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INTRODUCTION

Agriculture is entering a transformative phase in which the
primary objective is no longer limited to maximizing crop yield
but also includes maintaining soil health, improving resource-
use efficiency, reducing environmental degradation and
strengthening the resilience of agricultural systems against
climate variability. Increasing temperatures, irregular rainfall,
prolonged droughts, water scarcity, soil degradation, declining
soil organic matter, nutrient imbalance and increasing pressure
from pests and diseases are creating serious challenges for
sustainable crop production. Conventional soil and agronomic
management practices, which often depend on generalized
recommendations for fertilizer application, irrigation and crop
protection, may not adequately address the spatial and temporal
variability present within agricultural fields. Therefore, there is
a growing need for next-generation approaches that combine
biological, digital and ecological knowledge to develop more
precise, efficient and resilient production systems. Next-
generation soil and agronomic management represents an
integrated approach in which soil microbiome science,
precision agriculture, artificial intelligence, remote sensing,
sensor technologies, conservation agriculture and climate-
resilient agronomic practices are combined to improve soil
quality and crop productivity.

Changing Paradigm of Soil and Agronomic Management

Traditional soil management has largely focused on
maintaining adequate concentrations of essential nutrients and
suitable physical conditions for crop growth. Soil testing has
played a major role in determining fertilizer requirements and
correcting nutrient deficiencies. However, conventional soil
testing generally provides information about chemical
properties at specific sampling locations and may not fully
capture the biological complexity and spatial heterogeneity of
agricultural soils.
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Soil properties such as texture, pH, organic
carbon, nutrient availability, moisture and
microbial activity can vary considerably even
within a single field. Crop growth and
productivity can also vary because of
differences in soil depth, topography, water
availability, nutrient distribution and previous
management practices.

Soil Microbiome as the Biological
Foundation of Soil Health

The soil microbiome represents the diverse
community of microorganisms inhabiting
agricultural soils, including bacteria, fungi,
archaea, protozoa and other microscopic
organisms. These organisms perform numerous
functions that are essential for soil fertility,
nutrient cycling and plant growth. Soil

microorganisms decompose organic residues,
mineralize nutrients, participate in nitrogen
transformation, mobilize phosphorus and
potassium, influence soil aggregation and
interact directly with plant roots. The
rhizosphere, which is the narrow region of soil
directly influenced by plant roots, is
particularly important because plants release a
wide range of compounds through their roots,
including sugars, amino acids, organic acids
and secondary metabolites. These root exudates
influence the abundance and composition of
microbial communities around roots. In return,
beneficial microorganisms can improve
nutrient availability, stimulate root growth,
produce plant growth-promoting substances
and enhance plant tolerance to environmental
stresses.

Table 1: Major functional groups of soil microorganisms

Microbial group Major function Agronomic significance
. . . . . . I d nit triti f
Rhizobia Biological nitrogen fixation TOproved nitrogell iutrlion o
legumes
. . . L Improved P uptake and drought
Mycorrhizal fungi Nutrient and water acquisition prov P e

tolerance

Phosphate-solubilizing
microorganisms

P mobilization

Improved phosphorus availability

Potassium-solubilizing
microorganisms

K mobilization

Improved potassium availability

Decomposer microorganisms

Organic matter decomposition

Nutrient cycling

Plant growth-promoting
rhizobacteria

Growth stimulation

Root development and stress
tolerance

Biocontrol microorganisms

Pathogen suppression

Reduced disease pressure

Actinomycetes

Decomposition and antimicrobial
activity

Soil health and disease
suppression

Soil Microbiome and Nutrient Cycling

One of the most important functions of the soil
microbiome is nutrient cycling. Nitrogen,
phosphorus, sulphur and several micronutrients
undergo complex transformations involving
microorganisms. Biological nitrogen fixation is
an important example, particularly in legume-
Symbiotic

based cropping systems.

microorganisms associated with leguminous

Copyright © Sep., 2026; Current Agriculture Trends

crops can convert atmospheric nitrogen into
forms that plants can utilize. Similarly,
phosphate-solubilizing microorganisms can
convert relatively unavailable phosphorus
compounds into more available forms, thereby
improving phosphorus nutrition. Potassium-
solubilizing  microorganisms can  also
contribute to the mobilization of potassium

from certain soil minerals.
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Role of Beneficial Microorganisms in
Sustainable Agriculture

Beneficial microorganisms are increasingly
being incorporated into sustainable agricultural
systems through the use of biofertilizers,
microbial inoculants and biological soil
amendments.  Microorganisms such as

Rhizobium, Azotobacter, Azospirillum,
phosphate-solubilizing bacteria, potassium-
solubilizing microorganisms and arbuscular
mycorrhizal fungi have been investigated for
their potential to improve plant growth and
nutrient acquisition. Plant growth-promoting
rhizobacteria may stimulate root development
through the production of phytohormones and
other  biologically active  compounds.
Mycorrhizal fungi can extend the effective root-
soil interface and improve phosphorus and
water acquisition. Certain microorganisms may
also contribute to the suppression of soil-borne
pathogens through competition, antibiosis,
parasitism or induction of plant defense

responses.
Soil Microbiome and Climate Resilience

Climate change is expected to increase the
frequency and intensity of several abiotic
stresses, including drought, heat, salinity and
waterlogging. Soil microorganisms can
contribute to plant adaptation to these stresses
by influencing root development, nutrient
acquisition, hormonal regulation and plant
defense mechanisms. Mycorrhizal associations,
for example, may improve water and nutrient
acquisition by increasing the effective volume
of soil explored by plant roots. Certain
rhizosphere microorganisms can stimulate the
production of plant hormones or stress-related
metabolites and may improve plant antioxidant
responses under unfavorable environmental
conditions. Microbial activity also influences
soil  aggregation and organic  matter
decomposition, which can affect water
infiltration and water-holding capacity.
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Precision Agriculture and Site-Specific Soil
Management

Precision agriculture provides a technological
framework for managing variability within
agricultural fields. The fundamental principle
of precision agriculture is to provide the right
input at the right place, at the right time and at
an appropriate rate. Global navigation satellite
systems, geographic information systems,
remote sensing, drones, soil sensors, crop
sensors and variable-rate application equipment
have significantly increased the ability to
monitor and manage field variability. Soil
sampling can be combined with spatial
mapping to identify differences in soil fertility,
texture, electrical conductivity, moisture and
organic carbon. Such information can be used
to divide fields into management zones and
develop site-specific fertilizer and irrigation
recommendations. Precision management can
reduce unnecessary input application, improve
resource-use efficiency and potentially reduce
environmental losses.

Remote Sensing and Digital Soil Mapping

Remote sensing has become an important
component of modern agricultural monitoring.
Satellite
observations of agricultural fields over large

platforms  provide  repeated
geographical areas, while unmanned aerial
vehicles can provide high-resolution images at
the farm level. Spectral information can be used
to identify variation in crop growth, canopy
condition, nutrient stress and water stress.
Vegetation indices derived from satellite and
drone imagery can provide indicators of crop
vigor and biomass. Thermal remote sensing can
provide information about canopy temperature
and plant water stress. Digital soil mapping
combines field observations, laboratory
analysis, remote sensing data and
environmental variables to generate spatial

maps of soil properties.
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Internet of Things and Sensor-Based
Agriculture

The Internet of Things has created opportunities
for continuous monitoring of agricultural
through
interconnected sensors. Soil moisture sensors,

environments networks of
temperature sensors, electrical conductivity
sensors, weather stations and other devices can
provide real-time information about field
conditions. Soil moisture sensors can be
connected to automated irrigation systems to
ensure that irrigation occurs when soil moisture
reaches a defined threshold. Weather stations
can continuously record temperature, relative
humidity, rainfall, wind speed and solar
radiation, which can subsequently be used for
irrigation scheduling and crop management.
The integration of sensor networks with mobile
applications and cloud platforms allows
information to be accessed and analyzed rapidly

ISSN (E): 2583 — 1933

Artificial Intelligence and Machine Learning
in Agronomy

Artificial intelligence and machine learning are
becoming increasingly important in agriculture
because of the enormous volume of data
generated by modern farming systems.
Agricultural data may originate from satellite
imagery, drones, sensors, weather stations, soil
laboratories, farm machinery and field
experiments. Machine learning algorithms can
identify complex relationships among these
variables and can be used for crop yield
prediction, soil nutrient estimation, irrigation
scheduling, crop stress detection, pest and
disease identification and decision support.
Image-based artificial intelligence systems can
potentially detect crop diseases, weeds and
insect infestations at an early stage. Machine
learning can also integrate historical weather
information with crop growth data to improve

prediction of environmental risks.

Precision Nutrient Management

Nutrient management is one of the most
important areas where precision technologies
can improve agricultural efficiency. Nitrogen,
phosphorus and potassium are essential for crop
growth, but excessive or poorly timed fertilizer
application can result in nutrient losses,
economic inefficiency and environmental
contamination.  Nitrogen is particularly

Copyright © Sep., 2026; Current Agriculture Trends

dynamic because it can be lost through
leaching, volatilization and denitrification.
Precision nitrogen management attempts to
synchronize nitrogen application with crop
demand. Crop canopy sensors, satellite
imagery, chlorophyll meters and soil sensors
can provide information about crop nitrogen
status.
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Precision Water Management

Water availability is becoming a major
constraint to agricultural production in many
regions. Increasing competition for water
resources, declining groundwater levels and
irregular rainfall make efficient irrigation
essential. Precision irrigation aims to apply
water according to crop demand and soil
moisture conditions. Drip irrigation, soil
moisture sensors, weather-based irrigation
scheduling, evapotranspiration models and
remote sensing can be integrated to improve
water management. Real-time soil moisture
information can prevent unnecessary irrigation
and reduce deep percolation and nutrient
leaching.

Climate-Resilient Soil Management

Climate resilience is increasingly becoming a
central objective of soil management. Healthy
soils can improve the capacity of agricultural
systems to withstand drought, intense rainfall
and temperature fluctuations. Practices such as
conservation tillage, residue retention, cover
cropping, crop rotation, organic matter addition
and integrated nutrient management can
improve soil structure and water-holding
capacity. Reduced soil disturbance can protect
soil aggregates and microbial habitats, while
crop residues can provide organic substrates for
microorganisms. Cover crops can protect the
soil surface from erosion, reduce evaporation
and contribute organic carbon to the soil. Crop
rotation can improve biological diversity and
interrupt pest and disease cycles. These
practices can therefore contribute to the
development of agricultural systems that are
more resistant to climatic disturbances.

Soil Organic Carbon and Agricultural
Resilience

Soil organic carbon is a fundamental
component of soil health and plays an important
role in maintaining soil physical, chemical and
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biological  properties. = Organic  carbon
contributes to aggregate stability, nutrient
cycling, microbial activity, water retention and
cation exchange capacity. Agricultural
practices that increase organic matter inputs and
reduce unnecessary decomposition can
contribute to improved soil carbon levels. Crop
residue management, compost application,
green manuring, cover cropping and diversified
rotations are important approaches for
maintaining soil organic matter. However, the
amount and persistence of soil carbon
accumulation depend on soil type, climate, crop
system, residue quality and management
history. Therefore, soil carbon management
should be approached as a long-term soil health

strategy rather than as a short-term intervention.

Integration of Soil Microbiome and
Precision Technologies

One of the most promising developments in
next-generation agriculture is the integration of
microbiome information with precision
technologies. Conventional precision
agriculture primarily focuses on soil chemical
properties, crop growth and environmental
variables. The addition of microbiome
information could provide insights into the
biological processes occurring within different
parts of a field. For example, two field zones
may have similar concentrations of available
nutrients but may differ substantially in
microbial activity and nutrient cycling
potential. Combining soil chemical analysis,
microbiome  information, soil moisture
measurements, crop sensing and weather data
could provide a more comprehensive
assessment of soil health. Advances in DNA
sequencing, molecular diagnostics and
bioinformatics may eventually allow microbial
indicators to become part of routine soil
assessment. Artificial intelligence could then be
used to identify relationships between
microbial communities, soil conditions and

crop performance.
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Digital Predictive

Agronomy

Agriculture  and

The future of agronomic management is likely
to move increasingly toward predictive
systems. Digital agricultural platforms can
combine soil, weather, crop, microbial and
remote-sensing information to predict crop
requirements and potential risks. Digital twins,
for example, represent a developing concept in
which a digital model of a physical agricultural
system can be continuously updated using real-
time observations. Such systems could simulate
different fertilizer rates, irrigation schedules,
planting dates or crop management practices
before they are implemented in the field. This
would allow researchers and farmers to
compare management scenarios and identify
strategies that may improve resource-use
efficiency. Predictive agronomy could also
support early warning systems for drought,
nutrient stress, pest outbreaks and disease

Integration with Integrated Pest

Management

Soil management and crop protection are
closely interconnected because soil fertility,
plant nutrition and microbial communities can
influence plant susceptibility to pests and
diseases. A balanced and biologically active
soil can support healthy root systems and
improve plant vigor. Precision technologies can
complement integrated pest management by
identifying areas of high pest pressure and
allowing targeted intervention. Remote
sensing, drone imagery, automated traps and
weather-based  forecasting can  provide
information about pest populations and crop
stress. Combining these technologies with
biological control, resistant varieties, cultural
practices and carefully targeted pesticide
application can improve the efficiency of crop
protection. Such integration is particularly

relevant for crops affected by sucking pests and

development. other insect groups whose population dynamics
are influenced strongly by environmental
conditions.
Table 2: Integration of Technologies and Expected Benefits
Technology/Approach Major application Expected benefit
Soil microbiome analysis Biological soil assessment Improved understanding of nutrient
cycling

Biofertilizers

Nutrient management

Improved biological nutrient
availability

Remote sensing

Crop and soil monitoring

Early detection of stress

Drones

High-resolution field
monitoring

Site-specific management

IoT sensors

Soil and weather monitoring

Real-time decision-making

AI/ML

Prediction and diagnosis

Improved management
recommendations

Variable-rate technology

Fertilizer/seed application

Reduced input wastage

Precision irrigation

Water management

Improved water-use efficiency

Conservation agriculture

Soil management

Improved soil health and resilience

Crop diversification

System management

Improved ecological stability

Soil carbon management

Climate resilience

Improved soil quality

Digital decision-support

systems

Farm management

Better integration of information
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Challenges and Limitations

Despite considerable potential, the
implementation of next-generation soil and
agronomic  management faces  several
challenges. The initial cost of sensors, drones,
precision machinery and microbiome analysis
can be substantial, particularly for small and
marginal farmers. Technical expertise is
required to collect, interpret and apply digital
and biological information. Data quality is
another major concern because inaccurate
sensors, inappropriate sampling and incomplete
datasets can produce misleading
recommendations. Soil microbiomes are
extremely complex and dynamic, and the
detection of a microorganism does not
necessarily indicate that it is actively
performing a particular function. Similarly,
artificial intelligence models may produce
inaccurate predictions when applied outside the
conditions under which they were developed.
Differences in soil type, climate, crop varieties
and management practices can influence the
performance of technologies. Therefore, long-
term field validation and location-specific
research are essential.

Future Research Perspectives

Future research should focus on integrating soil
biological, chemical, physical and digital
information  into  comprehensive  soil
management systems. Development of low-
cost microbiome diagnostic tools could help
make biological soil assessment more
accessible.  Researchers should identify
microbial indicators associated with nutrient-

use efficiency, drought tolerance and soil
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health. The development of crop-specific and
soil-specific microbial consortia could improve
the reliability of biological inputs. Precision
technologies should be combined with long-
term soil health monitoring rather than being
used solely for short-term yield improvement.

CONCLUSION

Next-generation  soil and  agronomic
management represents a major transition
toward an integrated, biologically informed,
digitally = enabled and climate-resilient
agricultural system. The soil microbiome
provides the biological foundation for nutrient
cycling, soil fertility, plant growth and
ecosystem  functioning, while precision
technologies provide the tools required to
monitor spatial and temporal variability in soil
and crop conditions. Climate-resilient
agronomic practices provide the ecological
framework necessary to maintain productivity
under increasing climatic uncertainty. The
integration of these components can transform
agricultural management from a generalized
input-based system into a more precise,
adaptive and knowledge-driven approach. Soil
microbiome analysis, remote sensing, loT
sensors, artificial intelligence, precision
nutrient management, precision irrigation,
conservation agriculture and soil carbon
management can  collectively  improve
resource-use efficiency and long-term soil
health. Nevertheless, technological innovation
must be supported by field validation,
economic feasibility, farmer participation and
region-specific recommendations.
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