T, Briggs PR, Raupach MR. Rising temperature
depletes soil moisture and exacerbates severe drought conditions
across southeast Australia. Geophysical Research Letters. 2009;
36.

[37] Gordon H, Haygarth PM, Bardgett RD. Drying and rewetting
effects on soil microbial community composition and nutrient
leaching. Soil Biology and Biochemistry 2008; 40: 302–311.

[38] Karmakar R, Das I, Dutta D, Rakshit A. Potential effects of cli-
mate change on soil properties: a review. Science International.
2016; 4: 51–73.

[39] Kulsrestha S. Effect of climate change on soil erosion: a report.
International Journal of Advanced Research. 2023; 11: 962–
980.

[40] Kowalchuk GA, Stephen JR. Ammonia-oxidizing bacteria: a
model for molecular microbial ecology. Annual Review of Mi-
crobiology. 2001; 55: 485–529.

9

https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Goals and Objects of Research
	2.2 Scheme (design) of the Experiment
	2.2.1 Simulation of the Increase in Atmospheric CO2
	2.2.2 Imitation of Precipitation
	2.2.3 Imitation of Global Warming
	2.2.4 Increased Nitrogen Content

	2.3 Determination of Target Groups of Microorganisms

	3. Results and Discussion
	4. Conclusions
	Abbreviations
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

