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ABSTRACT

Soil microorganisms underpin the biological processes that sustain crop production,
including organic matter decomposition, nutrient cycling, plant growth promotion and
suppression of disease. This article reviews the dimensions and major groups of soil
microbial diversity, the environmental and management factors that shape it, and the
mechanisms through which diversity contributes to agricultural productivity. Evidence
from observational and experimental studies indicates that diverse soil communities
support multiple ecosystem functions simultaneously and enhance resistance and
resilience to stress. Management practices such as crop rotation, organic amendments,
reduced tillage and integrated nutrient management tend to promote beneficial
microbial communities, whereas intensive monoculture and excessive inputs may erode
them. Advances in sequencing, soil health indicators and microbial inoculants offer new
tools, but causal links, regional evidence gaps and field-scale performance require
further study. Safeguarding soil microbial diversity is therefore central to productive
and sustainable agroecosystems.
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Introduction: Soil harbours an extraordinary
diversity of bacteria, archaea, fungi,
protists and fauna that regulate nutrient
availability, build soil structure, interact
with plant roots and protect crops from
pathogens (Bardgett and van der Putten,
2014). Because these organisms mediate
processes that would otherwise require
external  inputs, conserving  and
enhancing soil microbial diversity offers
a route to more resilient and efficient
farming systems.

The aim of this article is to
synthesise current understanding of soil
microbial diversity and its contribution
to sustainable agricultural productivity.

Feeding a growing global
population while protecting natural
resources is one of the defining
challenges of this century. The
intensification of agriculture during the
past  decades increased yields
substantially, but often at the cost of soil
degradation, nutrient pollution,
greenhouse gas emissions and loss of
biodiversity. Sustainable intensification
seeks to raise productivity while
reducing environmental harm, and it
increasingly recognises soil biology as a
key resource.
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The discussion is organised around nine
thematic outlines covering diversity
concepts, major microbial groups,
controlling factors, nutrient cycling,
plant interactions, disease suppression,
multifunctionality, management effects
and future directions, followed by an
overall summary.

1. Soil as a Living Ecosystem and
Dimensions of Microbial Diversity

Soil is not merely an inert medium
that holds plant roots; it is one of the
most biologically diverse habitats on
Earth. A single gram of fertile
agricultural soil may contain billions of
bacterial cells, many thousands of
bacterial and archaeal taxa, kilometres of
fungal hyphae and a rich community of
protists, nematodes and microarthropods.
These organisms drive the
transformations of carbon, nitrogen,
phosphorus and sulphur that make
nutrients available to crops, and they
build the aggregated structure that
determines  water infiltration and
aeration (Bardgett and van der Putten,
2014).

Microbial diversity § a
multidimensional concept. Taxonomic
diversity describes the number and
abundance of species or
operational units, phylogenetic diversity
reflects evolutionary relatedness, and
functional diversity describes the range
of metabolic capabilities and ecological
roles present in a community. Alpha

relative

diversity refers to variety within a single
sample or field, beta diversity to
differences in composition between sites,
and gamma diversity to the total variety
across a landscape. Each dimension may
relate differently to ecosystem processes.

Most soil microorganisms cannot
be cultured by standard laboratory
methods, which long limited
understanding of the soil microbiome.
High-throughput sequencing of marker
genes, metagenomics and related
approaches have revealed an enormous
and previously hidden diversity, though
much of it remains poorly characterised
(Fierer, 2017). Linking this diversity to
function and to crop outcomes is now a
major goal of agricultural microbiology.

2. Major Microbial Groups in
Agricultural Soils

Bacteria are the most abundant soil
microorganisms and  perform  an
exceptional range of functions. Members
of the Proteobacteria, Actinobacteria,
Acidobacteria, Bacteroidetes and
Firmicutes dominate many agricultural
soils. Some are copiotrophs that grow
rapidly when labile carbon is available,
whereas  oligotrophs  thrive  under
nutrient-poor  conditions.  Specialised
groups include nitrogen-fixing rhizobia
and free-living diazotrophs, nitrifying
and denitrifying bacteria, phosphate-
solubilising species and producers of
plant hormones and antibiotics.
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Fungi  contribute  heavily to
decomposition, especially of recalcitrant
materials such as lignin and cellulose,
and their filamentous growth binds soil
particles into  stable  aggregates.
Arbuscular mycorrhizal fungi form
symbiotic associations with the roots of
most crop species, extending the
effective root surface and improving the
uptake of phosphorus and micronutrients
in exchange for plant carbon (Smith and

Read, 2008). Other fungi act as
pathogens, endophytes or biocontrol
agents.

Archaea participate in ammonia
oxidation and methane cycling, while
protists, nematodes and microfauna
regulate bacterial and fungal populations
through grazing, releasing nutrients in
the process, a mechanism known as the
microbial loop. Viruses, including
bacteriophages, influence  microbial
mortality and gene transfer. Together
these groups form interacting food webs,
and the balance between bacterial-
dominated and fungal-dominated
channels affects the speed of nutrient
turnover and the stability of soil organic
matter.

3. Factors
Microbial Diversity

Soil microbial

Shaping  Soil
communities are
structured by a combination of
environmental filters, resource
availability and biotic interactions. At
broad scales, soil pH has emerged as one

10

of the strongest predictors of bacterial
community composition and diversity,
with diversity typically highest in near-
neutral soils and lower in acidic soils
(Fierer and Jackson, 2006). Soil texture,
moisture, temperature, salinity, oxygen
availability and organic matter content
further shape through
effects on and
metabolism.

Plants exert strong influence
through root exudates, litter inputs and
the creation of specific rhizosphere
habitats. Different crop species and
genotypes recruit distinct microbial
communities, and crop rotation or
intercropping alters the diversity of
resources and hosts available to soil
organisms. Management activities such
as tillage, fertilisation, pesticide
application and irrigation  impose
additional selective pressures that alter
community composition.

Spatial and temporal variation is
substantial.  Microbial ~ communities
differ between micro-aggregates,
between rhizosphere and bulk soil, and
between seasons or phases of crop
growth.  Dispersal limitation and
historical contingency also contribute, so
that similar soils may host somewnhat
different communities. Understanding
these drivers is essential for predicting
how soil microbiomes will respond to
land-use and to climate
variability.

communities

habitat  structure

change
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4. Nutrient Cycling and Organic
Matter Decomposition

Microorganisms are the principal
agents of organic matter decomposition.
Extracellular enzymes produced by
bacteria and fungi break down plant
residues, manures and soil organic
matter into soluble compounds that can
be assimilated, with part of the carbon
respired as carbon dioxide and part
incorporated into microbial biomass.
Dead microbial cells and their products
contribute significantly to the stable
fraction of soil organic matter, so
microbes are both decomposers and
builders of long-term carbon storage.

In the nitrogen cycle, biological
nitrogen fixation by rhizobia and other

diazotrophs  converts  atmospheric

nitrogen into plant-available forms,
reducing the demand for synthetic
fertiliser in legume-based systems.

Mineralisation releases ammonium from
organic nitrogen, nitrifiers oxidise it to
nitrate, and denitrifiers can convert
nitrate to gaseous forms, including the
greenhouse gas nitrous oxide. The
relative activity of these groups
influences both nitrogen use efficiency
and environmental losses.

Phosphorus availability is also
microbially =~ mediated. =~ Phosphate-
solubilising bacteria and fungi release
organic acids and phosphatase enzymes
that mobilise otherwise unavailable
phosphorus, while mycorrhizal networks

11

transport it to roots. Because mineral
phosphate reserves are finite and
fertiliser ~ runoff causes pollution,
harnessing these microbial processes is
of considerable interest for sustainable
nutrient management.

5. Plant Growth Promotion and
Rhizosphere Interactions

The rhizosphere, the narrow zone
of soil influenced by roots, is a hotspot
of microbial activity where plants release
a substantial  fraction of their
photosynthetic carbon as exudates. This
carbon supply selects specific microbial
communities, and return  the
microbiome influences plant nutrition,
growth and defence, so that plant and
microbiome function as a close
partnership sometimes described as a
holobiont (Berendsen et al., 2012).

Plant growth-promoting
rhizobacteria enhance crop performance
through several mechanisms. They fix
nitrogen, solubilise phosphorus, produce
siderophores that sequester iron, and
synthesise phytohormones such as indole
acetic acid and cytokinins that stimulate
root development. Some produce the
enzyme ACC deaminase, which lowers
stress ethylene in plants and improves
tolerance to drought, salinity and heavy
metals. Rhizosphere ecology has been
reviewed extensively, highlighting that
root-associated communities are
recruited from the surrounding soil
reservoir,

in

making soil diversity a
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prerequisite for a healthy rhizosphere
(Philippot et al., 2013).

Mycorrhizal symbiosis deserves
special mention. Hyphal networks
greatly increase the volume of soil
explored, improve water relations and
can link neighbouring plants. Crops
differ in their dependence on these
associations, and practices such as heavy
phosphorus  fertilisation or fallow
periods may reduce colonisation.
Inoculation with beneficial microbes is
increasingly used commercially, but its
success depends on compatibility with
the resident and soil
conditions.

6. Disease Suppression and Plant
Health

Soil microbial diversity contributes
to plant health by suppressing soil-borne
pathogens. General suppression arises
from the and
antagonistic  activity of a diverse
microbial community, which limits the
resources and space available to
pathogens.  Specific suppression is
associated with particular groups, such
as certain fluorescent pseudomonads,
actinobacteria and fungi, that produce
antibiotics, lytic enzymes or volatile
compounds that inhibit pathogens.

Beyond direct antagonism,
beneficial microbes can prime the plant
system. Induced
resistance, triggered by root-associated
bacteria and fungi, prepares distant plant

community

overall competitive

immune systemic
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tissues to respond more quickly to
subsequent infection. Microbes also
compete for iron through siderophores,
parasitise  pathogen structures and
modify rhizosphere conditions. Research
on plant-microbiome interactions shows
that the assembly of these protective
communities depends on host genotype,
soil type and management history
(Trivedi et al., 2020).

Soils with high diversity are
generally better buffered against the
establishment of invading organisms,

whether  pathogenic or introduced
inoculants.  Conversely,  simplified
communities under intensive
monoculture may lose suppressive
capacity, leading to disease build-up and
requiring increased pesticide use.
Fostering  disease-suppressive  soils

through rotation, organic amendments
and reduced disturbance is a promising

component of integrated pest
management.

7. Diversity, Ecosystem
Multifunctionality and Crop
Productivity

A growing body of evidence
indicates that microbial  diversity

supports not only individual processes
but the simultaneous delivery of multiple
termed
multifunctionality. Analyses across a

ecosystem functions,
large number of terrestrial sites show
that higher diversity of bacteria, fungi
and other soil organisms is associated
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with multifunctionality,
including nutrient cycling,
decomposition and plant production
(Delgado-Baquerizo et al., 2016).
Experiments in which soil biodiversity
was manipulated have likewise found
that more diverse soil communities
sustain higher levels of several functions
at once (Wagg et al., 2014).

The mechanisms behind these
relationships include functional
complementarity, in which different taxa
perform different tasks, and the
insurance effect, in which diverse
communities are more likely to contain
species able to maintain function when
conditions change. Diversity also
enhances stability, since communities
with greater diversity tend to show
higher resistance and resilience to
disturbance such as drought, heating or
chemical stress (Griffiths and Philippot,
2013).

The relationship between diversity
and crop productivity is typically not
linear. The conceptual figure below
depicts productivity rising with diversity
and then levelling off as functional
redundancy increases, with the position
and height of the curve depending on
management. The shape is illustrative,
and the true form varies by system, but it
reflects the idea that maintaining
diversity above a threshold safeguards
yield stability, particularly under stress,
while the greatest gains occur when

greater

13

degraded, low-diversity soils are
restored.

8. Agricultural Management
Effects

Management practices strongly
modify soil microbial diversity and
function. Long-term comparisons of

organic and conventional systems have
shown that organic farming is generally
associated with  greater microbial
biomass, activity and, in many cases,
diversity, together with improved soil
structure and fertility (Mader et al.,
2002). Distinct community composition
under different farming systems has been
documented through molecular analysis,
with effects persisting for decades
(Hartmann et al., 2015).

Practices that favour
include crop rotation and cover
cropping, which broaden the range of
substrates and hosts, the addition of
compost and manure, which supplies
carbon and nutrients, reduced or no
tillage, which preserves fungal networks
and aggregates, and intercropping and
agroforestry, which increase plant
diversity. In contrast, excessive mineral
nitrogen can acidify soil and select for
fast-growing  copiotrophs,  repeated
monoculture can build up pathogens, and
certain pesticides may harm non-target
organisms.

The effect of management depends
on soil type, climate and intensity, and

diversity

outcomes are not always uniformly
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positive. Integrated approaches that
combine organic inputs with judicious
mineral fertilisation and conservation
practices often achieve both high yield
and high biological quality. The aim is
not to oppose productivity and
biodiversity, but to manage soils so that
biological processes contribute to
meeting crop demands with fewer
external inputs.

9. Monitoring, Applications, and
Future Directions

Monitoring microbial diversity and
function is essential for evaluating soil
health and the effects of management.
Amplicon sequencing, metagenomics,
metatranscriptomics and metabolomics
provide detailed community information,
while simpler indicators such as
microbial ~ biomass  carbon,  soil
respiration, enzyme activities and basal
respiration provide accessible measures.
Integrating these indicators into soil
health frameworks could help farmers
and advisors to track change and to tailor
practices.

Applications include biofertilisers
and biopesticides based on selected
microbial strains, microbial consortia
designed to improve nutrient uptake or
stress  tolerance, and management
strategies that enhance indigenous
communities. Success requires matching
inoculants to local conditions and
recognising that introduced strains often
decline quickly if they cannot compete

with resident microbes. Engineering of
microbiomes through host selection and
breeding for beneficial associations is an
emerging approach.

Important gaps remain. Causal
links between specific taxa and crop
yield are difficult to establish, field-scale
evidence IS uneven across regions,
especially in  tropical smallholder
systems, and the effects of climate
change on soil microbiomes are still
uncertain.  Future research  should
combine long-term field trials with
molecular tools and modeling, develop
standard soil biological indicators, and
involve farmers in designing practical
strategies that safeguard soil biodiversity
for sustainable productivity.

Summary:

Soil microbial diversity is a
fundamental component of agricultural

productivity — because it  underlies
decomposition, nutrient cycling,
rhizosphere  function and disease

suppression. Bacteria, fungi, archaea and
soil fauna form interacting networks
whose composition is shaped by soil pH,
texture, moisture, plant species and
management.  Diverse  communities
provide functional complementarity and
insurance against disturbance, and are
associated with greater ecosystem
multifunctionality and stability of crop
performance.

Practices such as crop rotation,
organic amendments, cover cropping,
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reduced tillage and balanced fertilisation
generally support beneficial microbial
communities, while intensive
monoculture and excessive inputs can
erode them. Advances in molecular
monitoring and microbial inoculants are
promising, but progress depends on
long-term field evidence, standard soil
health indicators and approaches adapted
to diverse regions and farming systems.
Integrating soil biology into farm
management can help to achieve
productive, resilient and environmentally
sound agriculture.
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