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The Soil Microbiome Is Agricultural
Infrastructure, Not a Black Box

Climate-resilient farming will depend on understanding when microbial communities
support crops, when they fail, and how management changes their functions.
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ABSTRACT

Soil microorganisms regulate nutrient cycling, organic-matter decomposition, soil aggregation, disease suppression, and
many interactions that influence crop growth. This has made the “soil microbiome” a popular explanation for regenerative
and climate-smart agriculture. Yet the term is often used as if microbes were a single beneficial input that can be increased
by applying a product or adopting one practice. In reality, agricultural soils contain dynamic communities shaped by
climate, crop genotype, soil chemistry, land history, fertiliser, irrigation, pesticides, tillage, and organic inputs. Their
effects depend on function and context. This Article argues that the soil microbiome should be treated as agricultural
infrastructure: a living system that can support productivity and resilience but requires maintenance, measurement, and
realistic expectations. The most useful goal is not to maximise microbial diversity in every field. It is to identify and
protect functions that matter, such as nutrient retention, pathogen suppression, aggregation, and stress tolerance, while
recognising that microbial interventions may fail when soil conditions do not support establishment or activity.
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ARTICLE AT A GLANCE
* The soil microbiome is a dynamic ecological system, not a single beneficial input.
¢ Climate changes microbial functions, and microbes can amplify or moderate climate effects.

* Farm practices act as ecological filters by changing habitat, resources, and disturbance.
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Figure 1. Soil-profile systems diagram showing how management, environmental conditions, roots, and microbial communities shape soil
functions and crop outcomes.

1. Crops grow inside microbial ecosystems

A gram of soil can contain an enormous diversity of bacteria, archaea, fungi, protists, and viruses. These organisms
decompose residues, transform nitrogen, phosphorus, sulphur, and carbon, produce metabolites, alter soil structure, and
interact with plant roots. The rhizosphere, the narrow zone influenced by roots, is especially active because plants
release sugars, amino acids, organic acids, and other compounds that recruit or stimulate microorganisms (Philippot et
al., 2013). A crop therefore does not acquire nutrients from an inert medium. It grows within a biochemical network.

Some interactions are familiar. Rhizobia fix nitrogen in legume nodules. Mycorrhizal fungi extend the effective root
system and can improve phosphorus acquisition. Other interactions are distributed across communities: one organism
degrades a residue, another uses the released compounds, and a third converts nutrients into a plant-available form.
Disease suppression may arise from competition, predation, antibiosis, induced plant defence, or the absence of
ecological space for a pathogen.

This complexity explains both the promise and the difficulty of microbiome management. A microbial trait measured in
a laboratory does not guarantee field performance. Temperature, moisture, pH, salinity, oxygen, native competitors, crop
stage, and fertiliser regime can alter the outcome. Trivedi et al. (2020) emphasise that plant health emerges from
community assembly and interactions among the host, microbiota, and environment. The scientific unit is therefore the
system, not only the inoculated strain.

2. Why the microbiome matters under climate stress

Climate change exposes crops to heat, drought, flooding, salinity, and shifting disease pressure. Microorganisms can
influence how plants experience these stresses. Some produce hormones or enzymes that alter root growth and stress
signalling; some improve nutrient acquisition when diffusion is limited by dry soil; mycorrhizal networks may support
water relations; and microbial exopolymers can contribute to soil aggregation. These mechanisms suggest that
microbiomes could form part of climate adaptation.

Climate also changes the microbiome itself. Warming can accelerate decomposition and alter carbon storage. Drought
reduces substrate diffusion, changes root exudation, and selects organisms that tolerate low water potential. Rewetting
dry soil can produce pulses of respiration and nutrient release. Jansson and Hofmockel (2020) describe soil
microorganisms as both responders to climate change and regulators of greenhouse-gas feedbacks. This dual role means
management must consider crop benefits and ecosystem consequences together.

The same microbial process can be beneficial in one context and harmful in another. Nitrogen mineralisation can supply
crops, but excess nitrate may leach or be converted to nitrous oxide. Decomposition releases nutrients yet also carbon
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dioxide. Methanogenesis in flooded rice produces methane, while methanotrophs consume part of it. Climate-smart
microbiome management cannot simply aim for “more microbial activity.” It must favour desired functions at the right
time and place.

3. Management practices are ecological filters

Farm practices reshape microbial habitats. Tillage disrupts aggregates and fungal networks, changes aeration, and
exposes organic matter. Residue retention supplies carbon and protects the soil surface. Diverse rotations alter root
exudates and interrupt pathogen cycles. Organic amendments introduce substrates and organisms, while mineral
fertilisers change nutrient limitation and pH. Irrigation controls water availability, and pesticides may affect non-target
microbes. Each practice acts as an ecological filter rather than a guaranteed microbiome treatment.

Long-term management often matters more than one application. Soil organic matter, aggregation, and pH develop over
years and determine whether beneficial functions can persist. A microbial inoculant applied to a degraded, acidic, saline,
or compacted soil may fail because the habitat remains hostile. Conversely, practices that improve physical and chemical
conditions can activate useful members already present. Busby et al. (2017) identified management of plant-associated
microbiomes as a research priority but stressed the need for field-relevant, predictive approaches.

Diversity is frequently used as a soil-health indicator, yet higher diversity is not automatically better. Some productive
systems may contain lower taxonomic diversity but strong functional redundancy. A disease outbreak can occur in a
diverse community if the pathogen finds favourable conditions. Measurements should therefore combine community
composition with functions such as enzyme activity, nutrient cycling, pathogen suppression, aggregate stability, and
crop response. The question is not only who is present, but what they are doing.

4. Why promising microbial products fail in fields

Microbial inoculants can succeed when the strain, crop, soil, formulation, and management are well matched. Failure
occurs when cells die during storage, are applied at the wrong dose or time, cannot colonise roots, face incompatible
pesticides, or encounter native communities that exclude them. A strain selected in one soil may perform poorly in
another. The field environment also fluctuates, while greenhouse trials often maintain stable moisture and temperature.

Community-level products face additional challenges. Synthetic microbial consortia are designed to combine
complementary functions, but members may compete or behave differently outside laboratory media. A consortium that
appears stable in a flask can collapse in soil. Toju et al. (2018) proposed the development of core microbiomes for
sustainable agroecosystems, but moving from association to reliable manipulation requires understanding ecological
networks, priority effects, and host specificity.

This does not mean microbial products are ineffective. It means that claims should be conditional and locally tested.
Trials need appropriate controls, multiple locations, multiple seasons, and measurement of both crop outcomes and
microbial establishment. Negative results are scientifically valuable because they reveal the boundaries of a technology.
Publishing only successful trials creates unrealistic expectations and slows improvement.

5. Treating the microbiome as infrastructure

Infrastructure is valuable because it performs functions reliably, but it must be maintained. For soil microbiomes,
maintenance means protecting habitat: reducing severe erosion and compaction, managing pH and salinity, maintaining
organic inputs, avoiding unnecessary disturbance, and using diverse crops where agronomically appropriate. These
practices do not guarantee a particular microbial community, but they create conditions in which nutrient cycling,
aggregation, and biological regulation can operate.

Measurement should be tiered. Farmers need affordable indicators such as soil organic carbon, pH, aggregate stability,
respiration, and crop response. Research networks can add sequencing, metabolomics, and isotope tracing to identify
mechanisms. Long-term field experiments are especially valuable because they reveal whether a microbial shift persists
and whether it affects yield stability under drought, heat, or flooding. FAO’s global assessment of soil biodiversity
highlights major knowledge gaps and the need to connect biodiversity data with land management and ecosystem
services (FAO et al., 2020).

The soil microbiome will not replace fertiliser, irrigation, breeding, or good agronomy. It interacts with all of them. Its
greatest contribution may be to make inputs more efficient, reduce disease risk, stabilise production under stress, and
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preserve soil functions over time. Treating microbes as infrastructure moves the discussion away from miracle products
and toward system design. The result is less dramatic, but far more useful: farming practices and biological tools
evaluated by whether they maintain measurable functions across real fields and changing climates.

6. A research agenda from association to prediction

The next stage of soil-microbiome research must move from cataloguing associations to predicting outcomes. Studies
often identify taxa correlated with healthy plants, drought, or a management practice, but correlation may reflect soil
chemistry or crop growth rather than microbial causation. Manipulative experiments, cultured isolates, synthetic
communities, isotope tracing, and targeted suppression can test whether a proposed organism or function actually
changes nutrient flow, disease, or stress response.

Prediction also requires common field metadata. Soil texture, pH, organic carbon, previous crops, amendment history,
fertiliser, irrigation, pesticide use, weather, and crop genotype should accompany microbiome samples. Without these
variables, models may confuse geography with biology. Coordinated networks of long-term experiments could identify
whether a microbial indicator works across regions or only within one soil type.

Farm-level value should be measured through yield stability, input savings, soil function, and profitability. A sequencing
result is not an outcome. Researchers should ask whether microbiome-informed management changes a decision:
selection of rotation, amendment, inoculant, irrigation timing, or disease response. The most useful discoveries will be
those translated into robust recommendations that remain beneficial when farmers cannot control every environmental
variable.

7. What farmers should hear

Communication about the soil microbiome should avoid both mystification and reductionism. Farmers do not need every
taxonomic name, but they do need to know which management decision a measurement supports. A report that says a
field has “high microbial diversity” is less useful than evidence that low pH is suppressing nodulation, compaction is
limiting root aeration, or residue management is improving aggregate stability. Extension materials should separate well-
established practices from experimental interventions and should state the time scale over which change is expected.

Soil biology often responds gradually, and a single season may be dominated by rainfall. Presenting the microbiome as
infrastructure also clarifies responsibility: products can assist, but the field habitat determines whether functions persist.
This framing gives farmers a practical role in maintaining biological capacity without promising that microbes can
compensate for severe erosion, nutrient imbalance, or water shortage.

Key takeaways

* The soil microbiome is a dynamic ecological system, not a single beneficial input.

e Climate changes microbial functions, and microbes can amplify or moderate climate effects.

* Farm practices act as ecological filters by changing habitat, resources, and disturbance.

¢ Field performance of inoculants depends on establishment, formulation, soil conditions, crop genotype, and season.

* Useful monitoring should connect community data with functions, crop outcomes, and long-term resilience.
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