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Abstract: Forests have a key role in mitigating both non-biological and biological ecological
disturbances. However, major disturbances (soil pollution, shift from native forest species
to exoticones, forested watersheds and climate changes) can have different impacts on a
forest’s soil microbiome. Because the soil microbial community of forests has a key role in a
variety of ecosystem services that promote the forest’s health, this review tries to answer
the following questions: (i) Which are the main ecological disturbances that drive the
responses of the forest soil microbiome? (ii) How can we measure these changes? For this
aim, the review summarizes details on the tree vegetation type, the microbial communities
in forest ecosystems, and the mutual influence between plants, soil, and microbiomes.
Microbial communities are shaped by factors such as soil type and composition, plant
and vegetation types, nutrient levels and soil fertility, disturbance patterns, symbiotic
associations, biotic interactions, and the progression of forest succession. Anthropogenic
activities produce a rapid response in the microbial communities, leading to both short- and
long-term alterations. Harvesting processes reduce drastically the microbiome diversity,
forcing a shift from specialized to more generalist microorganisms. Restoration scenarios
indicate a re-establishment of microbial communities to a level similar to the native forest,
but with a high percentage of replaced native microorganisms. This review emphasizes
that the forest soil microbiome is shaped by a range of environmental, ecological, and
biotic factors. The primary drivers of the soil microbiome in forest ecosystems discussed in
this review include soil composition and nutrient availability, plant community structure,
microbial interactions within the soil, disturbances, succession, and temporal dynamics.
When considered together, these factors interact in complex ways, influencing the diversity,
function, and resilience of the soil microbiome in forest ecosystems.

Keywords: holobiont; ecological disturbances of forest; climate change; anthropogenic
forest conversion; microbial community profile; diversity and abundance of forest soil
biota; disturbance responses of soil bacterial and fungal communities

1. Introduction
The biosphere’s health relies mainly on forest ecosystems that regulate essential nutri-

ent and energy patterns, which, in turn, can significantly influence the climate system [1].
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Undisturbed forest landscapes, unaffected by human pressures, serve as significant carbon
sinks, mitigating greenhouse gas emissions. On the other hand, tropical deforested regions
and poorly managed forests can exacerbate climate change [2–5]. Forest ecosystems are
important not only for regulating the climate but also because they include a vast biodiver-
sity that holds crucial ecological and economic value. For this reason, the United Nations
General Assembly proclaimed 21 March as the International Day of All Types of Forests in
2012, and the specific 2023 theme was ”Forests and Health”.

The aim is to emphasize the role of healthy forests for healthy people, in the
framework also of the “One Health” concept (UN, 2023, https://www.un.org/en/
un-chronicle/healthy-forests-are-crucial-human-health-and-sustainable-development, ac-
cessed on 1 June 2024) and in line with the sustainable development goals (SDG
15, https://www.un.org/en/chronicle/article/goal-15-seeing-forest-trees-making-most-
synergies-achieve-sdgs-constrained-environment#:~:text=A%20case%20in%20point%20is,
degradation%20and%20halt%20biodiversity%20loss%E2%80%9D, accessed on 1 June 2024).
Current human management practices like deforestation, agriculture on a large scale, small-
scale farming, and the development of infrastructures are unfortunately leading to rapid
changes in forest biodiversity. Moreover, as forests increasingly become a source of re-
newable materials and fuels, their economic significance has been growing, forcing their
harvesting in several parts of the planet. It is thus imperative to adopt conservation and
sustainable management strategies to preserve the functionality of forests, protect global
biodiversity and, at the same time, match the socio-economic needs [6,7].

Belowground microbiota, which includes soil, the rhizosphere, and root-associated
microbial communities, is crucial for sustaining the physiology and the growth of plants [8].
These beneficial effects depend on nutrient-absorbing processes that increase nutrient up-
take efficiency (plant growth enhancement) and protect against various negative abiotic
and biotic conditions [8]. Moreover, specific bacteria and fungi interconnected with peren-
nial tree crops interface with soil invertebrate food webs, supporting several regulation
mechanisms [9]. On the other hand, trees have also a great influence on soil microbiota
diversity, functioning, and fitness. For example, it was recently found that tree diversity has
a positive influence on soil microbial resistance to drought [10]. Nevertheless, knowledge
of how microbial communities of soil react to forest management is still very scarce. It
has been well known that important biomarkers of forest ecosystem status are microbial
community structure, their patterns of gene expression, and the metabolic activities. In fact,
these factors can increase the capability to observe the health of forest ecosystems, to assess
the effects of management practices, and in some way, to identify variations in nutrient and
energy flow patterns before they have permanent effects [11].

The use of community profiling approaches such as molecular, biochemical, and
physiological techniques have advanced the knowledge on the role of microbial diversity
in forest soils. It was recently found that forest type influences microbial community
composition and the inter- and intra-ecosystem variability of communities between and
within forest ecosystems and that microbial communities respond to disturbance and
forest management activities. Finally, numerous works highlight the relationship between
microbial community and forest soil processes [12–14].

Even though different long-term responses to forest disturbance are observed in
bacteria and fungi, several studies validate definite changes in the responses of important
bacterial and fungal functional groups (e.g., nitrifying bacteria and mycorrhizal fungi), and
indicate that both microbial groups play important functions in the long-term modifications
of biogeochemical processes detected as a result of disturbances to forests [15,16].

Understanding the factors that drive the forest soil microbiome has become a promi-
nent research topic worldwide [17]. Soil microbial communities have pivotal functions in
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promoting soil health by contributing to organic matter turnover and nutrient cycling. As
an indispensable part of the soil ecosystem, the soil microbiome drives processes such as
soil formation, fertility, plant growth and stress tolerance, as well as the nutrient cycles
and carbon storage [18]. In forests, soil microbes contribute to forest ecosystem health
by decomposing organic matter, cycling carbon and nutrients, incorporating humic com-
pounds into mineral soils, and connecting plant and ecosystem functions. Moreover, they
have a crucial role in carbon storage and are responsible for plant photosynthetic carbon
inputs to the soil [19]. However, soil microbial communities are highly sensitive to changes
in forest land use, and the impact of such changes on these communities remains poorly
understood despite their functional significance [20,21]. Recently, Baldrian et al. [5] indi-
cated that, although significant research progress in the forest microbial ecology framework
has taken place, there are still many gaps and challenges that researchers face. Among
others, some key limitations and challenges in this field are the complexity of microbial
communities, spatial and temporal variation, limited knowledge on microbial functions,
methodological constraints, a lack of long-term data, climate change and disturbances, data
integration, and collaboration [7]. However, by addressing these issues and working col-
laboratively, scientists can make significant strides in unraveling the intricate relationships
between microorganisms and forest ecosystems, ultimately aiding in forest conservation
and management efforts.

The holobiont concept fits into the better understanding of forest ecosystems and their
future evolution. The terms holobiont refers to a host organism (in this case the plant) and
its associated microbial communities, collectively functioning as a unit [22]. This concept
have been challenged the traditional view of organisms as individuals and emphasizes
the importance of symbiotic relationships between a host and its microbiome [23]. The
microbiome includes bacteria, archaea, viruses, fungi, and other microorganisms that
inhabit a specific environment, such as the surface of plant roots or the internal parts of the
plants. The holobiont concept suggests that the host and its associated microbiome should
be considered as a single ecological and evolutionary unit [24]. Thus, the interactions
within the holobiont can play a crucial role in the adaptation and response of the organism
to ecological pressures. The microbiome can contribute to the host organism’s ability to
adapt to environmental changes. For example, certain microbes in the soil can enhance a
plant’s resistance to pathogens or help it acquire nutrients more efficiently [25]. Moreover,
symbiotic relationships within the holobiont can provide benefits to the host under different
ecological pressures. For instance, gut bacteria in animals can aid in digestion, contribute
to the immune system, and even play a role in protecting against harmful pathogens [26].
Based on the frameworks proposed in this concept, new interdisciplinary research areas
can be developed, and new functional solutions identified.

Faure et al. [10] consider that the assemblage processes of the microbiota and the
function of the host in microbiota selectivity are valuable research topics. The paper
highlighted that the exudates from plants can selectively influence the microbiota, causing
plants to have contrasting strategies for nutrient resources.

The proposition of interactions between plant and earthworm holobionts for enlisting
microbiota that aids in organic matter recycling and mineral nutrition corresponds with
the increasing acknowledgment of the intricate relationships between organisms and their
microbiomes in ecological processes [12]. The plant–earthworm interaction might entail
the enlistment of specific microbial communities by both entities. For instance, plants
can release root exudates that attract beneficial microbes engaged in nutrient cycling and
promoting plant growth. Earthworms, through their interactions with the soil and organic
matter, might harbor specific microbiota in their gut or on their skin. As they traverse
the soil, these earthworm-associated microbes could influence the soil microbiome. The
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concept of holobionts implies that plants, earthworms, and their associated microbiota
operate as a cooperative entity. The microbiota linked with both the plant and earthworm
could contribute to the overall well-being and functionality of the holobiont in the context
of organic matter recycling and nutrient cycling.

Dessaux et al. [27] examined the mutually interdependence between plants and mi-
crobiota and their subsequent possible applicability to improve performance and healthy
of plants. Holobiont functioning is another important issue when examining holobiont
studies. Which functional traits of the holobiont are derive from the microbiota and the host
assemblage, and what are these functional traits that support the holobiont’s adaptation in
a mutational environment?

The holobiont functional traits resulting from the assembly of microbiota and host can
encompass various aspects, all of which contribute to the holobiont’s adaptation in a chang-
ing environment [28,29]. Microbiota associated with the host can facilitate nutrient uptake
and metabolism, including the acquisition of essential nutrients from the environment
and the breakdown of complex organic compounds [30]. This can enhance the holobiont’s
ability to thrive in nutrient-limited or variable environments. Certain microbiota can confer
resistance or tolerance to pathogens and pests by directly antagonizing them through the
production of antimicrobial compounds or by priming the host’s immune system [31].
This contributes to the holobiont’s ability to withstand disease pressure. Microbiota can
enhance the host’s tolerance to various abiotic stresses such as drought, salinity, or extreme
temperatures by modulating physiological processes or producing stress-protective com-
pounds [32]. This helps the holobiont to survive and thrive in challenging environmental
conditions. Beneficial symbiotic relationships between the host and specific microbiota can
provide mutualistic benefits, such as the exchange of nutrients or growth-promoting factors.
These interactions contribute to the overall fitness of the holobiont in its environment [33].
Its microbiota can influence host development and growth through various mechanisms,
including hormone production, nutrient availability, and regulation of gene expression.
This can lead to enhanced growth rates or altered developmental patterns that optimize
the holobiont’s performance in its environment. Overall, the diverse functional traits re-
sulting from the interaction between host and microbiota contribute to the adaptability
and resilience of the holobiont in the face of environmental variability and change [34,35].
Understanding these traits is essential for harnessing the potential of microbiota-mediated
adaptations in agriculture, ecosystem management, and other fields.

The diversity of microbial communities within a holobiont can contribute to its re-
silience in the face of ecological challenges [36]. A diverse microbiome can provide func-
tional redundancy, ensuring that essential functions are maintained even if some microbial
species are affected. Understanding the holobiont concept has implications for fields such
as medicine, agriculture, and ecology [37–39]. It highlights the interconnectedness of or-
ganisms and their associated microbiomes and emphasizes the importance of considering
this holistic perspective when studying adaptation to ecological pressures.

To understand these relationships is fundamental for sustainable and responsible agri-
culture and the management of ecosystems. By appreciating the collaborative relationships
between different organisms and their microbiomes, researchers and practitioners can de-
velop strategies to enhance soil health, nutrient cycling, and organic matter decomposition
in a more holistic manner. This approach aligns with the broader shift towards ecological
thinking in agriculture and ecosystem science.

In this review, we explore how bacteria play a role in the complex forest ecosystem, and
summarise findings from recent literature to understand the main factors that determine
their abundance and diversity. We discuss how microbial populations of forest ecosystems
have been responding to climate change, and the implications of this response on ecosystem
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processes. Finally, current knowledge on the bacteria’s role in addressing ecosystem
processes and their capacity to adapt to global change are also discussed.

2. Materials and Methods
This review considers articles published between 2003 and 2023 concerning the main

factors that drive the responses of the forest soil microbiome based on an overview of
scientific publications on the disturbance responses of forest microbial communities. The
articles are original studies as well as literature reviews, including scoping reviews and
systematic reviews.

The selection criteria were:

- Peer-reviewed articles;
- Type of publication (only original studies or reviews were considered).

The main directions of the systematic review consisted in reviewing the impact of
tree vegetation and tree composition on soil microbial communities; the influence of the
soil microbial community on the plant-associated microbiome in the context of forest
anthropogenic disturbance; the effect of harvesting on the diversity and structure of soil
bacterial and fungal communities; the study of the soil microbial community successional
patterns during forest ecosystem restoration; the diversity and response to global change;
and the screening of bacterial communities in forest ecosystems.

Exclusion criteria comprised:

- Editorials;
- Published studies other than in English.

ERIC (Education Resources Information Centre) and numerous databases, including
Web of Science, Science Direct, SpringerLink and Google Scholar, were used to study key
relevant research. The following keywords in the various databases were used: forest
soil microbiome, disturbance responses of forest microbial communities, influence of
climate change on microbial diversity, drivers of abundance and diversity of forest soil
microorganisms, forest anthropogenic disturbance, harvesting, ecosystem restoration.

3. Results and Discussion
The literature review included 102 articles that met the criteria for our analysis. The

relevant data extracted from the articles were categorized by continent and research topic
(Table 1).

Table 1. Important data from articles distributed by continent and research topic.

Subject Article Distribution by Continents

General Europe Australia Asia North
America

South
America

Bacterial communities in forest
ecosystems 23 2 7 6 1

Impact of tree vegetation and tree
composition on soil microbial
communities

4 - 2 - -

Influence of soil microbial
community on plant-associated
microbiome in the context of
forest anthropogenic disturbance

2 - 2 3 1
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Table 1. Cont.

Subject Article Distribution by Continents

General Europe Australia Asia North
America

South
America

Influence of harvesting on
diversity and structure of soil
bacterial and fungal communities

5 - 3 5 3

The patterns of soil microbial
community succession during the
restoration of forest ecosystems

1 2 3 7 -

The impact of global change on
bacterial communities within
forest ecosystems

6 2 6 6 -

Total 41 6 23 27 5

3.1. Bacterial Ecology in Forest Soils

The ecological factors that drive the microbiome in forest soils are diverse and impact
the composition, diversity, and function of microbial communities. Forest soils are dynamic
environments, and the microbes that inhabit them have key roles in nutrient cycling,
decomposition, and the overall health of the ecosystem.

Forest soil ecology studies have predominantly focused on fungi, although bacteria are
essential portion of the microbial community in soil of forests [40]. It is important to note
that the functions of bacteria and fungi in forest ecosystems do not have to be considered
as separate entities, as they interact with each other in various ways (Figure 1). The fungal
biomass in forest soils has numerous effects on bacteria, such as the development of specific
niches in patches of soil colonized from mycorrhizal fungi (i.e., the mycorrhizosphere) and
microbial mats in the soil [41,42]. Moreover, bacteria occupy various habitats within forest
soils, including bulk soil, the rhizosphere, litter, and deadwood habitats [42]. Their com-
munities are influenced by soil type and composition, vegetation and plant communities,
nutrient availability and soil fertility, disturbance regimes, symbiotic relationships, biotic
interactions, and forest succession. Bacteria are involved in essential soil processes such
as carbon, nitrogen, and phosphorus cycling, and they contribute to the decomposition of
dead plant biomass and fungal mycelia. In fact, recent studies have revealed that bacteria
frequently possess genes that encode plant cell wall-degrading enzymes, indicating that
they are also involved in the plant material decomposition.

They interface with the roots of plants and with the mycorrhizal fungi either by acting
as commensals or helpers of mycorrhizae. Additionally, bacteria are crucial for several
phases in the nitrogen cycle, including nitrogen fixation. The effects of global change, such
as climate warming and increased carbon dioxide levels, can impact bacterial communities
in forest soils. However, the responses are specific to each forest ecosystem, and it is
currently challenging to incorporate bacteria into predictive models. While significant
progress has been made in understanding bacterial ecology in forest soils, the exact extent
of their contributions to forest ecosystem processes remains incomplete. A comprehensive
understanding of all soil community members’ activities is necessary to fully recognize the
bacterial role in forest ecosystems [43].
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Forest microorganisms, including bacteria and fungi, have been recognized to have
crucial roles in the forest ecosystem. As decomposers, symbionts, or pathogens, they affect
carbon turnover and retention, as well as the availability of other nutrients [9]. In addition,
research has shown that microbial communities are essential for facilitating biogeochemical
cycles, and understanding their role in ecosystem processes is crucial for predicting how
forests will respond to future environmental conditions [44–46]. Fungi are among the most
extensively studied microorganisms in temperate and boreal forest soils, where they form
diverse communities of saprotrophic and mycorrhizal fungal taxa. They are considered the
primary decomposers in forest soils due to their capability to produce several extracellular
enzymes that efficiently break down the recalcitrant fraction of dead plant biomass [47,48].

In the context of plant–microbial interactions, negative interactions occur when the col-
lective impact of soil organisms, such as pathogens, mutualists, and decomposers, leads to
reduced plant performance. Conversely, positive interactions occur when soil communities
provide benefits that enhance plant performance, such as increased biomass production
and survival. Due to the crucial role of these interactions in shaping ecosystem properties, it
is crucial to understand how soil microbe–microbe and soil microbe–plant relations react to
climate change. This research topic will bring insights into important ecosystem functions,
including the carbon storage in the soil and net primary productivity [16]. However, it is
unclear which way microbial activity will influence carbon feedbacks among plants, soil
and the atmosphere [48]. While the direct effects of climate change affecting microbial
function have been thoroughly investigated, more indirect effects through changes in the
interactions between plants and soil microbes and between microbes and soil microbes are
less well known, even though they can influence vital processes such as plant chemistry,
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plant community composition, and mineralization rates. Plants and microbes can react to
climate change by altering their population ranges, symbiotic partners, or timing of phono-
logical actions. The relative abundance and function of soil communities are also affected
by climatic changes, as soil community members vary in their physiology, temperature
sensitivity, and growth rates. De Angelis et al. [49] demonstrated that a 5 ◦C warming
in a temperate forest changed the relative abundances of soil bacteria and increased the
bacterial-to-fungal ratio of the community.

Bacteria are found in various habitats, which represent different layers within forest
ecosystems, including plant tissues and surfaces, streams, rocks, and especially the forest
floor, soil, and litter. According to Lauber et al. [50], the five most abundant phyla in most
soils are Acidobacteria, Actinobacteria, Proteobacteria, Bacteroidetes, and Firmicutes. Besides, the
biogeographical patterns of the microbial community show site-uniqueness, and most of
the species can be considered as “rare”, due to their site-specific conditions. The pH of the
soil appears to be the most significant factor that determines the composition of bacterial
communities in the soil, but other factors, such as organic matter content, accessibility of
nutrients, climate conditions, and biotic interactions (especially with vegetation), also play
crucial roles [51–53]. Within the groups described by Lauber et al. [50], only Acidobacteria
shows a very high relative abundance at pH between 4–5, while the other ones exhibit
a high relative abundance (30%–40%) at neutral and alkaline values. Fungal taxa are
8–10 times less abundant than bacterial ones in forest litter and soil, but have a higher
specificity for one or two tree species than bacteria [52]. In general, up to 80% of bacteria
are associated with more than six tree species, which indicates the additional effect of litter
and pH in their diversity.

Spatial variability of chemical parameters accounts for the presence of hotspots of mi-
crobial activity with higher abundance and activity in the soil, such as in and on plant litter
and dead wood, or on surrounding plant roots [54–56]. Each of these niches has distinct
characteristics and, therefore, a characteristic bacterial community. Numerous studies have
shown that fungi dominate the litter habitat and play a critical role in litter decomposi-
tion, but recent research has also highlighted the active involvement of bacteria in litter
transformation. In coniferous forest litter, Betaproteobacteria, Bacteroidetes, and Acidobacteria
were found to incorporate relatively more cellulose-derived carbon than fungi. This trend
was observed in different pine forest soils in North America as well, where Bacteroidetes
(Sphingobacteriales), Proteobacteria (Caulobacteriales, Burkholderiales, Xanthomonadales and Rhi-
zobiales), and subdivision 1 Acidobacteria were identified as the primary accumulators of
cellulose-derived carbon. Studies conducted on deciduous forests have also reported that
at least 10% of litter bacteria are capable of decomposing cellulose, with the most common
groups being Proteobacteria, Actinobacteria, Bacteroidetes, and Acidobacteria [57]. While the
acidic soils of coniferous forests are connected to mainly Proteobacteria, Acidobacteria,
and Actinobacteria in temperate deciduous forests, litter bacterial communities look espe-
cially enriched with Bacteroidetes and Proteobacteria [58,59]. The changes in the chemical
structure of litter and root exudates due to the tree species types influence the soil bacterial
communities because of the changes in substrate chemistry [60].

Bacterial and fungal communities in the soil ecosystem have varying spatial distri-
butions. Fungal taxa are more confined to either the litter or organic horizon of soil and
have a more heterogeneous distribution throughout the ecosystem. Environmental fac-
tors are more influential than geographic dispersal limitation in determining the bacterial
community structure of forest soils [61].

The impact of soil properties and vegetation types on the structure and diversity
of soil bacteria is widely acknowledged. Soil pH is recognized as a crucial factor that
regulates the composition of bacterial communities [62]. Additionally, other soil charac-
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teristics, such as nutrient availability and plant diversity, also affect the composition and
diversity of soil bacterial communities [63,64]. Previous studies have demonstrated that
the distribution of bacterial communities is influenced by soil properties, climate, and other
factors [64]. However, the specific controlling factors differ across different ecosystem types
and spatial scales.

Wei et al. [65] analyzed the structure, diversity, and function of soil bacterial commu-
nities in different forest types. They selected two natural and mature forest sites in China
and employed high-throughput sequencing to compare bacterial community diversity and
function in four different seasons. The authors found that the soil bacterial composition
at the phylum level (top 10 phyla) was similar, with differences only observed in relative
abundance. The bacterial communities at the two sites exhibited two significant predicted
functions related to the carbon cycle and three significant predicted functions related to
the nitrogen cycle. This study is among the few to investigate the relationship between
bacterial community structure and function and examine bacterial diversity in two typical
forest sites under natural conditions in climatically transitional regions of China.

Bacterial communities in forest ecosystems are of significant importance for several
reasons, as they play a vital role in maintaining the health, functioning, and sustainability
of these ecosystems. Some key points highlighting the importance of bacterial communities
in forest ecosystems are nutrient cycling, nitrogen fixation, disease control, and mycorrhizal
symbiosis. The forest soil microbiome is shaped by a complex interplay of abiotic (e.g.,
soil composition, moisture, temperature) and biotic (e.g., plant species, soil fauna) factors.
The overall health and functioning of the forest ecosystem are tightly linked to microbial
processes driven by these ecological factors. Understanding these interactions is key to
improving forest management and conservation efforts. The study and conservation
of these communities is essential for the health and sustainability of forest ecosystems,
especially in the face of ongoing environmental changes.

3.2. The Impact of Tree Vegetation and Tree Composition on Soil Microbial Communities

It is well known that soil physicochemical properties are strongly correlated with
microbial communities. For example, a recent study investigated the seasonal dynamics
of six soil enzyme activities (protease, urease, acid phosphatase, cellulase, peroxidase,
and polyphenol oxidase) and microorganisms (bacteria, fungi, actinomycetes, and total
microorganisms), in different vegetation types, and their reactions to shifts under soil
physicochemical properties [66]. Four types of shelter forests (Bambusaoldhamii, Pinusel-
liottii, Eucalyptus robusta, and Casuarina equisetifolia) in China were chosen to investigate
changes in seasonal patterns of enzyme activities (urease, acid phosphatase, cellulase,
and polyphenol oxidase) and microorganism presence in soil correlated with soil physico-
chemical properties (pH, moisture, temperature, nutrients). The results highlighted that
different shelter forests had seasonal differences in the selected microbial activities. The soil
bacteria, fungi, and total microbial presence in four shelter forests considerably improved
in autumn for Actinomycetes. Soil enzymatic activities were correlated to total microbial
presence and soil physicochemical properties. The research also confirmed that soil enzyme
activities and total microbial presence had significant seasonal changes among the four
shelter forests.

Jin et al. [67] found that bacteria are dominant populations in shelter-forest soils in
the extreme arid areas, accounting for more than 80% of total soil microbes, and fungi are
not more than 1% of the total soil microbes, although soil microbial community structure
changes among three soil layers. Zhang et al. [68] studied bacterial surface soil community
diversity and function in the shelterbelts of agricultural soils of five forest types. Dominant
forest soil bacterial phyla include Proteobacteria, Actinomycetes, Acidobacteria, Chlorobacteria,
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and Bacillus, and soil bacteria were found to be better linked and to have more severe
competition in the top layer of the soil than in the bottom layer.

On the other hand, Heo et al. [18] showed the capacity of the microbial community as a
proactive marker of climate-driven vegetation change. The authors studied the soil bacterial
and fungal communities in Korea (Odaesan) over a four-year interval through eDNA
meta-barcoding and analyzed the differences in composition and function between forest
types (Mongolian oak, Quercusmongolica, forest with, as well as without, Manchurian fir,
Abiesholophylla) and sampling years. The results showed that denitrifiers were predominant
in Manchurian firs, but no difference in the influence of climate change according to forest
type. While the tree vegetation was stable, the microbial communities modified significantly
over the course of four years. Climate change alters microbial communities significantly,
although it is not sufficient to trigger a change in vegetation, so a microbial indicator can be
developed to assess the disturbance of accumulated pressure on the forest ecosystem. The
authors showed the impact of Manchurian fir trees and the effects of climate change on soil
microbial communities in temperate forests.

As it is reasonable to understand, not only the activity, but also the microbial commu-
nity structure, is greatly influenced by the type of vegetation, and in particular, the type of
tree species (Figure 2). For example, Prada-Salcedo et al. [69] analyzed the bacterial and
fungal diversity in relation to forest composition using amplicon sequencing. They found
that microbial Shannon diversity was affected by the proportion of evergreen trees, and the
fungi were influenced by forest tree species composition.
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Gillespie et al. [55] analyzed the effect of forest litter and absorptive roots on wide-
ranging functions of soil microbial communities under mixed tree species conditions. The
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work suggested influences indirectly through the effects of tree mixture on surface litter
and absorptive root traits and soil parameters. Mixed forests consisting of any three tree
species affected soil microbial functioning, influencing nutrient availability in the forest
soil litter and resource acquisition by the roots. The mixing of trees also changed soil
microbial functioning and catabolic diversity, impacting soil fertility and physicochemical
characteristics. Thus, the results indicate an indirect but existing impact of tree species
mixing on the microbial heterotrophic soil community activity in four different forest
ecosystems, from Mediterranean to boreal forests.

Mycorrhizal communities are greatly influenced by both the composition of tree associ-
ations and their cover within the canopy. Symbiotic mycorrhizal fungi sustain the diversity
within forest trees, but act with a general-to-specific functionality based on a spatial gradi-
ent from large (forest ecosystem) to low scale (host tree) [70]. Arbuscular mycorrhizas in
associations with forest ecosystems vary in terms of species distribution: from generalist
species with a wide distribution and associated with multiple hosts to specialized species
associated with only one or a reduced number of hosts [71]. Tree status and the overall
status of the forest plant community are visible in the feedback between mycorrhizas and
forest future dynamics, seedling survival, and performance [72]. Mycorrhizal colonization
strategy is visible in the diversity of forests [73], with differences induced by arbuscular
mycorrhizas or ectomycorrhizas domination [74], both contributing at the establishment
of a specific flux of nutrients toward their host, the ecosystem nutrient cycling, and host
successions [75,76]. The host species and its physiological traits and status are responsible
for harvesting single or multiple mycorrhizal species, either arbuscular, ectomycorrhizal,
or their dual colonization [77]. This mechanism is visible in the colonization status related
to the type of ecosystem and its tree diversity [78], with the complexity of interactions
increasing complementarily to the increase in species composition [79].

Understanding the complex interactions between tree vegetation, composition, and
soil microbial communities is essential for sustainable forest management, reforestation
efforts, and the conservation of biodiversity [80]. It also has implications for ecosystem
functioning and resilience, particularly in the context of changing environmental conditions.
Researchers continue to study these relationships to gain a better understanding of the
intricate connections between trees and the soil microbiome.

3.3. Interactions Between Soil Microbial Communities and Plant-Associated Microbes Under
Forest Anthropogenic Stress

Nutrient availability/presence has a great influence on microbial communities
(Figure 3). It is well known that plants release nutrients (e.g., root exudates) in the rhi-
zosphere, which is the main area of the soil that influences the microbial community [6].
The presence of contaminants also has a great influence on the microbial community and
activity [81].

In particular, Yurong et al. [82] investigated the rhizosphere’s influence on soil charac-
teristics, bacterial communities and enzyme activities in Robinia pseudoacacia L. throughout
a gradient of heavy metal content contamination. The authors identified that soil organic
matter, accessible nitrogen, and phosphorous contents were clearly higher in the rhizo-
sphere than in the bulk soil at heavy metal contaminated sites. An increase in the activities
of four soil enzymes indicative of the C-cycle (β-glucosidase), N-cycle (protease, urease),
and P-cycle (alkaline phosphatase) were found in the rhizosphere soil at all study sites
compared to the bulk soil. Quantitative PCR (qPCR) and restriction fragment length
polymorphism (RFLP) were used to determine the relative abundance, composition, and
diversity of bacteria in the bulk and rhizosphere soils, respectively. The bacterial 16S rRNA
gene copy number in the bulk soil was markedly less than in the rhizosphere and had
distinctly detrimental correlations with total extractable Pb concentrations. At the various
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study sites, Firmicutes, Gammaproteobacteria, and Alphaproteobacteria were the most prevalent
bacteria. The bacterial diversity index of species richness (S) and Margalef (dMa) were
both clearly higher in the rhizosphere soil than in the bulk soil, even though no differences
were found with Simpson’s index (D) between the bulk and rhizosphere soil. The results of
the redundancy analysis revealed that soil pH, electrical conductivity, soil organic matter,
and total/extractable Pb contents were the main factors influencing the relative abundance,
composition, and diversity of bacteria. The native forest replacement with exotic species
can alter microbial-related soil ecosystem services. This was found by Almonacid-Muñozet
al. [81] in a Chilean native forest. In particular, the rhizosphere bacterial and fungal com-
munities of the native deciduous tree Nothofagus obliqua (a pioneer species that is dominant
in structure and composition after disturbance), grown within an anexotic Pinus radiata
forest of a plantation growing nearby, were analysed. β-diversity analysis indicated that
soil type (rhizosphere or bulk soil) and location type (native forest or P. radiata plantation)
were responsible for most of the change between the bacterial and fungal communities.
Proteobacteria and Basidiomycota were the dominant bacterial and fungal phyla in both soil
types and sites. Bacteria displayed comparable and abundant taxa at the family level,
regardless of soil type or site. The most abundant fungal taxa related to native forests were
Tricholomataceae and Cantharellales, while Russulaceae and Hyaloscyphaceae were the domi-
nant families in P. radiata. The key bacterial functional groups were chemoheterotrophic
and aerobic chemoheterotrophic, with no significant variation among soil types or sites.
Furthermore, the authors showed that the composition and diversity of bacterial and fun-
gal communities typical of the N. obliqua native forest are affected by the adjacent forest
and primarily reflect site properties, such as the available source of lignin-rich wood. In
this study, the different leaf litter and root exudates between Nothofagus oblique and Pinus
radiate probably were key factors that modified chemical and physical parameters of soil,
influencing the soil microbial community.
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Forest disturbance is recognized for its enduring impact on biogeochemical cycling,
particularly on microbially mediated processes such as nitrogen (N) cycling in Appalachian
ecosystems. Osburn et al. [20] used sequencing of 16S and ITS to investigate bacterial
(16S) and fungal (ITS) soil communities in forested watersheds with varying disturbance
histories and in neighbouring reference forests at the Coweeta Hydrologic Laboratory in the
Appalachian Mountains of North Carolina. The study revealed that forests that had been
altered previously exhibited significant differences in the composition, including increased
alpha diversity and abundance of copiotrophic bacterial phyla (e.g., Proteobacteria) and
N-cyclophytes (e.g., Nitrospirae). The fungal community structure also revealed detrimental
effects, particularly in mycorrhizal taxa.

Nevertheless, fungal alpha diversity was not impacted by disturbance, and distur-
bance effects were inconsistent at the fungal class level. Co-occurrence networks established
for bacteria and fungi displayed that disturbed communities had better-linked and closely
clustered networks, suggesting that disturbance impacts not only community structure but
similarly potential ecological interactions between taxa. While bacteria and fungi showed
various long-term reactions to forest disturbance, the study shows strong responses of rele-
vant bacterial and fungal functional groups (e.g., nitrifying bacteria and mycorrhizal fungi),
suggesting both microbial groups have a central role within the long-term modifications of
observed biogeochemical pathways resulting from forest disturbance in the region.

Soil fungal communities in forest, especially mycorrhizal symbionts, are greatly af-
fected by anthropogenic disturbances, which often lead to a habitat fragmentation and
the development of micro-ecosystems with different environmental conditions, symbiotic
functionalities, and health status [83]. The magnitude of anthropogenic pressure is visible
in the plant mycorrhizal status, the survival of native species in the competition with
invasive (alien) ones, the maintenance of a homogenous native habitat and niche, or the
conversion to an artificial heterogeneous one [84]. Fragmentation of forest ecosystems
changes the assemblage of mycorrhizal communities, reducing the dimension of fungal
networks developed between many different hosts to a simpler and less diverse network
between fewer hosts [85]. Along with changes in the mycorrhizal community due to
anthropogenic pressure, a shift in the mycorrhizal type and dominance is visible in the
rhizosphere of trees, an increase in the incidence of pathogens, and an overall forest de-
cline [86–89]. The reduction in mycorrhizal diversity due to anthropogenic pollution leads
to a decrease in their potential functionality, with the magnitude of the effect caused by
single or combined pollutants [90,91]. Currently, the levels of nitrogen and phosphorus, as
well as metal pollution, greatly alter the diversity of mycorrhizal communities emerging to
a critical load that drastically reduces both fungal species and their hosts [92–94]. Human
activities in forests alter the resilience of these ecosystems, forcing host species to access
mycorrhizal symbionts to a greater level in the roots, changing their specific nutritional
function to a larger number of functions, for both survival and protection from abiotic and
biotic pressure [95,96].

Overall, the relationship between soil microbial communities and the plant-associated
microbiome in the context of forest anthropogenic disturbance is intricate and multifaceted.
Research in this area continues to provide insights into how human activities can impact
these ecosystems and how to manage and restore them for long-term ecological health
and sustainability.

3.4. Influence of Harvesting on the Diversity and Structure of Soil Bacterial and
Fungal Communities

Several studies have shown that all forest harvesting systems have an impact on soils,
with significant short-term and long-term effects on microbial communities, particularly
in response to organic matter removal and soil compaction, which are considered major
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disturbances (Figure 4). Different levels of disturbance can result in distinct responses,
with some effects persisting for several years after tree harvesting, as demonstrated by
Hartman et al. [46]. The most sensitive microbial groups in forest systems are the symbiotic
and saprobe species, which can potentially serve as indicators for monitoring recovery. It
is necessary to conduct long-term monitoring over the course of a forest stand rotation
to assess the resilience of the microbial community structure over time. Although the
functional diversity of both bacteria and fungi is high, fungi have demonstrated a much
stronger response to harvesting than bacteria.
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According to Chatterjee et al. [97] the response of forest species to disturbances such
as timber harvesting depends on various factors, including the magnitude of the distur-
bance, soil type, and environmental conditions. Additionally, the biomass of soil microbial
communities can decrease after timber harvesting, as found by Smith et al. [98].

The significance of fungal and bacterial communities in forest ecosystems, as high-
lighted by Dighton et al. [99], means that the removal of overstory trees has a direct impact
on these communities. This impact is dependent on carbon inputs, as indicated by several
authors, and can also affect the structure of litter inputs through saprotrophic fungi and
Actinomycete bacteria [100–104]. However, some studies have contradictory results, suggest-
ing that microbial communities may not respond to perturbations in the same way as trees
do [105]. For instance, some studies indicate that microbial biomass C and N content and
respiration may not be affected by whole tree harvest, soil compaction [106], or forest floor
removal [107]. Meanwhile, other studies have shown that these properties may increase or
decrease [108].

Forest ecosystem structure and function are influenced directly or indirectly by stand
density. Wang et al. [109] studied the influence of Chinese fir plantation density on the
functional diversity of the soil microbial community and concluded that density changes
influence the soil physicochemical characteristics, composition, and metabolic functional
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diversity of microbial communities in Chinese fir plantations. Soil microbial functional
diversity was investigated by Biolog ECO technology. Soil pH, content of oxidizable
organic carbon, available N, available P, and available K were found to be affected by
stand density. Chinese fir plantation density had a considerable influence on the utilization
of carbohydrates, amino acids, carboxylic acids, and phenolic acids by the soil microbial
community, but did not have a significant effect on the utilization of polymers. Principal
component analysis (PCA) showed carbohydrates, polymers, and phenolic acids were
susceptible carbon sources, which determined changes in the metabolic functions of soil
microbial communities in the studied forest.

Harvesting is a management process that produces, in both the short and long term,
a decrease in diversity in fungal communities, along with a reduction in host natural life
cycle [110]. Observed shifts in fungal communities are associated with the quantity of
mineralizable nitrogen, organic carbon, and lead to an increase in adapted and efficient
species, while producing a decrease in the mycelium biomass in soil and in less-represented
(rare) species in the community which are excluded from the new formed ecological
niche [111–113]. In this context, the decomposition process of deadwood and remains
suffers a reduction in efficiency, due to the narrowing of fungal diversity [114]. Both
management and vegetation type act coupled on soil fungi and their biological processes,
with the changes produced in the litter quantity, and its quality, visible in the restriction of
nutrient cycling [115,116]. The long-term effect of harvesting on fungal communities causes
a rapid reduction in species diversity, with the disappearance of multiple species, followed
by a slow re-establishment of fungi to occupy the empty niches [117,118]. This process ends
after 30–50 years, and the re-established fungal community presents a different species
assemblage and composition compared to the native one. The shift in fungal processes is
related to the harvesting intensity, from a high-diversity fungal community with specialized
strategies in nutrient acquisition, to a lower-diversity community with generalist strategies.

Understanding the influence of harvesting on soil bacterial and fungal communities
is vital for sustainable land and forest management. Properly managed harvesting and
land-use practices can help minimize disruption to these microbial communities, ensuring
healthy and productive ecosystems in the long term. Research in this area continues to
provide insights into the ways in which these impacts can be mitigated and managed.

3.5. Patterns of Soil Microbial Community Succession During the Restoration of Forest Ecosystems

The assessment of soil microbial communities is becoming progressively important
for evaluating the sustainability of forest ecosystems and their response to stress and distur-
bances. However, scant information exists regarding the discernible patterns in microbial
community structure and composition during secondary succession or ecosystem restora-
tion. The translation of forests to managed states, such as agriculture or timber plantations,
has contributed to the modification of 75% of ice-free terrestrial ecosystems globally [119].
While approximately 50% of the earth’s land surface was afforested in the prehistoric era,
about 40% of that forest cover has been disappeared, and a large part of the surviving
forest has been subjected to different types of disturbance, particularly in the past two
centuries [120]. Forest conversion still accelerating in the 21st century [121], highlighting
the importance of characterising the effects of forest disturbance on both terrestrial biodi-
versity and ecosystem functions. Such comprehension is essential biogeochemically, as
forest ecosystems play a pivotal role in the elemental cycles and deliver valuable ecosystem
services, such as carbon storage, nutrient cycle regulation, and the provision of clean drink-
ing water [122]. Soil microorganisms are key drivers of these biogeochemical processes
and associated ecosystem services, performing essential functions like litter decomposition
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and carbon and nitrogen cycling, highlighting an urgency to investigate the effects of forest
perturbation on soil microbial communities [123].

The successions observed within forest ecosystems and the mechanisms that produce
them represent an interconnected phenomenon. Disturbances produced especially by
anthropic activities are visible in the occurrence of different successional patterns, which
act as restoration stages. The changes in terrestrial microorganisms, plant biomass, species
composition, and soil physicochemical properties are effects of the forest disturbances.
Moreover, soil C and N stocks, which are known as drivers of microbial community
structure, are affected by the forest disturbance processes [123], and the magnitude of
change is proportional with the resilience of these communities. Several studies focus on
the influence on soil microbial communities of timber harvest (e.g. Kohout et al. [124]), and
prescribed fire (Shen et al. [125]), which can all modify bacterial and/or fungal diversity.
Zhou et al. [126] found a connection between bacterial community variations in previously
disturbed forests, as well as increased relative abundance of r-selected bacterial phyla (e.g.,
Proteobacteria) with previous disturbance. Thus, the selection within the native microflora
assures a microbial pool that can persist in the restoration process. Moreover, changes in
forest soil microbial communities are likely to occur due to disturbances. No studies fully
investigate the long-term activity of bacterial communities, as well as fungi, as a result of
past disturbances such as timber harvesting, agricultural conversion and timber plantation
conversion [127]. Responses to perturbations of soil microbial communities have been
found to be relevant in the forests of the Appalachian region (USA), where about 70% of the
territory is covered by forests and almost all forest ecosystems in the region have suffered
from past disturbances due to human activities, which includes the logging of commercial
timber and/or switching to agriculture [128,129]. In this region, Keiser et al. [130] assessed
long-term effects of disturbance on soil microbial N-cycle functions, finding elevated
nitrification rates in previously disturbed forests. These results have been accentuated by
Lin et al. [131], who found an elevated abundance of nitrifying microorganisms.

Hyphal networks developed in soil by mycorrhizas plays an important role in the
success of forest restoration processes [132]. These networks act as a biological transfer
system for nutrients, from areas apart from plant root activity up to their host root system.
The restoration period is linked with the gradual increase in diversity of mycorrhizal
species and the establishment of mycorrhizal links between different tree species [133].
This biological mechanism relies on the mycorrhizas’ capacity to form symbiosis with
multiple hosts, but induces a series of negative interactions between native and inoculated
mycoflora [134]. Multiple successional scenarios arise from these interactions: (a) Native
mycorrhizal species act rapidly to colonize the new hots, completely eliminating the non-
native (or inoculated) species; (b) Part of the non-native (or inoculated) species persist
in the restored community, followed by a stratified successional process until a climax
based on a dual origin of species in the community; (c) The non-native (or inoculated)
mycoflora restrict the development of the native one and its access to plant hosts, which
leads to a complete change in the long-term assemblage of the fungal community. The
direction toward one successional scenario, or a combination of scenarios, is due to the
mycorrhizal ability to adapt the harsh environmental conditions during the first stages of
restoration [135–137]. Restoration is a process that targets forest function recovery, with the
number of targeted functions positively correlated to the number of species used [138]. In
this process, the feedback established between plants and their mycorrhizal partners leads
to host’s survival, increased growth and development, and achievement of dominance
in community [139]. The inoculum (both native and/or non-native mycorrhizas) used in
restoration is responsible for the success of this process, with different efficiency levels
between species [140].
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The influence of harvesting, particularly in the context of forestry, on the diversity and
structure of soil bacterial and fungal communities has a considerable ecological importance.
The impact of harvesting on these microbial communities can have both short-term and
long-term effects. Understanding the patterns of soil microbial community succession dur-
ing forest ecosystem restoration is crucial for planning and executing successful restoration
projects. By promoting the recovery of microbial diversity and function, restoration efforts
can help rebuild resilient and healthy ecosystems with improved ecological services and
long-term sustainability.

3.6. Impact of Global Change on Bacterial Communities Within Forest Ecosystems

Covering over 40 million km2 and accounting for 30% of the global land area, forests
are among the most extensive and crucial ecosystems on earth [141]. Forests are present
in most of the earth’s biomes and host a significant proportion of global diversity. The
Northern Hemisphere’s temperate and boreal forests, for instance, occupy a significant
portion of its land surface and house 46% of all trees on the planet—0.66 and 0.74 tril-
lion, respectively [142]. Global change, which includes both climate change and other
human-induced changes, has been identified as a primary threat to forests [143]. Human
overexploitation has been the most relevant risk to forests over millennia, and the C balance
of forests is mostly affected by human activities, comprising deforestation, productive forest
management, reforestation, afforestation, and others [144]. Other perturbations related
to climate change and atmospheric factors also impact the carbon balance of forests. As
such, the impacts of temperature rise, drought persistence, fire recurrence, or the increase
in native and invasive forest pests, combined with higher nitrogen and carbon dioxide
loads, influence deeper nutrient cycles to such a degree that forests have the potential to
become net sources rather than sinks of CO2 [145]. Consequently, a clear comprehension
of the role of forests in C fluxes, which are strongly influenced by the bacterial and fungal
activity, has been indicated as an essential requirement for making future predictions about
the health of our planet [49]. If plants are primarily responsible for absorbing carbon from
the atmosphere in forests, the microorganisms in forests play a major role in the carbon
balance in these ecosystems.

From a global perspective, it is crucial to comprehend the diversity of fungi and
bacteria within coniferous forest biomes. Fungi are dominant in decomposing litter material,
whereas bacteria become increasingly important as soil depth increases [146]. Coniferous
forests play a significant role in the global carbon cycle, and understanding the microbial
processes in the soil is essential for predicting global carbon fluxes and their potential
changes in the future.

Global change, which includes factors such as climate change, increased atmospheric
carbon dioxide (CO2) levels, altered precipitation patterns, and human activities, can have
a significant impact on bacterial communities within forest ecosystems. These changes can
disrupt the composition, diversity, and functioning of soil and litter bacterial communities,
leading to various ecological consequences. Understanding the impact of global change
on bacterial communities within forest ecosystems is critical for predicting the responses
of these ecosystems to ongoing environmental changes. Scientists continue to study these
interactions to better inform forest management and conservation efforts, including strate-
gies for mitigating the negative effects of global change on forest bacterial communities
and their associated ecosystem functions.

Different studies show that climate change causes significant changes in the microbial
populations, although not significantly to cause a change in vegetation, so it is possible to
develop a microbial indicator to assess the disturbance of accumulated pressure on the forest
ecosystem. The unpredicted vegetation change can be a serious problem caused by climate
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change, and the soil microbial community should imitate the pressure on forest ecosystems
due to climate change [147,148]. Classen et al. [149] highlighted also that the global climate
change is altering species distributions, and thus interactions among organisms. J Jansson
and Hofmockel [150] studied current findings about the climate change impact on the
microbiome of soil and the possible ways in which soil microorganisms can be utilized to
mitigate the negative consequences of climate change.

Although it is known that climate changes infer changes in soil microbial community
composition, species abundance, diversity, survival and resilience, changes in enzyme
production, and changes in interactions between microbes and plant roots, etc. Singhal
et al. [43] found that there is still limited knowledge about the potential impacts of climate
change-induced disturbances on soil microbial communities. Limitations in understanding
these changes are caused by the bi-directional nature of climate change effects on microbial
communities and the continuous modification of both microbial communities and their
associated biogeochemical cycles. This knowledge gap is significant, as the stability of
microbial communities, which refers to their ability to withstand and recover from distur-
bances, is likely to affect ecosystem function. Given the essential roles of forest ecosystems
in climate stability, biodiversity, and economic development, microbial community struc-
ture can serve as an indicator of forest ecosystem status. Changes in microbial community
structure can reveal alterations in nutrient and energy flow patterns before they cause
irreversible effects on long-term soil productivity. Therefore, understanding the dynamics
of soil microbial communities is vital for effective conservation and management of forest
ecosystems [8]. This context imposes a continuous monitoring of both climate and micro-
bial changes, a continuous update of forecasting models, and improvement of indicator
sensitivity.

Even more than a decade following tree harvesting, the diversity and structure of
soil bacterial and fungal communities remained significantly altered by the disturbances
caused by harvesting [151–155]. Moreover, individual taxonomic groups exhibited differ-
ent responses to varying levels of disturbances. Some taxonomic groups, such as plant
symbionts like ectomycorrhizal fungi, and saprobic taxa like Ascomycetes and Actinomycetes,
were highly sensitive to harvesting disturbances. As these taxa play crucial ecological
roles in forest development, their fate is essential for the sustainability of forest ecosystems.
While abundant bacterial populations were found throughout the study area, abundant
fungal populations often exhibited patchy distributions, which is consistent with their
higher sensitivity to the soil disturbances examined.

Extensive research has been conducted on the impact of climate change on soil biota
abundance, diversity, and activity. However, the literature reports inconsistent effects
that are highly dependent on environmental context. Elevated atmospheric CO2 has been
shown to increase microbial biomass, fungal abundance, and the abundance and body
size of most faunal groups, resulting in changes in the structure of the soil food web.
Bacterial diversity, on the other hand, is minimally affected by elevated CO2. Warming,
however, increases the abundance of bacteria and fungi, as well as most soil faunal groups,
resulting in changes in the soil food web structure [156,157]. Drought conditions reduce the
biomass and abundance of the majority of soil microbial and faunal groups, but increase the
abundance of fungi compared to bacteria. However, the impacts of increased rainfall and
flooding on soil biota are still poorly understood and highly context-dependent. Changes
in soil organism abundance and soil food web structure caused by climate change will have
impacts on soil functioning and the provision of soil-based ecosystem services [158]. As
such, the relative importance of these changes in relation to the direct impacts of climate
change on soil functioning is not clear, and the relationships between soil biota and soil
functioning are context-dependent. Further research is therefore needed to establish the
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effect of climate change-induced changes in soil biota on the suppression of diseases, and
also the effect of invasive microbes on soil functioning [39,159]. The effects of global change
on soil food webs and their functions is a growing concern. Soil communities address
several global change factors, which include land-use change, contamination, habitat
fragmentation and modification, invasive species, soil sealing, and climate change [160–162].
Although significant research has been conducted on the impacts of these drivers on soil
food webs, most studies have concentrated on aboveground organisms.

Climate change is causing increased temperatures and extreme events, such as
droughts, heat waves, and excessive rainfall, on a global scale, and these changes are
already affecting the functioning of terrestrial ecosystems.

4. Conclusions
Studying the factors that drive forest soil microbiome is a complex and dynamic field.

Forest soil microbiomes are extremely diverse and complex. The multiplicity of microbial
species and their interactions can make it challenging to identify the specific factors that
drive their composition and functions.

This review highlights that the forest soil microbiome is influenced by various en-
vironmental, ecological, and biotic factors. The main key drivers of the soil microbiome
in forest ecosystems, addressed in the various sections, are soil composition and nutrient
availability, plant composition, soil microbial interactions, disturbances, succesion, and
temporal dynamics. Overall, these factors interact in complex ways, shaping the diversity,
function, and resilience of the soil microbiome in forest ecosystems.

Microbial communities in forest soils can vary significantly over small spatial scales
due to factors such as tree distribution, topography, and microclimate. This spatial variation
can further hamper efforts to generalize results to larger forest ecosystems. Microbial
communities can change over time due to seasonal variations, disturbances (e.g., forest
fires or logging), and long-term environmental shifts (e.g., climate change). Capturing these
dynamics requires long-term and comprehensive monitoring, which can be resource-intensive.

To understand the forest soil microbiome comprehensively, combinations of field
studies and advanced techniques are often used. The key approaches and techniques for
measuring the changes of the forest soil microbiome due to various factors are soil sampling,
metagenomic sequencing, quantitative PCR, enzyme activity assays, Biolog plates, respira-
tion rate measurements, microbial diversity indices, and long-term monitoring. Studying
these factors and their interplay, insights into how the forest soil microbiome responds
to environmental changes and contributes to the overall health and functioning of forest
ecosystems can be provided. While advances in high-throughput sequencing technologies
have enabled more in-depth studies of microbial communities, these methods not lack
limitations. They may not capture all microbial taxa, and issues such as contamination and
PCR bias can affect the data quality. While DNA sequencing can provide information about
microbial composition, it does not directly reveal the functional roles of these microbes.
Moreover, it is fundamental to know the microbial abundance related to different abiotic
and biotic factors, which must be related to the soil microbial diversity. Determining how
specific microbial taxa contribute to ecosystem functions is a challenging and complex
issue. Microbial communities in forest soils do not exist alone. They interact with other
microorganisms and are influenced by factors like nutrient availability, soil chemistry, and
plant–microbe interactions. Understanding these complex interactions is a crucial challenge.
Studying the factors that drive the forest soil microbiome is fundamental for understanding
ecosystem health, nutrient cycling, and resilience when faced with environmental changes.
Researchers continue to develop innovative techniques, collaborate across disciplines, and
employ long-term studies to address these challenges and gain deeper insights into the
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complex relationships within forest ecosystems. A combination of molecular, chemical, and
ecological tools is necessary to comprehensively measure the changes in the forest soil mi-
crobiome. These approaches allow for the identification of shifts in microbial communities
in response to various environmental factors, such as soil properties, vegetation, distur-
bances, and human activities. By integrating these methods, we can better understand the
dynamics of forest soil microbiomes and their role in ecosystem processes.
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