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Abstract: Climate change has drawn the attention not only of scientists but of politicians and societies
worldwide. The aim of this paper is to present a method for selecting research studies on climate
change, waste management and the role of microbes in the recycling of organic matter in soil that
analyze the role of organic agriculture as the main connection between agricultural losses and climate
change. VOSviewer version 1.6.18 free software tool was used in this study in order to achieve
the bibliometric and mapping approach for studies on the effects of climate change in terms of soil
recycled organic matter and microbe interaction. Scopus database (accessed 29 September 2022)
indexed a total of 1,245,809 bibliographic items classified into paradigms. The presented documents
were downloaded from Scopus as graph-based maps and as distance-based maps in order to reflect
the strength of the relation between the items. Climate change includes changes in soil and soil
microorganisms as affected by natural climate variations and local weather, which have beneficial or
negative effects on soil organic matter. From the examination of the selected papers, it was concluded
that climate change and changing precipitation patterns are having an impact on microorganisms,
particularly bacterial groups, and thus ecosystem function.
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1. Introduction

The latest literature reviews and meta-analyses on climate change, the use of organic
wastes and soil microbe interactions have highlighted gaps relating to disputes while
demonstrating the tremendous growth of global interest. Thus, despite the important role
that entrepreneurship plays in climate change and the growing prominence of the use of
organic wastes in many countries, overviews of this rapidly growing research area are
still lacking.

1.1. Climate Change

The Earth is unique among known planets in being home to numerous living or-
ganisms, due to its atmospheric climate conditions. Nowadays, it is agreed that about
3.7 billion years ago, the Earth’s living species began to diversify and adapt to nearly every
conceivable environment. Thus, the Earth’s climate is not stable and has been change-
able over time. According to Ebi et al. [1], complex interactions between the Sun, seas,
atmosphere, cryosphere, land surface, and biosphere influence the Earth’s climate. The
same authors also commented that “climate is the average state of the atmosphere, and
the associated characteristics of the underlying land or water, in a particular region over a
particular time-scale, usually considered over multiple years”. Another definition has been
given by NASA, where climate change was defined as “a broad range of global phenomena
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created predominantly by burning fossil fuels, which add heat-trapping gases to Earth’s
atmosphere. These phenomena include the increased temperature trends described by
global warming, but also encompass changes such as sea-level rise; ice mass loss in Green-
land, and mountain glaciers worldwide; shifts in flower/plant blooming; and extreme
weather events”. These physical changes in climate occurred due to changes such as the
Sun’s energy output, the Earth’s orbit, volcanic activity, how the Earth’s land masses are
distributed geographically, and other internal and external processes [2].

According to the Royal Society, [3] the importance of CO2 as one of the primary
greenhouse gases affecting the energy balance of Earth has been known since the mid-1800s,
with the CO2 level in the atmosphere increasing by more than 40% since that time. However,
only the last few decades have the majority of the world’s leading climate experts agreed
that climate change is as a result of human activities such as burning fossil fuels (oil, coal
and gas) and deforestation worldwide; it is recognized as one of the most serious challenges
of the 21st century [4]. Thus, since the 1980s, the scientific community has explored climate
change through large-scale studies applying different methods and distinct models [5–10].
So far, numerous studies have calculated the effects of climate change in various parts of
the world and concluded that the world average surface temperature has been increased
by approximately 0.6 ◦C, while 12 of the 13 hottest years on record have occurred since
1995 [11]. Despite changes in climatological conditions and the presence of extreme weather
events such as tropical cyclones, floods and heatwaves, a pattern of changes in ecosystems
has become apparent across all continents. Furthermore, several effects, such as the retreat
of glaciers, melting of sea ice, thawing of permafrost, extension of plant and insect species
in northern habitats, and the early flowering of the plants, have influenced the functioning
of ecosystems and have had biological health impacts on plants and other organisms,
including the human population.

According to Inoue [12] and Friha et al. [13], agriculture, which provides the majority
of the world’s food, is confronted with significant challenges because of rising food product
demand, worries about food safety and security, and demands for environmental protec-
tion, water conservation, and sustainability. Regarding crop production, the Food and
Agriculture Organization (FAO) ref. [14] reported that climate change affects agricultural
production systems both directly and indirectly. Changes in physical characteristics such as
rainfall distribution and temperature levels on a regional scale or in specific agricultural pro-
duction systems have direct impacts, while changes in pests, diseases, pollinators and other
invasive species have had indirect effects. Furthermore, the National Research Council [15]
reported that plants generally grow more quickly at warmer temperatures. In addition, the
risk of higher temperature, water stress and the need for alternative energy production
may affect crop production by damaging the plants, leading farmers to seek alternative
cultivation methods [16,17]. Additionally, it was stated that the effects on agriculture will
differ across locations and depending on the crop variety. A moderate warming associated
with increased CO2 levels and changes in precipitation is expected to benefit lands used for
farming and pasture at medium to high latitudes, with the possible impacts expected to
be mixed [18]. However, agricultural yield may be reduced in low-latitude and seasonally
dry areas. For example, it is estimated that for each degree of warming, yields of corn in
Africa and the United States, and wheat in India, will decrease by 5–15%, while weeds, crop
pests and diseases will increase in geographic range and frequency. Uleberg et al. [19] and
Svobodová et al. [20] mention that there are concerns that in high-latitude regions, climate
change will favor proliferation of pests. Climate change may also have a greater influence
on pests and nematodes, since higher temperatures will cause them to develop earlier
in the season [21–28]. Climate change has also led to crop diseases in areas and during
times that previously did not encounter such disease. For example, stem and stripe rusts
in wheat crops have caused epidemic losses due to the favorable conditions in moisture,
temperature and wind [29]. In order to better understand the effect of climate change on
crop production, Pautasso et al. [30] studied the climate change impacts on plant health
and categorized these impacts into three categories.
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So far, the bulk of observations on how climate trends affect crop output show that
climate change has already had a detrimental impact on wheat and maize yields globally
as well as in many other regions [31,32]. Although results of the completed studies are
still difficult to compare due to the different climate scenarios applied, it is agreed that
they can provide insights into the signs and patterns of vulnerability. For example, Pearce
et al. [33] and Fankhauser and Tol [34] commented on the effect of CO2 on the population
and the economy, estimating that developing countries would lose 2.0 to 9.05% of their
GDP. In addition, Nordhaus and Boyer [35], using RICE-99 (Regional Dynamic Integrated
model of Climate and the Economy) and DICE-99 (Dynamic Integrated Model of Climate
and the Economy) models commented in their study that climate change effects may be
more severe in some cases, while Zirnov et al. [36] mentioned that climate change poses an
existential threat to many species in addition to being a prescription for disaster. Tol [37]
in his review concluded that the best estimate of the additional impact caused by a delay
of emission reduction is smaller than the cost savings, but uncertainties are too large to
draw this conclusion with any certainty, as 7–24% of the damage is due to adaptation costs.
Mendelsohn et al. [38] and Tol [39] provided an optimistic assumption about adaptive
capacity using the Global Impact Model (GIM), combining empirically based response
functions, careful climate forecasts and sectoral data by country. Similar conclusions were
mentioned by Schneider [40], who commented that the real cost of climate change is
underestimated due to the neglect of the cumulative effect of many stresses, the lack of
climate details on a regional level and the lack of adaptability [41,42]. Thus, it is agreed that
the real damage caused by global warming will occur in the future in a more severe way.

Regarding the effects of climate change on agriculture, Mendelsohn and Schlesinger [43]
and Smith and Hitz [44] commented that the prospects for agriculture are more diverse.
Their research indicates that some models can already predict overall losses under condi-
tions of moderate warming, while other research indicates that, in some cases, the impact
curve might be hump-shaped, with overall short-term gains under mild climate change
turning into losses under more severe changes. Among the effects on crop production, soil
impacts will increase steadily over time, more or less in proportion to the rise of differences
in environmental conditions. Tol et al. [45] commented that the impacts of climate change
differ depending on which activities are analyzed, as well as when and where, concluding
that some will lose, while some others will benefit. Thus, future studies should focus on the
adaptation capability and should draw from a wider range of socioeconomic scenarios that
take vulnerability, economic growth and emissions into account. Nevertheless, according
to the Royal Society report [3], in the future, it will be difficult to predict with any degree of
certainty how global or regional temperature patterns would change decade by decade.

Climate change and land use change may negatively influence soil biodiversity [46].
According to the FAO [47], the soil is the largest C pool in the forest and potentially a
large sink or source of greenhouse gas. Makiuppa et al. [48], in their study, found that
climate change affects biomass due to decomposition rate. Cropland soil organic carbon
plays an essential role in maintaining soil fertility for plant growth and mitigating climate
change by storing a considerable amount of organic C [49,50]. Accurate mapping of soil
organic carbon in cropland is essential for improving soil management in agriculture and
assessing the potential of different strategies aiming at climate change mitigation. In their
study, Wang et al. [51] concluded that the construction of a spatio-temporal database of
agricultural management practices is a research priority to improve the reliability of soil
organic carbon model prediction.

Soil microorganisms are generally believed to be limited by C [52,53]. Lu et al. [54],
in their study, suggested that changes in soil microclimate and geochemistry caused by
warming will lead to variations in soil microbial community composition, diversity and
structure and that such changes in soil microbial communities could impact the functional
processes of soil ecosystems underlying the carbon cycle [55,56]. Yang et al. [57] reported
that interactions between soil organic matter composition and microbial communities
determine soil basal respiration. Soil basal respiration is generally controlled by a range of
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biotic and abiotic factors, including climatic factors such as soil temperature and moisture,
which directly and indirectly affect soil properties and microbial communities [58,59].

In addition to soil ecosystems in temperate and tropical climates, arctic ecosystems
are being exposed to pronounced climate warming, resulting in increased plant-derived
carbon (C) inputs to soils and faster rates of decomposition, releasing mineral nutrients and
potentially shifting the limiting factor for microbial growth [60,61]. Neurauter et al. [62]
concluded in their study that limitations for soil microorganisms will not change due
to future warming but rather will affect degrees of fungal-to-bacterial dominance. In
conclusion, climate change includes changes in soil and soil microorganisms affected by
natural climate variations and local weather [3], all of which can have beneficial or negative
effects on a variety of sectors. As a solution to combat climate change, international efforts,
mainly led by the European Union, aim to ensure that countries take the appropriate
actions in order to stop global warming from reaching dangerous levels. Thus, some
nations have implemented policies including taxing carbon, tightening regulations on
polluting enterprises and refineries, reducing the work week to four days, and setting a
goal to become carbon neutral [36].

1.2. Bibliometric Mapping

Bibliometrics is an alternative term for the quantitative examination of bibliographic
data. Despite Ziman’s opinion arguing that science has reached a steady state, many
scientists believe that science is more and more efficient, leading to new discoveries ev-
ery day [63]. Due to this planned effectiveness of scientific research, despite the stable
condition of science investments, science is nevertheless growing exponentially. Accord-
ing to van Raan [64], there are indications that the growth factor with a doubling time of
15 years [63–66] still applies. Scientific organizations undergo peer evaluations to determine
the significance and impact of their work. As a result, a key concern for science policy now
is the appraisal of scientific research. Noyons [66] commented that it is crucial to improve
a tool presenting an overview in order to closely examine advancements in scientific and
research disciplines.

The retrospective amount of research on climate change, organic waste and microbe
interactions is overwhelming, which makes producing an overview difficult. Furthermore,
as a field with continuous improvements, structured reviews need to be conducted to peri-
odically summarize the extant literature and identify important research gaps. Thus, recent
techniques, such as advanced bibliometric mapping, can help to visualize and structure
the complex research in this matter [67]. According to Braun, [68] and van Leeuven [69],
the term bibliometric refers to the use of quantitative measures and mathematical and
statistical methods to analyze bibliographic data. In this situation, bibliometric mapping
uses quantitative methods to analyze bibliographic data to create research clusters that
visually represent scientific knowledge [70]. Numerous studies have concentrated on com-
bining bibliographic metrics with analytical methods for mapping networks of connected
contributions and contributors in order to illustrate the most potent links and uncover
opportunities for future research proposals [71–80]. Despite the fact that these evaluations
offer novel and significant insights, no comprehensive and up-to-date review based on
bibliometrics can be found in the literature, which presents a clear knowledge gap [79].
In order to fill this knowledge gap and leverage quantitative methodology and rigorous
bibliometric methods to examine the current state of research at the intersection of climate
change, a review of soil organic matter and the role of microbe interaction is needed. It
is believed that the current study makes several contributions to the existing literature
by examining issues and technology important to agriculture, as it provides tremendous
potential to alter several aspects in this sector. Similarly, it is necessary to systematically
cluster the literature that relates to, and has an impact on, agriculture, taking into account
the most important studies that form the basis of this research field.

In order to achieve the above-mentioned goal, during the past few decades, science
maps have been created to monitor research field structures, and technological devel-
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opments have provided excellent platforms to accomplish this task. Additionally, the
digitalization of maps creates options for interaction, enabling the user to obtain informa-
tion without being “bothered” by other informational data.

The aim of this paper is to present a method for selecting research studies regarding
climate change, waste management and the role of microbes in the recycling of organic
matter in soil, describing why organic farming might be seen as the primary relationship
between agricultural losses and climate change. As mentioned above, in addition to the
direct impacts of climate change in crop production, there are also indirect impacts through
its effect on agricultural productivity, rural livelihoods and food insecurity. In this study, we
mostly pay attention to articles published in leading journals mentioning climate change,
crop yield, organic matter and microbe interaction in the agricultural sector. Additionally,
given the emphasis on the significance of agriculture, we also focus on a selection of the
research studies mentioning the quantifiable impact of climate change on agricultural
outputs. The aim of this study is to determine which approach might be appropriate
to empirically address the connection between climate change, the utilization of organic
wastes, and microbial interaction.

2. Materials and Methods
2.1. Using Scopus to Thoroughly Search Scientific Literature

In this study, the Scopus database was used in order to access articles and book
chapters provided by publishers regarding Soil, Soil and Food Web, Soil—Food Web and
Organic Matter, Soil—Food Web and Organic Matter Recycling, Soil—Food Web—Organic
Matter Recycling and Microbes, Soil—Food Web—Organic Matter Recycling and Microbes,
Soil—Food Web—Organic Matter Recycling—Microbes and Bioremediation, Soil—Food
Web—Organic Matter Recycling—Microbes—Bioremediation and Compost or Biochar or
Plastics or Biofertilizer or Coal or Olive Mill Waste Water. In detail, the search query on
Scopus was as follows:

Soil AND
Food Web AND
Organic Matter AND
Organic Matter Recycling AND
Microbes AND
Bioremediation AND
Compost or Biochar or Plastics or Biofertilizer or Coal or Olive Mill Waste Water
Biodegradation
Compost or Biochar or Plastics or Biofertilizer or Coal or Olive Mill Waste Water
The initial search used the keyword “Soil”, filtering the search results to keywords up

to “bioremediation” and “compost”, as described above.

2.2. Data Analysis and Bibliometric Mapping

The VOSviewer version 1.6.18 free software tool (https://www.vosviewer.com, ac-
cessed on 29 September 2022) was used in order to distinguish the documents received from
each query. In this study, the documents received from Scopus are presented as graph-based
maps and as distance-based maps in order to reflect the strength of the relation between
the items. All distance-based and graph-based maps were analyzed using the following
methods of analysis (i) the type of analysis: Co-occurrence; (ii) the unit of analysis: Index
keywords; and (iii) the counting method: Fractional counting.

Furthermore, VOSviewer’s functionality was used for displaying bibliometric maps
for each Scopus search query, e.g., “Soil”. With the use of VOSviewer maps, the relations
between the concepts were presented as circles, and circle size depended on the number
of occurrences (in Figure 1, “soil” occurs more frequently than “soil pollution”, which
is represented by in a smaller circle). The connections between terms depend on the
frequency of joint occurrence (in Figure 2a), “bioremediation” is associated with “soils”,
“soil pollution”, “cadmium”, “phytoremediation”, “biodegradation environmental” and

https://www.vosviewer.com
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“metabolism”). In such a case, VOSviewer map defines the most appropriate arrangement
(in Figure 2a, “biorementation” is associated more with “soils” and “soil pollution” than
“metabolism”). This concept is presented by a cluster of specific color (Figure 2a, green vs.
purple circles). Additionally, we wanted to demonstrate the passage of time; thus concept
colors were chosen to reflect the typical publication year, i.e., the lighter the color, the more
recent the concept. We also wanted to show time component, so the color of the concepts
related to average publication year, i.e., the lighter the color (yellow vs. purple), the more
recent the research (in Supplementary Figure S1, “metabolism” has a purple color related
to 2017, whereas “microbiota” has yellow color related to 2021).
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Figure 2. Analyzing Scopus soil results with the VOSviewer. The soil (a) and the metabolism
(b) paradigm. (a) Soils are associated with: Microbial community, Metabolism, Bacteria, Nitrogen,
Carbon, Climate change and human (purple circles) Soil pollution, Cadmium, Heavy metal, Biore-
mentation (green circles). (b) Metabolism is associated with: Chemistry, Metabolism, Microbiology,
Bacteria, Human, Animals, Rhizosphere, Water, Nutrients, (green circles) Soil Microbiology, Nitrogen,
Carbon, Plant roots (purple circles).

Overall, the VOSviewer tool was used for searching the Scopus database (29 Septem-
ber 2022) in order to develop and examine the research density and trends, with a focus on
various target concepts, study areas and geographic coverage. Finally, it should be men-
tioned that when the number of documents matching the criteria exceeded the maximum
number of 5000 documents, only the last 2000 documents were used for the analysis.

3. Results
3.1. Using Scopus to Thoroughly Search Scientific Literature

The Scopus database (29 September 2022) indexed a total of 1,199,680 bibliographic
items for “Soil”, 30,366 for “Soil and Food Web”, 13,280 for “Soil—Food Web and Organic
Matter”, 1553 for “Soil—Food Web—Organic Matter Recycling”, 526 for “Soil—Food Web—
Organic Matter Recycling and Microbes”, and 145 for “Soil—Food Web—Organic Matter
Recycling—Microbes and Bioremediation”, while results for the remaining searches were
limited to less than 100 bibliographic items.

3.2. The “Soil” Paradigm

Figure 1 displays the publications’ content analysis by year and source (e.g., Soil
Biology and Biochemistry) retrieved from the Scopus database according to topic “Soil”.
Based to these Scopus results, the VOSviewer visualization data analysis (Supplemen-
tary Figures S1 and S2) indicated that (i) “Soils” (green circle, Figure 2a) are associated
with: microbial community; metabolism; bacteria; nitrogen carbon; climate change; hu-
man (purple circles); soil pollution; cadmium; heavy metal; bioremediation (green circles);
(ii) “Metabolism” (purple circle, Figure 2b) is associated with: chemistry; metabolism;
microbiology; bacteria; human; animals; rhizosphere; water; nutrients (green circles) and
soil microbiology; nitrogen; carbon and plant roots (purple circles); (iii) “Bioremediation”
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(Figure 3(a1)) is associated with: soils; soil pollution and cadmium (green circles) and
metabolism (purple circles); (iv) “Rhizosphere” (Figure 3(b1)) is associated with: chemistry;
metabolism; bacteria; microbiology and soil microbiology (green circles) and microflora
(purple circles); (v) “Climate change” (Figure 3(a2)) is associated with: soils (green cir-
cle) and ecosystem; organic carbon and human (purple circles); (vi) “Soil microbiology”
(Figure 3(b2)) is associated with: chemistry; metabolism; agriculture human(s); ecosystem;
nutrients; bacteria and fungi (green circles) and carbon and nitrogen (purple circles).
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Figure 3. Analyzing Scopus soil results with the VOSviewer. The bioremediation, climate change,
rhizosphere and the soil microbiology paradigm. (a1) Bioremediation is associated with soil pollution
and metabolism. (b1) Rhizosphere is associated with chemistry, metabolism, microbiology. (a2) Cli-
mate change is associated with soils, ecosystem, organic carbon, human. (b2) Soil microbiology is
associated with chemistry, metabolism, agriculture human(s), ecosystem, nutrients, bacteria, fungi,
carbon and nitrogen.

Based on the above-mentioned results in Figure 3, we concluded that: (i) Bioremedia-
tion (Figure 3(a1)), “the branch of biotechnology that employs the use of living organisms
like microbes and bacteria to decontaminate affected areas”, is one of most important area
of research currently; (ii) Plant roots (Figure 3(b1)), “the area of the soil right next to plant
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roots is a hotspot of microbial activity and diversity”, is another important area of research
strongly associated with soil; (iii) Climate change (Figure 3(a2)) is another important area
of research, indicating that soil moisture and SOC (soil organic carbon) dynamics are likely
affected by climate change; (iv) Soil microbial (Figure 3(b2)), “the metabolic activity of mi-
croorganisms in soil is a sensitive indicator that influence soil processes (carbon, nutrients)
and ecological functions (ecosystem)”, is another important research area.

3.3. “Soil” and “Food Web” Interactions Based on the Scientific Literature Search Query
on SCOPUS

The VOSviewer visualization data indicated that (i) “Soils” are associated with: soil
pollution; organic carbon and soil moisture (green circles) and soil microbiology; microbi-
ology; carbon; nitrogen; ecosystem and climate change (purple circles); (ii) “Metabolism”
(purple circle, Figure 4a) is associated with: animals; soil pollution; water; cadmium
and bioremediation (green circles) and microbiology; soil microbiology; nitrogen; carbon;
ecosystem; genetics and human(s) (purple circles); (iii) “Climate change” (purple circle,
Figure 4b) is associated with: carbon; nitrogen; organic carbon; carbon dioxide; precipi-
tation and drought (purple circles) and soils; soil moisture; agriculture; ecosystem and
droughts (purple circles) and microbial community; metabolism; bacteria; nitrogen car-
bon; climate change; human (purple circles) and soil pollution; cadmium; heavy metal;
bioremediation (green circles).
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Based on the above results in Figure 4, we concluded that soil metabolism is an
important factor, embracing all the chemical consequences of microbial development in
soil. As reported by Quastel [81], microbial communities are key players in regulating
ecosystem processes affected by soil organic carbon stock. It is well known that the
functional response of soil microbial communities determines how well crop residue
amendment affects soil organic carbon stock and stability. Residue management is an
essential agricultural practice for enhancing soil fertility [82]. For example, oat straw causes
a rise in organic carbon, microbial biomass, and fungal abundances, which results in a
microbial community structure more resembling that of soil found in wild forests [83].
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Therefore, crop residue returning is not only beneficial to soil physicochemical properties
but has also positive impacts on soil microbial communities and soil metabolism, which
improve the residue composition, the nutrient content and the physical structure of the
soil. Furthermore, according to Jansson and Hofmockel [84], climate change elements
such as CO2 and temperature impact the microbial composition, which in turn influences
the activities of microbial communities in the ecosystem’s setting. So, the macronutrients,
micronutrients, and other components necessary for plant and animal growth are cycled
biogeochemically under the control of the soil microbiome. Thus, understanding and
anticipating how climate change will affect soil microbiomes and the ecosystem presents
a significant opportunity to comprehend the issues facing our world [84]. Moreover, it is
believed that understanding the relationship between climate change and microbiomes,
including their adaptation, will be crucial for mitigating and combating climate change in a
variety of ways, such as by encouraging carbon sequestration and playing a crucial role in
maintaining soil nutrient balance [85].

The VOSviewer visualization data (Figure 5) indicated that (i) “Soils” (green circle,
Figure 5) are associated with: soil pollution; organic carbon and soil moisture (green circles)
and soil microbiology; microbiology; carbon; nitrogen; ecosystem and climate change
(purple circles); (ii) “Metabolism” (purple circle, Figure 6a) is associated with: animals; soil
pollution; water; cadmium and bioremediation (green circles) and microbiology; soil micro-
biology; nitrogen; carbon; ecosystem; genetics and human(s) (purple circles); (iii) “Climate
change” (purple circle, Figure 6b) is associated with: carbon; nitrogen; organic carbon; car-
bon dioxide; precipitation and drought (purple circles) and soils; soil moisture; agriculture;
ecosystem and droughts (purple circles) and microbial community; metabolism; bacteria;
nitrogen carbon; climate change; human (purple circles) and soil pollution; cadmium; heavy
metal; bioremediation (green circles).
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Based on the above results in Figure 6, we concluded that soil metabolism is an
important factor, embracing all the chemical consequences of microbial development in soil.
As reported by Quastel [81], microbial communities are important factors in regulating
ecosystem processes affected by soil organic carbon stock. It is well known that the
functional response of the soil microbial communities determines whether crop residue
amendment has a positive impact on the stock and stability of soil organic carbon. Based
on this, managing residues in agriculture is crucial for enhancing soil fertility [82]. For
example, oat straw led to a microbial community structure closer to wild forest coverage soil,
associated with increases in organic carbon, microbial biomass and fungal abundances [83].
Therefore, crop residue return is not only beneficial to soil physicochemical properties
but also has positive impacts on soil microbial communities and soil metabolism, which
improve the residue composition, the nutrient content and the physical structure of soil.
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3.4. “Soil” and “Food Web” and “Organic Matter” Interactions Based on the Scientific Literature
Search Query on Scopus

VOSviewer visualization data indicated that “Soils” are associated with: microbial
community; microbiology; organic carbon; soil organic matter; decomposition; ecosystems;
soil pollution, etc. Apart from the above-mentioned connections for “Soils”, “Soil organic
matter” (green circle, Figure 5a) is associated with: microbial community; bacterium;
nitrogen; soil pollution; organic carbon and decomposition. Whereas “Decomposition”
(green circle, Figure 5b) is associated strongly with soil and microbial community and less
so but significantly with soil organic matter; climate change; litter (litter decomposition),
etc. It is widely acknowledged that climate change can affect how litter decomposes, but
little is known about how the bacteria engaged in the breakdown and climate change are
related [86]. According to Cotrufo et al. [87], litter decomposition is the breakdown of dead
organic matter into progressively smaller particles until the structure is unrecognizable and
organic molecules are mineralized to their primary components: H2O, CO2, and mineral
elements. Recalcitrant organic molecules are created throughout the process, and dissolved
organic carbon may seep into the mineral soil. It is well recognized that the impact of
climate change on decomposition can vary and depends greatly on detritus quality, species
identification, species interactions and ecosystem type [88]. Based on this, Stuble et al. [89]
showed that long-term warming effects accelerate decomposition and change how soils
operate in ecosystems, both directly by influencing microbial physiology and indirectly by
changing the makeup of the microbial population. So, the afterlife of soil and plant matter
plays a significant role in ecosystems, as a crucial nutrient processor and supplier. The rate
of decomposition has a significant impact on both animal and plant health and likely has a
biodiversity-related impact on assessments of future changes in the biogeochemical cycles
and climatic feedback, all of which are crucial in this era of rapid environmental change.

3.5. “Soil” and “Food Web” and “Organic Matter Recycling” Interactions Based on the Scientific
Literature Search Query in Scopus

VOSviewer visualization data indicated that “Soils” are associated with: soil pollu-
tion; soil pollutant; human; bioaccumulation; microbial community; microbiology, soil
microflora; soil microorganism; metabolism; microbial activity; organic carbon; carbon;
environmental monitoring; biodiversity; biogeochemistry; climate change, etc. In detail,
“Microbial community” (Figure 6a) is associated with: metabolism and plant growth;
microbial diversity; microbiology, mainly with bacteria (Figure 6a, green circles on the
top); soil microorganisms; nitrogen; agriculture; biodiversity; organic carbon; soil carbon
(Figure 6a, green circles on the bottom) and climate change (Figure 6a, yellow cycle). “Soil
microorganisms” (Figure 6b) is associated with: microbial community; community struc-
ture; microbiology and (mainly) bacteria nitrogen; carbon; organic carbon; biodiversity;
soil carbon and climate change. “Biodiversity” (Figure 6c) is associated with: microbial
community; community structure; soil microorganism; biomass and community compo-
sition, ecosystems; food web; soil fauna; nematode and climate change. Based on “Soil
microflora”, the most important microorganisms are actinobacteria (Figure 6d, green cycle)
and proteobacteria (Figure 6d, green cycle). It is well known that bacteria play an essential
role in agricultural production, are effective participants in the carbon and nutrient cycling
process, and serve as a vital mediator for plant health. Furthermore, microbes such as
bacteria, fungus, and actinomycetes are effective in decomposing organic matter, which
accelerates environmental warming and the atmospheric CO2 flux [90]. The region sur-
rounding the aerial portion of the plant termed the phyllosphere contains an abundant
microscopic non-pathogenic bacterial population, including α- and γ-proteobacteria belong
to proteobacterial phyla Bacteriodetes and Actinobacteria. The phyllosphere region is
dynamic and influenced by a variety of elements, including temperature, precipitation,
light, etc. As a result, phyllosphere microbiomes are under increased stress from climate
change, especially from warming and drought [90]. Moreover, microbial communities are
effective biogeochemical cycle regulators, making them a better option for mitigating the
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effects of shifting climate trends [90]. Based on this and concerning climate change, it is
necessary to understand not only how microorganisms affect climate change but also how
they will be affected by climate change and other human activities [91]. Climate change
and changing precipitation patterns are having an impact on macro-organisms, particularly
bacterial groupings, and ecosystem functioning. Research by Zhang et al. [92] showed
that 16 phyla/classes respond differentially to climate change, with Acidobacteria, Bac-
teroidetes, Proteobacteria, Acidimicrobidae, δ-proteobacteria and γ-proteobacteria being
the most sensitive. In more detail, Acidobacteria, Rubrobacteridae, δ-proteobacteria and
γ-proteobacteria were correlated with soil water content, and the relative abundance of
Proteobacteria was correlated with soil pH. Zhang et al. [92] concluded that by increasing
soil water content, for example, climate change affects bacterial group abundance and
richness directly. It also affects community composition both directly and indirectly (e.g.,
reducing soil total nitrogen content and increasing soil pH).

3.6. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” Interactions Based
on the Scientific Literature Search Query on Scopus

VOSviewer visualization data indicated that “Soils“are associated with: microbial
community; microbial activity; soil microorganism; bacteria (microorganisms); bacteria;
fungi, etc. In more detail, “Microbial activity” (Figure 7a) is associated with: microbial
community; bacteria; soil microflora; carbon, soil microorganism, bacteria (microorganism);
fungi, etc., and “Biodegradation” (Figure 7b) is associated with: composting; soil microor-
ganisms; bacteria; decomposition; bioremediation, etc. Microbes play an important role
in net carbon exchange through various ways, such as respiration and decomposition of
organic matter, due to the pathogenic or symbiotic association with plants and by altering
the nutrient status of the soil [90]. However, climate change may have an impact on the
soil’s microbial biomass, the breakdown of organic matter, and the nutrient cycle, which
are all directly tied to changes in the function of the microbiota communities in the soil.
Climate and other stressors, such as extreme heat and drought, are anticipated to have a
negative impact on agricultural productivity, ecosystem health, and the ability of plants to
withstand stress [93,94]. Moreover, decomposition of organic matter is the principal process
in soils that recycles plant nutrients and produces humus, and during the decomposition
process, microorganisms convert the carbon structures of fresh residues into transformed
carbon products in the soil. In contrast to fungi, bacteria have proven to have a greater
influence on the rate of decomposition of grassland litter, and bacteria have also responded
to climatic change more quickly [95]. Glassman et al. [95] concluded that this information is
critical to improving global terrestrial carbon models and predicting ecosystem responses
to climate change. While the impact of changes in abiotic circumstances and substrate
quality on decomposition rates is well recognized, the function of microbial community
makeup is still poorly understood. This knowledge gap may be the solution for predicting
how ecosystems will respond to climate change [95].

Moreover, bioremediation is a process where biological organisms such as fungi,
algae and bacteria are used to break down, remove or neutralize organic pollutants by
metabolic processes. Microorganisms play a major role in bioremediation; thus, many or-
ganic and inorganic pollutants can be metabolized by microorganisms to produce products
such as carbon dioxide, water, chloride, and biomass as well as carbon and/or energy
for growth [96,97]. Bioremediation requires the use of microbial enzymes such as cy-
tochrome P450s, laccases, hydrolases, etc., to break down organic chemical compounds
composed only of the elements carbon and hydrogen (hydrocarbons) into less harmful
compounds [98]. Since microbes are considered the most important elements in the biore-
mediation process, research studies have shown that climate change has a strong impact on
soil microbes and, hence, bioremediation performance [99].
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3.7. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Bioremediation” Interactions Based on the Scientific Literature Search Query on Scopus

VOSviewer visualization data indicated that “Bioremediation” is associated with:
soil pollution; soil pollutant; phytoremediation; chemistry; microbial community; soil
microflora; microbial activity; bacterium; bacteria; fungus; actinobacteria; agriculture; car-
bon, etc. The same key words are presented in Figure 8a. Besides the above keywords,
“Bioremediation” (green circle, Figure 8b) is associated with: biodegradation (environmen-
tal); microbiology; microbial activity; bacterium and earthworm. The key word difference
between biodegradation and bioremediation is that the former is an environmental process
that happens naturally. On the other hand, bioremediation is a human-made method used
to purify the environment. Both processes are governed mainly by microorganisms. In
general, through the use of bacteria, fungi and plants, bioremediation involves removing,
modifying, immobilizing or detoxifying different chemicals and physical pollutants from
the environment. Bioremediation is a natural process with a short timeframe and is seen
as an acceptable waste treatment process for contaminated material such as soil [100].
Microbes such as Penicillium chrysogenum, Pseudomonas cepacia and Bacillus cereus are able to
degrade the contaminant, e.g., in oil bioremediation, and increase in numbers when the
contaminant is present [100]. Moreover, research studies have shown that earthworms can
modify the heavy metal dynamic and speciation. In more detail, earthworms decrease
the amount of metal associated with the most available fraction, such as the exchangeable
one, and increase the amount of metal bound to the more stable fraction, such as Mn
and Fe oxide [101]. Apart from the above-mentioned factors, climate change increases
precipitation variability and the probability of extreme dry and wet events; thus, climate
change is expected to disrupt the Earth’s ecosystem as a whole, including soil microbes.

3.8. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Bioremediation” and “Compost” Interactions Based on the Scientific Literature Search Query
on Scopus

VOSviewer visualization data indicated that “Compost” is associated with: soil pollu-
tion; agriculture; composting; microbiology; bacteria; phytoremediation; bioremediation;
soil conservation; soil remediation, etc. Furthermore, from Figure 9, it is observed that
“Phytoremediation” (green circle, Figure 9a) is associated with: soil pollution; human; soil
pollutants, chemistry; microbiology; soil microbiology; and soil conservation. “Bioreme-
diation” (green circle, Figure 9b) is associated with: soil pollutants; human; chemistry;
microbiology; composting; bacterium; and soil conservation. “Soil conservation” (green
circle, Figure 9c) is associated with: soil pollution; composting; biodiversity; soil remedia-
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tion; and phytoremediation. Based on the above-mentioned factors, it could be concluded
that phytoremediation uses plants to clean up contaminated environments. Numerous
toxins, such as metals, pesticides, explosives and oil, can be cleaned up by plants. Biological
organisms are used in bioremediation methods to eliminate or neutralize environmental
pollution through a metabolic reaction. Soil conservation is the prevention of the loss of
the top-most layer of the soil from erosion or prevention of reduced fertility caused by
over-usage, acidification, salinization or other chemical soil contamination.
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When compost is incorporated into soil as an amendment, it immediately affects a 
number of physicochemical characteristics, including pH, OC, metal (loid) solubility, etc. 
In addition to improving the fertility of heavy metal–contaminated soils, organic waste 
additions also encourage certain processes such as complexation and sorption, which re-
duce the bioavailability and mobility of potentially harmful elements. The application of 
these amendments ameliorates the phytoremediation process in contaminated sites [102]. 
Compost bioremediation refers to the use of a biological system of micro-organisms in a 
mature, cured compost to sequester or break down contaminants in water or soil. The 
pollutants are broken down into humus and benign byproducts such as carbon dioxide, 
water, and salts through digestion, metabolism, and transformation. Many different types 
of contaminants, including solvents, heavy metals, pesticides, and chlorinated and hydro-
carbons, have been shown to be degraded or altered. More broadly, composting also helps 
to reduce greenhouse gas emissions that affect climate change. Thus, it is believed that 

Figure 9. Analyzing Scopus results with the VOSviewer. Phytoremediation (a), bioremediation (b)
and soil conservation (c) paradigm.



AgriEngineering 2023, 5 596

When compost is incorporated into soil as an amendment, it immediately affects a
number of physicochemical characteristics, including pH, OC, metal (loid) solubility, etc.
In addition to improving the fertility of heavy metal–contaminated soils, organic waste
additions also encourage certain processes such as complexation and sorption, which
reduce the bioavailability and mobility of potentially harmful elements. The application of
these amendments ameliorates the phytoremediation process in contaminated sites [102].
Compost bioremediation refers to the use of a biological system of micro-organisms in a
mature, cured compost to sequester or break down contaminants in water or soil. The
pollutants are broken down into humus and benign byproducts such as carbon dioxide,
water, and salts through digestion, metabolism, and transformation. Many different types
of contaminants, including solvents, heavy metals, pesticides, and chlorinated and hy-
drocarbons, have been shown to be degraded or altered. More broadly, composting also
helps to reduce greenhouse gas emissions that affect climate change. Thus, it is believed
that compost applications can be used to combat climate change by capturing and storing
more carbon dioxide in soil. Phytoremediation is a plant-based approach that involves the
use of plants to extract and remove elemental pollutants or lower their bioavailability in
soil [103]. Even at low quantities, ionic substances in the soil can be absorbed by plants
through their root systems. In order to absorb heavy metals and control their bioavailability,
plants stretch their root systems into the soil matrix and create rhizosphere ecosystems,
reclaiming the polluted soil and stabilizing soil fertility [104]. A question here is why phy-
toremediation linked to adaptation and climate resilience is so important? Possible answers
to that question include (i) phytoremediation is an eco-friendly approach that could be a
successful mitigation measure to revegetate heavy metal–polluted soil in a cost-effective
way and (ii) phytoremediation is increasingly relevant due to plants’ high effectiveness and
sustainability during remediation and the ability of potential phytoremediation plants to
adapt to changes in climate.

3.9. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Bioremediation” and “Biochar” Interactions Based on the Scientific Literature Search Query
on Scopus

“Soil remediation” is strongly associated with: soil pollution; soil pollutant; bioreme-
diation; and phytoremediation (Figure 10a, green circles) and less so with soil amendment
and soil conservation (Figure 10a, purple circles). “Phytoremediation” is strongly associated
with soil pollution; soil pollutant, bioremediation; human (Figure 10b, dark-green circles)
and less so with contamination and photosynthesis (Figure 10b, light-green circles). The
term “soil remediation” means returning the soil to a form of ecological stability, together
with the establishment of the plant communities it supported prior to disturbance [105].
The term “phytoremediation” (as mentioned above) uses plants to clean up contaminated
environments. According to recent studies, adding biochar to soil is a promising way to
reduce soil contamination by immobilizing organic and heavy metal contaminants. The
decontamination effectiveness varies with the biochar source, amendment rate, soil type
and pollutant species. According to existing literature reviews, biochar amendment im-
mobilizes heavy metals and organic pollutants in contaminated soils and reduces their
bioavailability primarily through precipitation, electrostatic interaction, surface adsorption,
structural sequestration and facilitated decomposition [106]. Additionally, these heavy met-
als and organic contaminants have a negative impact on physiological processes, including
photosynthesis, transpiration and energy metabolism, which inhibits plant growth and
development in general [107]. Biochar is used in order to increase crop yields in challenging
soil conditions and combat climate change. Studies completed by Joseph et al. [108] show
that biochar boosts climate change mitigation by up to 20% and can lower nitrous oxide
emissions from soil. It also restores carbon from the atmosphere into the soil, where it is
stored for hundreds to thousands of years.



AgriEngineering 2023, 5 597AgriEngineering 2023, 5, FOR PEER REVIEW  18 
 

 

  
(a) (b) 

Figure 10. Analyzing Scopus results with the VOSviewer. The soil remediation (a) and phytoreme-
diation (b) paradigms. 

3.10. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and 
“Bioremediation” and “Plastics” Interactions Based on the Scientific Literature Search Query on 
Scopus 

VOSviewer visualization data indicated that “Plastics” are associated with soil pol-
lution; bioremediation; biodegradability; biodegradation (environmental), etc. Further-
more, from Figure 11 it is observed that “Microplastics” (Figure 11a) are associated with: 
bioremediation; human; plastic; soil pollution; health risk (green circles) and risk assess-
ment (purple circles). “Microplastics” (Figure 11b) are associated with: human; health risk; 
ecosystems; bacteria (green circles) and risk assessment; soil wastes (purple circles). Ac-
cording to He et al. [109], microplastics may possibly pose a concern to human health due 
to their ecological effects on soil biota. However, based on the effects of nature and biology 
on (micro)plastics, soil breakdown of plastic may be exceedingly slow. Some review pub-
lications highlighted the negative effects on biota like earthworms and noted the potential 
consequences of ubiquitous microplastics. It has been shown that earthworms have some 
advantages, such as being able to consume microplastics directly, produce secondary 
plastics, and introduce microplastics into the soil through their burrowing activities [109]. 

  
(a) (b) 

Figure 10. Analyzing Scopus results with the VOSviewer. The soil remediation (a) and phytoremedi-
ation (b) paradigms.

3.10. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Bioremediation” and “Plastics” Interactions Based on the Scientific Literature Search Query
on Scopus

VOSviewer visualization data indicated that “Plastics” are associated with soil pollu-
tion; bioremediation; biodegradability; biodegradation (environmental), etc. Furthermore,
from Figure 11 it is observed that “Microplastics” (Figure 11a) are associated with: biore-
mediation; human; plastic; soil pollution; health risk (green circles) and risk assessment
(purple circles). “Microplastics” (Figure 11b) are associated with: human; health risk;
ecosystems; bacteria (green circles) and risk assessment; soil wastes (purple circles). Ac-
cording to He et al. [109], microplastics may possibly pose a concern to human health
due to their ecological effects on soil biota. However, based on the effects of nature and
biology on (micro)plastics, soil breakdown of plastic may be exceedingly slow. Some review
publications highlighted the negative effects on biota like earthworms and noted the poten-
tial consequences of ubiquitous microplastics. It has been shown that earthworms have
some advantages, such as being able to consume microplastics directly, produce secondary
plastics, and introduce microplastics into the soil through their burrowing activities [109].

3.11. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Bioremediation” and “Biofertilizer” Interactions Based on the Scientific Literature Search Query
on Scopus

VOSviewer visualization data indicated that “Biofertilizer” is associated with: soil;
microbiology; fungi; chemistry; plants; nitrogen soil microflora; acidobacteria; fertilizer;
metabolism; composting; contamination; biodegradation, etc. Furthermore, from Figure 12
it is observed that “Assisted phytoremediation” (Figure 12) is associated with: soil; bacteria;
microbiology; microbial activity; chemistry; physicochemical property (yellow circles),
contamination and bioremediation (green circles). Assisted phytoremediation covers a
wide range of uses of plants for remediation of environmental pollutants and includes
microbe-assisted phytoremediation [110] and mycorrhizal-assisted phytoremediation [111].
Biochar assists phytoremediation [112] and chelate assists phytoremediation [113], while
streptomyces pactum assists phytoremediation in Zn/Pb [114]. Phytoremediation is associ-
ated with changes in the form of contaminant, seasonal changes in the physical or chemical
properties of soil, and changes in plant physiological response to abiotic stress and climate
conditions; these all contribute to the efficiency of such process [115]. Phytoremediation
offers a nature-based solution for contaminated soil remediation. Although, there has been
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little research on the possible effects on cleanup, climate change could have a significant
impact on a number of contaminated sites [116].
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Figure 12. Analyzing Scopus results with the VOSviewer. The assisted phytoremediation paradigm.

3.12. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Bioremediation” and “Coal” Interactions Based on the Scientific Literature Search Query
on Scopus

VOSviewer visualization data indicated that “Coal” is associated with: soil pollution;
bioremediation; heavy metals; organic pollutants, microbiology; bacteria; ecosystem; mi-
crobial degradation, etc. Furthermore, from Figure 3 it is observed that “Bioremediation”
(Figure 13a) is associated with: soil pollution; soil pollutants; composting; plants, (green
circles), microbiology; waste management; microplastic; leachates, etc. (yellow circles).
“Bioaccumulation” (Figure 13b) is associated with soil pollution; soil pollutants; soil mi-
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croflora; metabolism; lead (green circles), soil and soil microbiology (yellow–green circles).
According to Sharma, [117], bioaccumulation is the process of chemicals building up in
an organism when the rate of intake exceeds the rate of excretion, whereas bioremedia-
tion uses biological organisms to remove or neutralize environmental pollution through
metabolic activity. Using plants to work ‘soaking up’ heavy metals (bioremediation) and
microbes (bioaccumulation), predominantly to clean contaminated soil and ground water,
is a relatively new technology for mining the amount of pollution. Environmental biore-
mediation by bio-sorption and bioaccumulation is considered as a low-cost alternative to
bioremediation-based processes. Methods such as bioaccumulation have gained increasing
interest from scientists and stakeholders for ensuring sustainable environmental remedia-
tion. The use of phytoremediation includes the usage of plants with respect to ecological
and environmental science. A potential solution could be achieved used microbe- assisted
phytoremediation in order to remove pollutants from watercourses and sediments in order
to improve ecosystem services.
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(b) paradigms.

3.13. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Bioremediation” and “Olive Mill Waste Water” Interactions Based on the Scientific Literature
Search Query on Scopus

VOSviewer visualization data indicated that “olive mill waste water” is associated
with: bioremediation; phytoremediation; soil pollution; contamination; heavy metals,
biodegradation, environmental; microbial activity; rhizosphere, organic matter; decomposi-
sion; microbiology; fungus; phosphorus. Furthermore, from Figure 14 it is observed that
“wastewater treatment” (Figure 14a) is associated with: bioremediation; phytoremediation;
soil conservation (green circles), rhizosphere; microbial activity; biodegradation, environ-
mental (blue circles), sewage; organic matter, decomposition; phosphorus, etc. (red circles).
“Rhizosphere” (Figure 14b) is associated with: bioremediation; phytoremediation; soil
pollution; contamination; heavy metals (green circles), microbial activity; biodegradation;
environmental; animals (blue circles); sewage; organic matter; decomposition; phosphorus,
etc. (red circles).
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Olive oil manufacturing is characterized by the creation of wastewater from olive
mills, which is harmful to the environment due to its highly polluting organic load [118].
Every day, trillions of cubic meters of wastewater are produced around the world, the
vast majority of which is left untreated. These compounds range from new pollutants
and heavy metals to simple chemical molecules and nutrients like sugars, ammonium and
phosphate [119]. However, due to their antioxidant qualities, these effluents also include
phenolic chemicals that have a considerable positive impact on health [118,120–123]. Olive
oil production benefits from irrigation, but with a changing climate and uncertainty in pre-
cipitation patterns, wastewaters will likely play a larger role supplementing irrigation water
requirements. Furthermore, in many Mediterranean countries, olive farming is regarded
as one of the most important agricultural pursuits from a financial, social and ecological
standpoint [124]. Due to the fact that even today there remain many farmers who do not
use environmentally friendly cultivation methods [125,126], the impact of crop cultivation
and their wastes on climate change is dramatic, especially in regions where intense compe-
tition for natural resources between agriculture and ecosystems occurs. Relevant research
was completed by Meftah et al. [127], who studied the impacts of olive mill wastewaters
applied over a lengthy period of time on the main properties of Mediterranean soil in a
dry climate. The results of their study showed that the irrigation of sandy soils by different
doses of olive mill wastewaters has influenced the soil physicochemical and microbiological
characteristics, providing a favorable environment for the development of soil microflora
by recycling organic matter and enriching mineral elements that increase soil fertility [128].
Furthermore, olive mill wastewaters, alone or combined with pomegranate and orange
waste extracts, provided satisfactory control of plant soil-borne pathogens, concludeing that
polyphenolic extracts could protect plants’ rhizosphere from fungal infection [129–135].

3.14. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Biodegradation” Interactions Based on the Scientific Literature Search Query on Scopus

VOSviewer visualization data indicated that “Biodegradation” is associated with:
soils; carbon; soil microorganisms; biogeochemistry; soil microorganisms; fungus, soil
microbiology; bacterium; proteobacteria; firmicutes, soil pollution; organic pollutants;
water pollutants, etc. Furthermore, from Figure 15 it is observed that “microbial com-
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munity” (Figure 15a) is associated with: proteobacteria; rna 16s; firmicutes (blue circles),
soil pollution and heavy metals (red circles); soils; soil microorganisms; carbon and fungi
(green circles). “Bioremediation” (Figure 15b) is associated with: soil pollution and heavy
metals (red circles); soil microorganisms and fungi (green circles); proteobacteria; rna 16s;
firmicutes and hydrocarbon (blue circles). To understand humans and other life forms
on Earth, such as microbes, it is vital to learn not just how microorganisms affect climate
change but also how they will be affected by climate change and other human activities.
It is well known that the abundance of bacteria/archaea and diversity of microorganisms
underlies their role in maintaining a healthy global ecosystem. Research has reported a
strong difference in microbiota diversity and Proteobacteria and Bacteroidetes influenced
by temperature changes in different climates [136].
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3.15. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Biodegradation” and “Compost” Interactions Based on the Scientific Literature Search Query
on Scopus

VOSviewer visualization data indicated that “olive mill waste water” is associated
with: soils; agriculture; biomass; soil organic matter; soil microorganism maize; charcoal;
contamination; heavy metals; soil pollution control; plytoremediation; bacteria; microbiol-
ogy; proteobacteria; firmucutes, composting; waste treatment; composting process; total
organic carbon, etc. Furthermore, from Figure 15 it is observed that “Soil” is associated
with: bacteria; microbial community; proteobacteria (green circles); soil pollutants (red
circles); fungus; soil amendments and soil microorganism (blue circles); composting and
biodegradation (brown circles).

3.16. “Soil” and “Food Web” and “Organic Matter Recycling” and “Microbes” and
“Biodegradiation” and “Olive Mill Waste Water” Interactions Based on the Scientific Literature
Search Query on Scopus

VOSviewer visualization data indicated that “olive mill waste water” is associated
with: soil; biodegradation; composting; waste treatment; bacterium; microbial diversity;
actinobacteria; rna 16s; fimicutes Fusarium; Alternaria; bioremediation; soil remediation;
water pollution; ground water, etc. Furthermore, from Figure 16 it is observed that “com-
posting” is associated with: bioremediation; chemistry and biodiversity (yellow circles);
bacterium; rna 16s and firmicutes (red circles); biodegradation; waste treatment; quality
control, etc. (blue circles). According to Chen et al. [137], compost is a stabilized and sani-
tized product that plays an important role in the soil enrichment process by replenishing
vital nutrients taken in during cultivation and, through its absorbent function, minimizing
the migration of pollutants into the soil environment. It is well known that OMW are
mainly disposed of in the environment without treatment, leading to water, air and land
pollution. According to Ahmed et al. [138], OMW’s discharge into soils has direct detri-
mental effects not only on plant growth and soil microorganism metabolism but also on the
physicochemical properties of soil. Kefalogiani et al. [139] indicated that co-composting is
an interesting approach for the exploitation of large quantities of agro-industrial residues,
with a final product suitable for improving soil fertility and health. Thus, co-composting of
OMW is highly advised for the efficient treatment of wastes and the creation of a premium
product appropriate for biofertilizer. Moreover, according to Elmansour et al. [140], there
are several studies that have reported the impact of phenol solution on how biological
processes behave generally while treating wastewater [141,142].
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population indirectly affect land use, plant species composition and plant production, all 
of which have an impact on plant communities [146]. 

The reaction to climate change is more complicated belowground. The type and 
quantity of carbon that enters the soil system as well as the physical structure of the plant 
root zone are influenced by the responses of the plants. The biomass and makeup of the 
microbial population are indirectly affected by this. The microbial community is directly 

Figure 16. Composting association: bioremediation, chemistry and biodiversity (yellow circles).
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4. Discussion

The soil is the world’s richest microbial ecosystem, comprising bacteria, fungi, viruses
and other microorganisms such as archaea and protists. These microbial communities play a
crucial role in plant health through their resistance to drought, pollution and parasites [143].
Up to 98.8% of the food consumed comes from soils, and the Food and Agriculture Organi-
zation predicts that soil erosion will reduce agricultural yields by 20–80%, depending on
the soil type [144].

Mapping studies in this research show some trends that may indicate how microbes
will respond to ongoing climate change. Climate change has a potential effect on organic
matter decomposition, soil microbial biomass, bioremediation and soil metabolism and is
directly related to changes in the role of microbiota communities in soil.

Based on the results presented above, microbes are unlikely to become extinct as they
are adaptable, but climate change is likely gradually reducing the diversity of many plant
ecosystems and changing the composition of microbes.

Rapid temperature change may cause many species to become extinct while also
allowing other species to colonize from neighboring warmer habitats. In light of this
information, it is predicted that as the climate warms, plant community variety will decrease
rather than rise [145].

The uneven effects of climate change, like changing precipitation, will be seen on the
Earth’s surface. Warming will effectively make the environment drier over a huge portion
of the terrestrial Earth, which will reduce plant productivity and exacerbate the importance
of water as the primary limiting factor for plants and soil microbes [145].

Terrestrial ecosystems will be impacted by climate change both directly and indirectly,
both above- and belowground [146]. The effects of climate change will be most pronounced
aboveground, where changes in temperature, precipitation and nitrogen availability will
all have an impact on the quantity of plant species and the composition of the land surface
in unmanaged ecosystems. Changes in the underground microbial population indirectly
affect land use, plant species composition and plant production, all of which have an impact
on plant communities [146].

The reaction to climate change is more complicated belowground. The type and
quantity of carbon that enters the soil system as well as the physical structure of the plant
root zone are influenced by the responses of the plants. The biomass and makeup of the
microbial population are indirectly affected by this. The microbial community is directly
impacted by water, temperature and nitrogen as the organisms adapt to changes in resource
availability as well as temperature or drought stress. Whether direct or indirect, microbial
reactions to climatic changes will have an impact on plants by affecting the availability of
nutrients or pathogen production. Therefore, improving our understanding of the reaction
of the microbial population must be a crucial step in our understanding of ecosystem
response to climate change [146].

Numerous studies [147–150] have shown the direct impacts of specific climatic change
factors on soil communities. These changes lead to increased fungal/bacterial ratios
under dry conditions, as measured by increased microbial C/N ratios and increased
fungal/bacterial ratios, contributing to nutrient cycling and nutrient degradation processes
and resulting in significant changes in community composition.

According to ref. [151], perturbations caused by climate change will have an impact
on soil microbial communities either directly (such as seasonality and temperature) or
indirectly (for example, soil organic matter and water content, pools of C, N and P, plant
litter and root biomass). The cycling of both carbon and nutrients in soils is influenced by
biogeochemical processes, which are fundamentally influenced by microbial populations.
The types of organic and inorganic materials that can be used as substrates, as well as the
response rate of substrate consumption, depend on the makeup and abundance of the soil
microbial population [151].

Regional and global climate and weather phenomena are influenced by microbes.
Different groups of microorganisms respond differently to elevated temperatures; for in-
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stance, Firmicutes and Actinobacteria have been observed to respond positively to elevated
temperature, whereas Gram-negative bacteria have been observed to respond negatively.
Variable changes occur in the total microbial biomass as a result of increased tempera-
ture [151]. By changing the activity of temperature-sensitive microbial enzymes, increased
temperature can directly change how the soil microbial community functions [148].

By changing net primary output and, in turn, the pool of accessible substrates used
for microbial development, increased temperature can also have an impact on the diversity
and composition of soil microbes [149,151]. Additionally, higher temperatures cause more
water to evaporate from the soil, which indirectly affects microorganisms by causing the
soil to dry up [150,151].

Different taxonomic and functional groupings of microorganisms have varying levels
of drought resistance, which can have an impact on the composition and operation of the
soil microbial community. In contrast, the quantity of Gram-negative bacteria typically de-
creases when soil dries out [147,151–153], whereas more drought-tolerant microorganisms
like fungi, Firmicutes, and Actinobacteria typically benefit from dry circumstances.

According to Balser et al. [146], soil microorganisms are an essential component of
agroecosystems’ response to climate change through their ability to cycle nutrients and
process soil carbon. To fully understand and manage the impacts of climate change on
soil communities, studies should include assessments of their composition and biomass,
longer-term studies should be carried out. Short-term studies are inadequate to understand
the effects of climate change on soil microbial dynamics [146].

There are a number of reasons why soil microbes will be impacted; here, we offer
some ideas about how climate change elements such as CO2 and temperature alter the
microbial composition. The assessment of potential future changes in the biogeochemical
cycles and climatic feedbacks must take into account the potential detrimental impact of
climate change on decomposition as well as biodiversity. However, the largest area of
interest is soil microbiome’s amazing complexity and the web of relationships that exists
there [154].

Further, research has shown that actinomycetes are efficient at breaking down organic
matter, which accelerates environmental warming and CO2 flux in the atmosphere [117].
Climate warming can reduce the diversity of microbes, increase the complexity of their
relationships, and speed up the decomposition of soil organic matter, with new pathogens
likely to emerge.

5. Conclusions

In this study, it was concluded that climate warming and shifting precipitation regimes
are affecting biodiversity and ecosystem functioning and are altering microorganisms,
especially the bacterial groups. In more detail, soil metabolism is an important factor,
involving all the chemical consequences of microbial development. The presented research
study shows that long-term warming effects accelerate decomposition and change how
soils operate in ecosystems, both directly by influencing microbial physiology and indirectly
by changing the makeup of the microbial population. Furthermore, the phyllosphere region
is dynamic and is influenced by a variety of factors. Thus, phyllosphere microbiomes are
under increased stress from climate change, especially from warming and drought. Thus, it
is necessary to determine not only how microorganisms affect climate change but also how
they will be affected by climate conditions and other human activities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriengineering5010037/s1, Figure S1: Visualizing Scopus soil
results with the VOSviewer, and Figure S2: Analyzing Scopus soil results with the VOSviewer.
The soil (a) and the metabolism (b) paradigms.
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