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ABSTRACT

Soil health and crop productivity are strongly influenced by agronomic practices that regulate
soil structure, nutrient availability, water dynamics, biological activity, organic carbon storage, and
the overall resilience of agricultural systems. This review examines the major interactions between
agronomic management and soil fertility, with emphasis on soil physicochemical properties, nutrient
cycling, tillage systems, organic and inorganic fertilization, irrigation management, conservation
agriculture, biofertilizers, weed management, precision agriculture, and crop-specific responses.
Soil properties such as texture, structure, bulk density, porosity, water-holding capacity, pH, electrical
conductivity, soil organic carbon, cation-exchange capacity, and aggregate stability determine the
ability of soils to supply nutrients and support crop growth. Sustainable tillage, residue retention,
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organic amendments, balanced fertilization, diversified crop rotations, efficient irrigation, and
microbial-based inputs can improve soil structure, nutrient-use efficiency, microbial activity, and
water conservation. In contrast, excessive tillage, imbalanced fertilizer application, residue removal,
inefficient irrigation, and continuous nutrient extraction may accelerate soil degradation, nutrient
depletion, acidification, salinization, and greenhouse gas emissions. Conservation agriculture
and integrated nutrient management provide important opportunities to improve soil organic
carbon sequestration and long-term productivity, while precision agriculture, variable-rate nutrient
application, remote sensing, drones, Internet of Things-based sensors, and artificial intelligence are
creating new possibilities for site-specific agronomic management. The review also highlights the
importance of managing acidic, saline, sodic, compacted, nutrient-deficient, and eroded soils through
targeted reclamation and amendment strategies. Long-term field experiments remain essential for
understanding changes in soil carbon stocks, nutrient balances, biological properties, and yield
sustainability. Future research should integrate regenerative agriculture, climate-resilient cropping
systems, nano-enabled and controlled-release fertilizers, microbiome-based soil management, digital
decision-support systems, and long-term soil-health monitoring. Overall, sustainable agronomic
management requires an integrated, site-specific approach that combines physical, chemical,
biological, technological, and socioeconomic considerations to maintain soil fertility, improve resource-
use efficiency, enhance crop productivity, and strengthen agricultural resilience under changing
climatic conditions.

Keywords: Agronomic practices; Soil health; Soil fertility; Nutrient cycling;
Conservation agriculture; Integrated nutrient management; Precision agriculture;
Soil organic carbon; Biofertilizers; Climate-resilient agriculture.

INTRODUCTION

Soil quality is a fundamental determinant
of sustainable agricultural production because
it regulates plant growth, nutrient cycling, water
availability, biological activity, and the overall resilience
of agroecosystems. Productive soils provide a
suitable physical environment for root proliferation
while maintaining adequate supplies of water,
oxygen, and essential mineral nutrients. In addition to
supporting crop productivity, healthy soils contribute
to important ecosystem services such as carbon
sequestration, water purification, erosion control,
nutrient recycling, and maintenance of biodiversity.
Intensive cultivation, excessive tillage, unbalanced
fertilization, residue removal, monocropping, and
inappropriate irrigation can progressively deteriorate
soil quality by reducing organic matter, disrupting
soil structure, increasing compaction, and altering
nutrient balances. Sustainable crop production
therefore depends on management practices that
maintain or improve soil physical, chemical, and
biological functions. Conservation tillage, crop
rotation, residue retention, organic amendments,
integrated nutrient management, cover cropping,
and efficient irrigation are increasingly recognized
as important strategies for maintaining soil quality
while sustaining high crop yields. Soil quality should
consequently be considered not merely in terms of
immediate nutrient supply but as the capacity of

soil to function effectively over the long term under
changing climatic and management conditions.

Relationship Between Agronomic Management
and Soil Health

Agronomic management directly influences
soil health through modifications in soil structure,
organic carbon content, nutrient transformations,
moisture dynamics, and microbial activity. Practices
such as tillage, fertilization, irrigation, crop rotation,
residue management, and organic amendment
application can produce beneficial or adverse
effects depending on their intensity and duration.
Intensive conventional tillage, for example, may
temporarily improve seedbed conditions but
repeated soil disturbance accelerates organic matter
decomposition and can reduce aggregate stability.
In contrast, reduced or zero tillage combined with
crop residue retention generally promotes carbon
accumulation, improves soil aggregation, and
enhances biological activity near the soil surface.
Similarly, continuous use of high rates of mineral
fertilizers without adequate organic inputs may result
in soil acidification or nutrient imbalance, whereas
integrated use of organic and inorganic nutrient
sources can improve nutrient availability while
maintaining soil organic matter. Crop diversification
and inclusion of legumes further improve nutrient
cycling, particularly biological nitrogen fixation.
Thus, soil health is the cumulative outcome of
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interacting agronomic practices rather than the result
of a single management intervention. Sustainable
management seeks to optimize these interactions so
that productivity is maintained without compromising
long-term soil functions.

Fig. 1: Integrated relationship between agronomic
practices, soil health, and crop productivity

Soil Physicochemical Properties as Indicators
of Soil Fertility

Soil physicochemical properties provide
measurable indicators of fertility and determine the
capacity of soil to support crop growth. Physical
characteristics such as texture, bulk density, porosity,
aggregation, infiltration, and water-holding capacity
regulate root penetration, aeration, water movement,
and resistance to erosion. Chemical properties,
including soil pH, electrical conductivity, organic
carbon, cation-exchange capacity, and available
nutrient concentrations, govern nutrient solubility,
retention, and uptake by plants. These characteristics
are strongly interconnected. For instance, soils rich in
organic matter generally possess better aggregate
stability, greater cation-exchange capacity, enhanced

Fig. 2: Major soil physicochemical
properties determining soil fertility
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water-holding capacity, and improved nutrient
availability. Monitoring changes in physicochemical
indicators therefore provides an effective approach
for evaluating the impact of agronomic practices
and identifying soil degradation before substantial
reductions in productivity occur.

Nutrient Availability and Crop Productivity

Crop productivity is closely associated with
the availability and balanced supply of essential plant
nutrients. Nitrogen, phosphorus, and potassium are
required in comparatively large quantities, while
secondary nutrients and micronutrients are essential
for physiological and biochemical processes.
However, total nutrient concentration in soil does
not necessarily represent plant-available nutrient
status. Nutrient availability is controlled by soil pH,
organic matter, moisture, temperature, microbial
processes, mineral composition, and interactions
among nutrients. Improper fertilization can cause
nutrient deficiencies, toxicities, leaching losses, or
environmental contamination. Agronomic strategies
that synchronize nutrient release with crop demand
can enhance nutrient-use efficiency and reduce
losses. Integrated nutrient management, soil-test-
based fertilization, biofertilizers, residue recycling,
and precision nutrient application therefore provide
important tools for improving both soil fertility and
crop productivity.

Soil Texture and Structure

Soil texture represents the relative
proportions of sand, silt, and clay and is largely an
inherent soil characteristic. It strongly influences
water retention, nutrient-holding capacity, aeration,
and drainage. Soil structure, in contrast, describes
the arrangement of primary soil particles into
aggregates and can be substantially altered by
management. Stable granular structures promote
root growth, water infiltration, and gas exchange.
Organic amendments, residue retention, reduced
tillage, and biological activity generally improve soil
structure, whereas repeated intensive tillage and
compaction can promote structural degradation.

Bulk Density and Particle Density

Bulk density represents the mass of dry
soil per unit bulk volume and is widely used as
an indicator of soil compaction. High bulk density
restricts root penetration and decreases pore
space and infiltration. Particle density refers to the
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density of individual soil solids and is generally less
responsive to short-term agronomic management.
Conservation tillage, incorporation of organic
materials, and increased soil organic carbon can
gradually decrease bulk density and improve soil
physical conditions.

Soil Porosity and Aeration

Soil porosity determines the proportion of
pore spaces available for water and air movement.
Macropores facilitate drainage and aeration,
whereas micropores are particularly important
for water retention. Compaction reduces total
porosity and limits oxygen diffusion to plant roots.
Practices that increase organic matter and promote
aggregation improve pore connectivity and establish
favorable conditions for root respiration and microbial
processes.

Soil Moisture Retention and Water-Holding
Capacity

Adequate soil moisture is essential for
nutrient dissolution, transport, microbial activity,
and crop physiological processes. Water-holding
capacity is influenced by texture, structure, organic
matter, and pore-size distribution. Clayey and
organic-matter-rich soils usually retain more water
than coarse-textured soils. Residue mulching,
conservation tillage, compost, farmyard manure, and
biochar can reduce evaporation and increase plant-
available water, thereby improving crop performance
under moisture-limited conditions.

Soil pH

Soil pH is among the most important
chemical indicators of soil fertility because it
regulates nutrient solubility and microbial activity.
Most field crops perform effectively under slightly
acidic to neutral conditions. Strong acidity may
increase aluminium and manganese toxicity while
reducing phosphorus availability, whereas alkaline
conditions may limit the availability of iron, zinc,
manganese, and phosphorus. Liming, fertilizer
selection, organic amendments, and appropriate
irrigation management can help maintain favorable
soil pH.

Electrical Conductivity

Electrical conductivity reflects the
concentration of soluble salts in the soil solution
and is commonly used to assess salinity. Excessive
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salt accumulation increases osmotic stress, restricts
plant water uptake, and may cause ionic toxicity.
Irrigation quality, inadequate drainage, excessive
fertilizer application, and high evaporation can
increase soil salinity. Efficient irrigation scheduling,
drainage, and balanced fertilization are therefore
important for maintaining acceptable electrical
conductivity.

Soil Organic Carbon and Organic Matter

Soil organic carbon and organic matter
are central components of soil fertility and influence
almost every soil function. They enhance nutrient
retention, aggregate formation, microbial activity,
water-holding capacity, and buffering against
environmental stresses. Practices such as residue
incorporation, manure and compost application,
cover cropping, crop rotation, and reduced tillage can
increase or preserve soil organic carbon. Maintaining
adequate organic matter is particularly important for
sustaining long-term productivity and improving soil
resilience.

Cation-Exchange Capacity

Cation-exchange capacity represents the
capacity of soil to retain positively charged nutrient
ions such as calcium, magnesium, potassium, and
ammonium. Soils containing greater quantities of
clay and organic matter generally have higher cation-
exchange capacities and are consequently better
able to retain nutrients against leaching. Increasing
soil organic matter through appropriate agronomic
practices can therefore improve nutrient-retention
capacity and fertilizer-use efficiency.

Fig. 3: Soil nutrient cycling
and plant nutrient availability
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Soil Aggregate Stability

Aggregate stability describes the resistance
of soil aggregates to disruption by water, mechanical
disturbance, or other external forces. Stable
aggregates reduce erosion, improve pore continuity,
promote infiltration, and protect organic carbon
from rapid decomposition. Root exudates, microbial
products, fungal hyphae, and organic matter act
as binding agents. Reduced tillage, crop residue
retention, organic amendments, and diversified
cropping systems generally favor aggregate
formation and stability.

Soil Temperature and Infiltration Characteristics
Soil temperature influences seed
germination, root development, nutrient
mineralization, microbial activity, and crop growth,
while infiltration determines the rate at which water
enters the soil profile. Agronomic management
can substantially modify both characteristics. Crop
residues and mulches buffer fluctuations in soil
temperature, reduce evaporation, and protect the
soil surface from crusting. Improved soil aggregation
and continuous macropores under conservation
practices enhance infiltration and reduce runoff.
Consequently, management strategies that improve
soil cover, organic matter, and structural stability
can simultaneously create favorable thermal and
hydrological conditions, thereby strengthening
nutrient availability, water-use efficiency, and the
productivity and resilience of field crops.

Soil Nutrient Availability and Plant Nutrition
Soil nutrient availability is one of the
most important determinants of plant growth,
crop productivity, and long-term agricultural
sustainability. Although agricultural soils may contain
considerable quantities of essential nutrients, only
a fraction is present in forms that can be absorbed
by plant roots. Nutrient availability is governed
by complex interactions among soil pH, texture,
moisture, temperature, organic matter, cation-
exchange capacity, microbial activity, aeration,
and management practices. Nitrogen is required
in comparatively large amounts because it forms
essential components of amino acids, proteins,
enzymes, nucleic acids, chlorophyll, and several
plant metabolites. Soil nitrogen occurs primarily in
organic forms associated with soil organic matter
and crop residues, whereas plants predominantly
absorb nitrogen as nitrate and ammonium. Organic
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nitrogen becomes available through mineralization,
during which soil microorganisms convert organic
compounds into ammonium, followed by nitrification
in well-aerated soils to form nitrate. Conversely,
nitrogen can temporarily become unavailable through
microbial immobilization when microorganisms
utilize inorganic nitrogen while decomposing
residues with a high carbon-to-nitrogen ratio.
Nitrogen availability is also affected by losses
through nitrate leaching, ammonia volatilization,
surface runoff, and denitrification under waterlogged
or anaerobic conditions. Thus, synchronization of
nitrogen release with crop demand is essential for
increasing nitrogen-use efficiency and minimizing
environmental losses.

Phosphorus is indispensable for plant
energy transfer, photosynthesis, respiration,
nucleic-acid synthesis, membrane formation,
root development, flowering, and seed formation.
However, phosphorus availability is frequently limited
even in soils containing substantial total phosphorus
because phosphate ions readily interact with soil
minerals. In acidic soils, soluble phosphorus may
be strongly adsorbed or precipitated with iron
and aluminium compounds, whereas in alkaline
or calcareous soils it can react with calcium to
form comparatively insoluble calcium phosphates.
Consequently, phosphorus availability is generally
greatest within moderately acidic to neutral soil
pH conditions. Soil organic matter can enhance
phosphorus availability by releasing organic acids
that compete for adsorption sites and by supporting
microorganisms capable of mineralizing organic
phosphorus. Mycorrhizal fungi are also particularly
important because their extensive hyphal networks
explore a greater volume of soil than roots alone
and can increase phosphorus acquisition. Because
phosphate mobility in soil is relatively low, localized
fertilizer placement, maintenance of favorable soil
pH, organic amendments, and biologically active
rhizospheres can substantially improve phosphorus-
use efficiency.

Potassium is another essential
macronutrient involved in osmoregulation, enzyme
activation, stomatal movement, photosynthesis,
carbohydrate transport, water-use efficiency, lodging
resistance, and tolerance to abiotic stress. Soil
potassium exists in solution, exchangeable, non-
exchangeable, and mineral structural forms. Soil-
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solution potassium is immediately available to plant
roots, while exchangeable potassium associated
with clay minerals and organic colloids replenishes
the soil solution as plants remove potassium. Non-
exchangeable potassium can gradually become
available, whereas structural potassium contained
within primary minerals is released only slowly
through weathering. Therefore, clay mineralogy,
cation-exchange capacity, soil moisture, cropping
intensity, and residue management strongly regulate
potassium dynamics. Intensive crop removal without
adequate replenishment can progressively reduce
exchangeable reserves, even in soils traditionally
considered rich in potassium. Returning crop
residues can be especially effective because a large
proportion of plant potassium is present in soluble
ionic form and can rapidly return to soil following
residue decomposition.

Sulfur contributes to sulfur-containing
amino acids such as cysteine and methionine,
proteins, vitamins, enzymes, and chloroplast
functions. Most sulfur in surface soils is associated
with organic matter and must undergo microbial
mineralization before becoming available as
sulfate, the major form absorbed by plants. Sulfur
deficiencies have become increasingly important
in intensively cultivated regions because of higher
crop yields, reduced atmospheric sulfur deposition,
greater use of concentrated fertilizers containing little
sulfur, and removal of crop residues. Mineralization of
organic sulfur is affected by temperature, moisture,
aeration, residue quality, and microbial activity.
Maintaining soil organic matter and supplying sulfur-
containing fertilizers or organic amendments can
therefore improve sulfur nutrition.

Calcium and magnesium perform both
nutritional and soil-conditioning functions. Calcium
contributes to cell-wall structure, membrane stability,
root growth, cell signaling, and physiological
regulation, whereas magnesium is the central
atom of chlorophyll and is involved in numerous
enzymatic and phosphorylation reactions. Both
nutrients occur as exchangeable cations on soil
colloids and their availability is strongly related to
parent material, soil pH, cation-exchange capacity,
leaching intensity, and competing cations. Acidic
and highly weathered soils frequently contain
low concentrations of exchangeable calcium and
magnesium because they have been displaced by
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hydrogen and aluminium and subsequently leached.
Liming acidic soils can simultaneously correct soil
acidity and supply calcium, while dolomitic lime
provides both calcium and magnesium.

Micronutrients, including iron, zinc,
manganese, copper, boron, and molybdenum,
are required in much smaller quantities but are
equally essential for normal plant metabolism.
Iron participates in electron transport, chlorophyll
formation, and enzyme systems; zinc is involved
in enzyme activation, protein synthesis, growth
regulation, and auxin metabolism; manganese
contributes to photosynthetic reactions and enzyme
activation; and copper plays roles in redox reactions,
lignification, and reproductive development. Boron
is critical for cell-wall formation, membrane function,
sugar transport, flowering, and pollen development,
whereas molybdenum is required for nitrate
reduction and biological nitrogen fixation. Their
availability is particularly sensitive to soil pH. Iron,
zinc, manganese, and copper generally become less
soluble as soil pH increases, which explains why
deficiencies are frequently observed in calcareous
soils, while molybdenum availability generally
increases with increasing pH. Organic matter can
form soluble or stable complexes with micronutrients
and thereby modify their mobility, retention, and plant
availability. Excessive application of one nutrient may
also induce antagonistic effects on the absorption
of others; therefore, balanced fertilization should be
based on soil testing, crop requirement, and site-
specific nutrient management.

Mineralization and immobilization
represent fundamental biological mechanisms
regulating nutrient cycling. During mineralization,
soil microorganisms decompose organic residues
and release nutrients into inorganic forms that
can subsequently be absorbed by plants. During
immobilization, microorganisms incorporate available
inorganic nutrients into their biomass, temporarily
decreasing the amount available to crops. The
balance between these processes depends strongly
on residue composition, particularly its carbon-
to-nitrogen ratio, lignin content, environmental
conditions, and microbial population. Residues
with narrow carbon-to-nitrogen ratios commonly
mineralize nitrogen relatively rapidly, whereas cereal
straw and other carbon-rich residues may initially
cause nitrogen immobilization. As decomposition
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continues, microbial biomass eventually turns over
and nutrients are released again. Efficient nutrient
management therefore requires consideration not
only of fertilizer inputs but also of biological nutrient
cycling.

Nutrient-use efficiency describes the
effectiveness with which applied or soil-derived
nutrients are captured by crops and converted into
economically useful yield. Improvement in nutrient-
use efficiency requires synchronization of nutrient
supply with crop demand, appropriate fertilizer rate,
timing and placement, balanced nutrient application,
improved soil structure, sufficient soil moisture,
suitable crop varieties, residue recycling, organic
amendments, and reduction of nutrient losses.
Integrated nutrient management combining mineral
fertilizers with organic resources can improve nutrient
availability while maintaining soil organic matter
and microbial activity. Such strategies can reduce
dependence on excessive fertilizer applications and
improve the resilience and sustainability of field-crop
production systems.

Effect of Tillage Practices on Soil Properties and
Crop Productivity

Tillage influences soil physical structure,
organic matter dynamics, nutrient cycling, water
relations, biological activity, weed management,
root growth, and ultimately crop productivity.
Conventional tillage commonly involves repeated
plowing, harrowing, and seedbed preparation. It
can temporarily reduce soil bulk density, loosen the
surface layer, incorporate residues and fertilizers, and
facilitate weed control and seedling establishment.
However, frequent intensive disturbance breaks

Fig. 4: Comparative effects of conventional,
reduced, and zero tillage on soil properties
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soil aggregates, accelerates organic-matter
decomposition, exposes soil to wind and water
erosion, disrupts biological habitats, and can
produce compacted layers beneath the tilled zone.
USDA-NRCS guidance notes that intensive tillage
can damage soil structure, reduce organic matter
and infiltration, and increase susceptibility to erosion
and runoff. Consequently, the apparent short-term
physical improvement associated with plowing may
be accompanied by long-term deterioration when
intensive tillage is continuously practiced without
adequate residue or organic-matter management.

Minimum and reduced tillage decrease the
frequency or intensity of mechanical soil disturbance
while maintaining sufficient seedbed preparation for
crop establishment. By leaving more crop residue
at the soil surface, these systems generally reduce
erosion, moderate soil temperature, conserve
moisture, and limit rapid oxidation of organic carbon.
Zero tillage or no-tillage involves direct sowing into
undisturbed soil with crop residues retained at the
surface. During the initial transition period, no-till soils
may show greater surface bulk density than freshly
cultivated soils; however, long-term management
encourages the development of continuous root
channels, earthworm pores, stable aggregates, and
improved structural continuity. Evidence summarized
by USDA-NRCS indicates that infiltration frequently
increases under established no-till systems as
continuous pores develop, while residue retention
can further improve soil-water availability. No-till
also reduces soil disturbance and fossil-fuel use
and may support greater plant-available moisture
and soil-carbon conservation.

Conservation tillage represents a broader
management approach in which soil disturbance
is minimized and sufficient residues are retained
to protect the soil surface. The combined effects of
reduced mechanical disruption and residue cover can
improve aggregate stability, reduce crust formation,
slow surface runoff, enhance infiltration, moderate
evaporation, and protect soil against erosive rainfall.
These improvements are particularly valuable in
rainfed cropping systems where conservation of
stored soil water determines crop performance
during dry periods. Nevertheless, responses to
conservation tillage vary with soil texture, climate,
crop rotation, residue quantity, drainage, weed
pressure, and duration of implementation. Deep
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tillage and subsoiling are used in soils containing
mechanically resistant compacted layers that restrict
root penetration, aeration, infiltration, and drainage.
Breaking a restrictive hardpan can temporarily
increase effective rooting depth and improve water
movement, but benefits may be short-lived if heavy
machinery or inappropriate field traffic causes
recompaction. Deep tillage should therefore be
applied selectively according to diagnosed soil
constraints rather than as a routine operation.

Tillage systems strongly affect bulk density,
porosity, aggregation, soil organic carbon, nutrient
availability, and crop water relationships. Intensive
cultivation disrupts aggregates and exposes physically
protected organic matter to microbial decomposition,
potentially accelerating carbon loss. Reduced tillage
can promote organic-carbon accumulation near
the surface, although the magnitude and depth
distribution of carbon changes differ among soils,
climates and crop rotations. No-till and conservation
systems can increase surface residue retention
and biological activity, thereby facilitating nutrient
recycling. Reduced disturbance also protects fungal
hyphae and soil fauna involved in aggregation and
nutrient transformations. Through better aggregation
and surface protection, conservation-based systems
frequently improve rainfall infiltration and decrease
runoff and evaporation. USDA-NRCS reports that
long-term reduced/no-till soils often contain greater
organic matter and moisture available for plant use,
although outcomes depend on complementary
practices such as crop rotation and residue retention.
Crop-yield responses therefore depend on the
interaction between tillage, soil type, climate, nutrient
management, weed control, and cropping system
rather than on tillage intensity alone.

Effect of Organic Amendments on Soil Fertility

Organic amendments are fundamental
components of sustainable soil-fertility management
because they provide nutrients while simultaneously
influencing soil physical, chemical, and biological
properties. Farmyard manure supplies nitrogen,
phosphorus, potassium, sulfur and several
micronutrients together with organic carbon. Regular
application can improve aggregate stability, cation-
exchange capacity, moisture retention, microbial
activity, and nutrient-buffering capacity. Nutrients
in farmyard manure are released gradually through
decomposition, providing a longer-term nutrient
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source than many highly soluble mineral fertilizers.
However, nutrient composition and release depend
on animal species, feed, bedding material, storage
conditions, decomposition stage, and application
method.

Compost and vermicompost contain
stabilized organic matter produced through controlled
biological decomposition. Their incorporation can
improve soil structure, water-holding capacity,
cation exchange, microbial diversity, and nutrient
availability. Vermicompost additionally contains
biologically transformed organic matter produced
through interactions between earthworms and
microorganisms and often provides readily
mineralizable nutrients and biologically active
compounds. Green manuring involves growing
crops, frequently legumes, and incorporating or
retaining their biomass to add organic matter and
nutrients. Leguminous green manures can contribute
biologically fixed nitrogen while stimulating soil
biological activity. Crop residues likewise play an
important role in recycling nutrients removed from
soil during plant growth. Their retention protects
the soil surface, reduces erosion and evaporation,
contributes carbon substrates for microorganisms,
and returns substantial quantities of nutrients,
particularly potassium. However, high-carbon
residues may temporarily immobilize nitrogen during
early decomposition.

Biochar is a relatively stable carbon-rich
material produced by thermal conversion of biomass
under limited oxygen conditions. Its porous structure
and physicochemical properties can influence soil
water retention, cation-exchange capacity, nutrient
retention, microbial habitats, soil acidity, and carbon
storage. Biochar effects vary substantially according
to feedstock, pyrolysis conditions, application
rate, soil properties, crop type, and environmental
conditions; therefore, responses should not be
assumed to be universally positive. Combining
biochar with compost may provide complementary
advantages because biochar can retain nutrients
released by compost while compost supplies
readily available nutrients and active microbial
substrates. Reviews have reported improvements
in soil quality and crop performance from biochar-
compost combinations, although long-term field
responses remain dependent on local soil and
climatic conditions.
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Poultry manure and other animal manures
are valuable nutrient-rich amendments and
can provide appreciable nitrogen, phosphorus,
potassium, calcium and micronutrients. Poultry
manure generally contains relatively high nutrient
concentrations and can rapidly increase nutrient
availability, but inappropriate application may result
in nutrient accumulation, ammonia loss, nitrate
leaching, phosphorus runoff, salinity, or sanitary
concerns. Proper composting, application timing,
rate adjustment, and incorporation can reduce
these risks. Overall, organic amendments increase
soil organic-carbon inputs and supply substrates
that support bacteria, fungi, earthworms, and other
soil organisms. Greater microbial activity promotes
decomposition, nutrient mineralization, aggregate
formation, and biologically mediated nutrient
transformations. Carbon-based amendments such
as compost and biochar can also contribute to
improved soil aggregation and carbon storage.

The effect of organic amendments on
nutrient release and crop productivity ultimately
depends on synchronization between decomposition
and plant nutrient demand. Unlike immediately
soluble fertilizers, nutrients contained in organic
materials are progressively released through
biological mineralization. This gradual release can
improve nutrient retention and decrease certain
loss pathways, although nutrient availability during
the early stages of crop growth may sometimes
be insufficient if mineralization is slow. Combining
well-characterized organic materials with carefully
calculated mineral fertilizer rates can therefore
provide both short-term nutrient supply and long-term
soil-fertility improvement. Integrated management of
organic amendments, balanced fertilization, residue
retention, diversified crop rotations, and reduced
soil disturbance provides a practical strategy for
improving nutrient-use efficiency, soil organic
carbon, microbial functioning, water conservation,
and stable crop productivity. Rather than considering
soil fertility only as the amount of fertilizer supplied,
sustainable crop production requires management
of the soil as an integrated physical, chemical, and
biological system in which nutrient cycling, organic
matter, water availability, soil structure, and plant-root
processes operate together to determine productivity
and long-term soil health.

2263

Effect of Inorganic Fertilization on Soil Properties
and Nutrient Availability

Inorganic fertilizers play a central role
in modern crop production because they provide
nutrients in concentrated and readily available forms,
allowing farmers to correct nutrient deficiencies
rapidly and support high crop yields. Their effects,
however, extend beyond immediate nutrient supply
and can substantially modify soil chemical properties,
nutrient transformations, microbial activity, soil
reaction, salinity, and nutrient-use efficiency.
The magnitude and direction of these effects
depend on fertilizer type, application rate, timing,
soil characteristics, climatic conditions, cropping
intensity, irrigation practices, and the balance among
applied nutrients. Appropriate fertilizer management
can improve crop nutrition and productivity, whereas
excessive or imbalanced fertilization may reduce
nutrient-use efficiency, acidify or salinize soils, and
disturb nutrient relationships.

Nitrogen fertilization is particularly important
because nitrogen is frequently the most yield-
limiting nutrient in field crops. Nitrogen fertilizers
such as urea, ammonium sulfate, ammonium
nitrate, and other ammonium- or nitrate-based
sources rapidly increase the pool of plant-available
nitrogen. Following application, urea is hydrolyzed
to ammonium, which may subsequently undergo
nitrification to nitrate under aerobic conditions. These
transformations provide nitrogen for plant uptake but
also create pathways for losses through ammonia
volatilization, nitrate leaching, denitrification, and
surface runoff. Repeated application of ammonium-
forming fertilizers may gradually acidify soil because
nitrification releases hydrogen ions. Excessive
nitrogen supply may also stimulate vegetative
growth beyond optimum levels, delay maturity,
increase lodging risk, and reduce the efficiency
with which plants utilize applied nitrogen. Therefore,
split application, synchronized nutrient supply,
deep placement, controlled-release formulations,
and integration with organic sources can improve
nitrogen-use efficiency.

Phosphorus fertilization is essential for
root development, energy transfer, flowering,
seed formation, and early crop establishment.
Common phosphorus fertilizers include diammonium
phosphate, monoammonium phosphate, single
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superphosphate, triple superphosphate, and various
compound fertilizers. Although soluble phosphorus
fertilizers initially increase soil-solution phosphate,
a considerable proportion may become adsorbed or
precipitated depending on soil pH and mineralogy.
In acidic soils, phosphorus may react strongly
with iron and aluminium compounds, whereas in
alkaline and calcareous soils it may precipitate
with calcium. Consequently, repeated phosphorus
application can increase total soil phosphorus
without a proportionate increase in immediately
available phosphorus. Localized placement near
the root zone, maintenance of suitable soil pH, and
integration with organic amendments can improve
phosphorus availability and fertilizer-use efficiency.
Potassium fertilization supports enzyme activation,
stomatal regulation, osmotic adjustment,
photosynthesis, carbohydrate transport, water-
use efficiency, and tolerance to drought and other
stresses. Common potassium fertilizers include
muriate of potash and sulfate of potash. Applied
potassium enters the soil solution and can then
be adsorbed onto exchange sites, fixed within
certain clay minerals, absorbed by plants, or lost
through leaching in coarse-textured soils. Long-
term potassium removal through intensive cropping
without adequate replenishment may deplete
exchangeable and slowly available potassium
pools. Conversely, excessive potassium application
may interfere with magnesium and calcium uptake
because these nutrients compete for absorption
sites. Balanced potassium fertilization is therefore
necessary to maintain both crop productivity and
cationic nutrient balance.

Secondary nutrients such as sulfur, calcium,
and magnesium, together with micronutrients such
as iron, zinc, manganese, copper, boron, and
molybdenum, are increasingly important in intensive
production systems. Continuous use of highly
concentrated fertilizers containing only nitrogen,
phosphorus, and potassium can gradually induce
deficiencies of these additional nutrients, particularly
in soils with low native reserves. Sulfur fertilizers may
improve protein synthesis and nitrogen utilization,
while calcium- and magnesium-containing materials
help maintain proper cation balance. Micronutrient
fertilizers are especially important where soil pH,
low organic matter, calcareous conditions, high
phosphorus levels, or intensive nutrient removal
limit their availability. However, micronutrients
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have a relatively narrow range between deficiency
and toxicity, making correct dose and placement
essential.

Balanced fertilization refers to the
application of nutrients in amounts and proportions
consistent with crop requirements and soil-supplying
capacity. In contrast, imbalanced fertilization involves
excessive application of one or more nutrients while
neglecting others. Such imbalance may produce
nutrient antagonism, reduce fertilizer-use efficiency,
and ultimately limit crop response even when one
nutrient is supplied in abundance. For example,
excessive nitrogen without adequate phosphorus
and potassium may promote vegetative growth but
restrict reproductive development and weaken plant
resistance to stress. Similarly, heavy phosphorus
application can contribute to zinc deficiency, whereas
excessive potassium may reduce magnesium
uptake. Balanced nutrient management based on
soil testing and crop nutrient demand is therefore
more effective than repeated application of fixed
fertilizer ratios.

Fig. 5: Mechanisms through which
organic amendments improve soil fertility

Long-term chemical fertilizer application
can significantly influence soil pH. Ammonium-based
nitrogen fertilizers are among the most important
contributors to soil acidification because hydrogen
ions are released during nitrification. Continued
nitrogen fertilization without adequate liming may
therefore decrease soil pH, increase exchangeable
aluminium, reduce base saturation, and alter the
availability of phosphorus, calcium, magnesium,
and micronutrients. In contrast, certain fertilizers
and irrigation waters may increase soil alkalinity
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under specific conditions. Soil pH should therefore
be monitored in intensively fertilized systems so that
corrective measures such as liming or acidifying
amendments can be applied where required.

Excessive fertilizer use may also contribute
to soil salinity and nutrient imbalance. Soluble
fertilizer salts increase the osmotic concentration
of soil solution, which can restrict water uptake by
roots and reduce seed germination and plant growth.
Salinity problems are particularly serious in irrigated
regions with poor drainage and high evaporation.
Accumulation of sodium, chloride, nitrate, or other
ions may also alter soil structure and nutrient
uptake. Nutrient imbalance may further arise from
competitive interactions among ions or from changes
in soil pH caused by prolonged fertilizer use.

When appropriately managed, inorganic
fertilization can markedly increase crop yield and
nutrient-use efficiency by supplying nutrients
at critical growth stages. However, nutrient-use
efficiency declines when fertilizer application
exceeds crop demand or when nutrients are
poorly synchronized with root uptake. Integrated
approaches combining precise fertilizer rates,
soil testing, split applications, improved fertilizer
placement, irrigation management, crop rotation,
residue recycling, and organic amendments can
reduce losses and improve productivity. Thus, the
long-term value of inorganic fertilizers depends not
merely on the quantity applied but on their balanced,
site-specific, and scientifically managed use within an
integrated soil-fertility strategy. Irrigation and water-
management practices are fundamental components
of sustainable crop production because water
availability directly influences nutrient transport, root
activity, photosynthesis, soil microbial processes,
and final crop yield. Conventional surface irrigation,
including flood, basin, border, and furrow irrigation,
remains widely used because of its simple operation
and relatively low initial investment. However, its
efficiency is often limited by non-uniform water
distribution, deep percolation, runoff, evaporation,
and poor control over the amount of water applied.
Excessive surface irrigation may also contribute to
nutrient leaching, temporary waterlogging, reduced
soil aeration, and secondary salinization where
drainage is inadequate. The effectiveness of surface
irrigation depends on soil texture, field slope, land
leveling, irrigation interval, infiltration rate, and
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management skill. Properly designed and scheduled
surface systems can perform satisfactorily, but
inefficient operation may lead to substantial losses
of both water and nutrients.

Drip irrigation is a high-efficiency method
in which water is supplied directly to the root zone
through emitters at low flow rates. This localized
delivery reduces evaporation and runoff while
maintaining a favorable moisture regime around
actively growing roots. Drip irrigation is particularly
useful in arid and semi-arid regions, horticultural
crops, row crops, and situations where irrigation
water is limited or expensive. Because only a portion
of the soil surface is wetted, weed growth between
crop rows may also be reduced. The frequent
application of small volumes of water can minimize
moisture stress and promote more efficient nutrient
uptake. Nevertheless, drip systems require careful
filtration, pressure regulation, emitter maintenance,
and periodic flushing to prevent clogging. Salt
accumulation may occur near the margins of the
wetted zone, particularly under saline irrigation
water, making periodic leaching or rainfall important
for salt control.

Sprinkler irrigation distributes water through
pressurized nozzles in a manner resembling rainfall.
It can provide relatively uniform water application on
uneven terrain and is suitable for many soil and crop
types. Sprinkler systems can be useful where land
leveling is difficult and where light, frequent irrigation
is desirable. However, their performance may decline
under strong winds or high evaporative demand, and
energy requirements may be greater than those of
gravity-fed surface irrigation. Frequent wetting of
foliage may also increase the risk of certain foliar
diseases depending on crop and climatic conditions.
The potential for nutrient loss by runoff is generally
lower when application rates are matched to soil
infiltration capacity, although nutrient leaching may
still occur if excessive irrigation is practiced.

Alternate wetting and drying is an important
water-saving strategy, particularly in irrigated
rice systems. Instead of maintaining continuous
flooding, the soil is allowed to dry to a predetermined
threshold before irrigation is reapplied. This
practice can substantially reduce irrigation-water
use while maintaining acceptable yields when
properly managed. Intermittent soil aeration may
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also influence nutrient transformations, root activity,
methane emissions, and soil redox conditions.
However, excessively severe drying can reduce
crop performance, restrict nutrient availability, and
increase plant stress. Successful alternate wetting
and drying therefore requires careful monitoring of
soil water status and crop growth stage.

Deficit irrigation involves deliberately
applying less water than the full crop evapotranspiration
requirement during selected growth stages or
throughout the season. The objective is to maximize
economic yield or water productivity rather than
to achieve maximum biological yield per unit land
area. Crops differ in their sensitivity to water stress
at different developmental stages; therefore, mild
deficits can often be imposed during relatively
tolerant periods while sufficient water is supplied
during critical stages such as flowering, fruit set, or
grain formation. Deficit irrigation may improve water-
use efficiency, but poorly timed or excessive stress
can reduce leaf expansion, photosynthesis, nutrient
uptake, reproductive development, and final yield. Its
success depends on crop type, soil water-holding
capacity, climatic demand, irrigation system, and
accurate knowledge of stage-specific crop sensitivity.

Irrigation scheduling determines when
water should be applied and how much should be
supplied. Effective scheduling aims to maintain soil
moisture within a range that prevents damaging water
stress while minimizing drainage and evaporation
losses. Scheduling may be based on soil-moisture
measurements, crop evapotranspiration estimates,
climatic data, plant indicators, irrigation-water
balance, or combinations of these approaches.
Modern soil-moisture sensors, weather-based
decision tools, and remote-sensing systems
allow irrigation to be adjusted more precisely to
crop demand. Improved scheduling also benefits
nutrient management because excessive irrigation
can move soluble nutrients below the root zone,
while insufficient soil moisture can reduce nutrient
diffusion, mass flow, and root absorption.

Fertigation integrates fertilizer application
with irrigation water and is particularly compatible
with drip and sprinkler systems. It enables nutrients
to be supplied in small, frequent doses closely
synchronized with crop demand, thereby improving
nutrient-use efficiency and reducing unnecessary

2266

accumulation in soil. Nitrogen and potassium
fertilizers are commonly applied through fertigation
because of their high solubility, while phosphorus
and micronutrient fertilizers require careful selection
to avoid precipitation and clogging. Fertigation can
improve nutrient distribution within the root zone and
allows rapid adjustment of fertilizer rates according
to crop stage. However, inappropriate fertigation
can increase the risk of nitrate leaching or salt
accumulation if nutrient concentration and irrigation
volume are poorly managed.

Water management has a strong influence
on soil salinity and nutrient mobility. Excessive
irrigation may leach nitrate, sulfate, boron, and
other mobile ions beyond the effective rooting
depth, whereas inadequate leaching in salt-affected
regions can lead to progressive salt accumulation.
Evaporation from the soil surface concentrates
salts in the upper soil profile, particularly under
arid conditions. The movement of phosphorus is
comparatively limited because it is strongly adsorbed
by soil minerals, whereas nitrate and chloride
move readily with soil water. Potassium, calcium,
magnesium, and micronutrients exhibit intermediate
mobility depending on soil texture, exchange
capacity, pH, and competing ions. Appropriate
irrigation, drainage, and leaching management are
therefore essential for maintaining a favorable root-
zone environment.

Water-use efficiency reflects the relationship
between crop production and the amount of
water consumed or applied. It can be improved
through precise irrigation scheduling, efficient
delivery systems, mulching, residue retention,
improved soil organic matter, drought-tolerant
cultivars, conservation agriculture, and reduced
non-productive evaporation. Drip irrigation and
properly managed deficit irrigation can substantially
improve water productivity in suitable crops and
environments. Ultimately, sustainable irrigation
management requires integration of water supply
with soil characteristics, crop requirements, nutrient
management, climatic variability, and drainage
conditions so that productivity can be increased
without degrading soil and water resources.

Conservation Agriculture and Soil Health
Conservation agriculture is a resource-
conserving production system designed to maintain
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crop productivity while improving soil quality and
reducing environmental degradation. It is built
around three interconnected principles: minimum
soil disturbance, permanent or semi-permanent soil
cover, and crop diversification. These principles are
intended to operate together rather than as isolated
practices. By minimizing mechanical disturbance,
retaining organic residues, and increasing biological
diversity within the cropping system, conservation
agriculture promotes more stable soil structure,
greater biological activity, improved water relations,
and more efficient nutrient cycling.

Minimum soil disturbance reduces the
physical disruption caused by repeated plowing and
intensive seedbed preparation. Frequent cultivation
breaks aggregates, exposes protected organic
matter to rapid decomposition, disturbs fungal
networks, and increases vulnerability to erosion.
Reduced or zero tillage allows soil pores created by
roots and soil organisms to remain relatively intact
and can gradually improve structural continuity.
However, changes in bulk density and penetration
resistance depend on soil type and management
history, and some soils may experience temporary
surface compaction during the transition from
conventional tillage. For this reason, minimum
disturbance should be accompanied by adequate
residue management, diversified rooting systems,
and controlled machinery traffic.

Permanent soil cover is maintained
through crop residues, cover crops, mulches, or
living vegetation. Surface cover protects soil from
direct raindrop impact, reduces erosion, moderates
soil temperature, decreases evaporation, and can
improve infiltration. Organic residues also serve as
substrates for decomposer organisms and contribute
to soil organic-matter formation. As residue
decomposition proceeds, nutrients are gradually
released and become available for subsequent
crops. The effectiveness of surface cover depends
on residue quantity, quality, distribution, and climatic
conditions. Residues with high carbon-to-nitrogen
ratios may temporarily immobilize nitrogen, whereas
leguminous residues often decompose more rapidly
and contribute greater quantities of plant-available
nitrogen.

Crop diversification is another core principle
because continuous monocropping can increase
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pest and disease pressure, narrow the range of
rooting patterns, and promote nutrient depletion from
similar soil zones. Crop rotations and intercropping
introduce differences in rooting depth, residue
quality, nutrient demand, microbial associations,
and seasonal soil cover. Legumes can contribute
biologically fixed nitrogen, while deep-rooted
species may capture nutrients from lower soil layers
and return them to the surface through residues.
Diversified systems can also suppress weeds and
interrupt pest and pathogen cycles, improving overall
system resilience.

Conservation agriculture can influence soil
carbon sequestration by increasing organic-carbon
inputs and reducing the rate at which soil organic
matter is exposed to decomposition. Residue
retention, cover crops, and reduced disturbance
favor carbon accumulation particularly in surface
layers. The amount of carbon stored, however,
varies with climate, soil texture, cropping intensity,
residue production, and the depth of soil considered.
The major agronomic advantage lies not only in
carbon storage itself but also in the associated
improvements in aggregation, nutrient retention,
microbial habitat, and water-holding capacity.

Soil physical properties may improve
progressively under well-managed conservation
agriculture. Greater aggregate stability reduces
crusting and erosion, while continuous biopores
produced by roots and earthworms can increase
infiltration and facilitate deeper root growth. Improved
residue cover reduces surface sealing and protects
soil from extreme temperature fluctuations. These
changes may enhance plant access to water,
particularly during short dry periods. At the same
time, poorly managed heavy traffic can still cause
compaction, showing that conservation agriculture
requires appropriate machinery and field-traffic
management.

Nutrient cycling and soil biological activity
are strongly influenced by conservation practices.
Reduced disturbance preserves fungal hyphae,
earthworm channels, and microbial habitats, while
residue retention provides a continuous energy
source for decomposer communities. Greater
biological activity can stimulate mineralization,
humus formation, aggregate stabilization, and
nutrient transformations. Nutrient stratification
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may occur because residues and fertilizers remain
concentrated near the surface under no-till conditions,
while deeper nutrient distribution may become more
dependent on root activity and biological mixing.
Effective fertilizer placement is therefore important
in some conservation systems.

The effects of conservation agriculture on
crop productivity vary among environments and over
time.Yield may initially remain unchanged, increase,
or occasionally decline during the transition period,
depending on weed management, soil compaction,
residue levels, crop rotation, and climatic conditions.
Over the longer term, improved soil structure,
water conservation, erosion control, and nutrient
cycling can contribute to more stable production,
especially in environments exposed to drought and
soil degradation. Conservation agriculture should
therefore be viewed as an integrated management
system rather than merely a reduction in tillage
intensity.

Fig. 6: Irrigation and water-management
strategies for improving soil-
water—nutrient relationships

Biofertilizers and Microbial-Based Agronomic
Practices

Biofertilizers are formulations containing
beneficial microorganisms that enhance plant
nutrient acquisition, stimulate root development,
improve biological activity, and support crop growth.
They represent an important component of integrated
nutrient management because microorganisms
can mobilize nutrients already present in soil,
reduce dependence on excessive mineral fertilizer
application, and improve rhizosphere functioning.
Their effectiveness depends on microbial strain,
crop species, soil properties, climate, formulation
quality, storage conditions, and compatibility with
other agricultural inputs.
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Nitrogen-fixing microorganisms convert atmospheric
nitrogen into biologically useful forms. Symbiotic
bacteria such as Rhizobium and related genera form
associations with leguminous plants and produce
root nodules in which biological nitrogen fixation
occurs. Free-living and associative organisms
such as Azotobacter, Azospirillum, and certain
cyanobacteria can also contribute nitrogen to
cropping systems. Biological nitrogen fixation
can reduce the requirement for synthetic nitrogen
fertilizers, particularly in legume-based rotations,
and can improve soil nitrogen status for subsequent
crops through residue decomposition.

Phosphate-solubilizing microorganisms
increase the availability of sparingly soluble soil
phosphorus. Various bacteria and fungi produce
organic acids, phosphatases, and other compounds
that release phosphate from calcium-, iron-,
aluminium-, and organic phosphorus complexes.
These microorganisms can improve phosphorus
uptake, particularly in soils where total phosphorus
is relatively high but plant-available phosphorus is
limited. Their effectiveness is often enhanced when
combined with organic amendments that provide
carbon substrates and improve microbial survival.

Potassium-solubilizing microorganisms
mobilize potassium from minerals such as feldspars
and micas through acidification, chelation, and
other weathering processes. Although mineral
potassium is abundant in many soils, its release
into plant-available forms can be slow. Potassium-
solubilizing bacteria may therefore contribute to
gradual replenishment of soil-solution potassium,
particularly in nutrient-depleted systems. Their
agronomic response varies according to mineralogy,
soil moisture, root activity, and microbial adaptation.

Arbuscular mycorrhizal fungi establish
symbiotic associations with the roots of many crop
species. Their external hyphae extend beyond
nutrient-depletion zones surrounding roots and
effectively enlarge the volume of soil explored by
the plant. These fungi are particularly important
for phosphorus acquisition but can also improve
uptake of zinc, copper and other relatively immobile
nutrients. Mycorrhizal associations may also
improve soil aggregation, water acquisition, and
tolerance to drought or other stresses. Excessive
phosphorus fertilization can suppress mycorrhizal
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colonization, emphasizing the need for balanced
nutrient management.

Plant-growth-promoting rhizobacteria
comprise a diverse group of beneficial bacteria
capable of enhancing plant growth through multiple
mechanisms. They may fix nitrogen, solubilize
phosphorus, produce siderophores, synthesize
phytohormones, enhance root development,
induce systemic resistance, or reduce the activity
of certain soil-borne pathogens. Because these
mechanisms frequently operate simultaneously, their
effects extend beyond nutrient supply and include
improvements in plant establishment and stress
tolerance.

Microbial inoculants can increase nutrient
availability by accelerating nutrient transformation
and improving the biological efficiency of the
rhizosphere. Their contribution is particularly
valuable when they are integrated with organic
amendments, reduced fertilizer rates, suitable crop
rotations, and conservation practices. Rather than
replacing all mineral fertilizers, biofertilizers are often
most effective as complementary inputs that improve
the efficiency of existing nutrient resources.

The effects of biofertilizers on soil
biological properties include increases in microbial
biomass, enzymatic activity, rhizosphere diversity,
decomposition, and nutrient cycling. Beneficial
microorganisms can also influence root exudation
and interactions among plants, microbes, and
soil minerals. These changes may improve soil
functional capacity over time, although responses
can be inconsistent when environmental conditions
are unfavorable or inoculant strains fail to establish
successfully.

The contribution of biofertilizers to crop
productivity therefore depends on successful
colonization, compatibility with the host crop, and
appropriate soil and agronomic conditions. When
integrated into a broader soil-fertility strategy,
microbial-based practices can improve nutrient-
use efficiency, support crop productivity, reduce
unnecessary fertilizer inputs, and strengthen
biological processes that underpin soil health. Their
greatest potential lies in combining targeted microbial
functions with balanced fertilization, organic-matter
management, water conservation, and diversified
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cropping systems to create more resilient and
resource-efficient agricultural production systems.

Weed Management and lts Influence on Soil-
Crop Relationships

Weed management is an essential
component of sustainable crop production because
weeds compete directly with crops for nutrients,
water, light, and space, thereby reducing yield and
resource-use efficiency. Mechanical weed control,
including hand weeding, hoeing, inter-row cultivation,
and mechanical weeders, provides an effective non-
chemical approach, particularly in smallholder and
organic farming systems. These methods can reduce
weed pressure without introducing herbicide residues
into the soil, although they may require considerable
labour, fuel, and repeated field operations. Chemical
weed management remains widely used because
herbicides offer rapid and relatively economical
control over large areas; however, repeated use
of herbicides with similar modes of action can
promote herbicide-resistant weed populations
and may also influence non-target soil organisms.
Cultural weed-control practices such as crop
rotation, competitive cultivars, optimum planting
density, timely sowing, intercropping, and stale
seedbed techniques reduce weed establishment by
modifying the cropping environment. Mulching and
cover crops further suppress weeds by limiting light
penetration, physically restricting weed emergence,
and competing for available resources. Organic
mulches additionally contribute carbon to the soil,
improve moisture conservation, and regulate soil
temperature. Weed competition is particularly
damaging during critical crop-growth stages
because weeds remove substantial quantities of
nitrogen, phosphorus, potassium, and soil moisture.
Severe competition can reduce nutrient uptake, root
growth, photosynthesis, and final grain or biomass
yield. Herbicides may also affect soil microbial
communities and enzyme activities depending on the
chemical class, dose, persistence, soil properties,
and climatic conditions. Therefore, integrated weed
management combining mechanical, cultural,
biological, and judicious chemical approaches is
preferable for maintaining crop productivity while
minimizing ecological risks.

Precision agriculture and modern
agronomic practices provide new opportunities to
optimize resource use and reduce environmental



SATAPATHY et al., Orient. J. Chem., Vol. 42(5), 2255-2277 (2026)

losses. Soil testing and nutrient mapping form the
foundation of site-specific nutrient management
by identifying spatial variability in soil fertility and
enabling fertilizer recommendations to be tailored
to actual crop requirements. Variable-rate fertilizer
application uses field maps, positioning systems,
and automated machinery to apply different fertilizer
rates within the same field, thereby reducing both
nutrient deficiency and excessive application.
Sensor-based nutrient management uses crop
canopy sensors, chlorophyll meters, and spectral
indices to estimate plant nutrient status in real time
and guide fertilizer decisions. Remote sensing and
geographic information systems further support
monitoring of crop vigor, soil moisture, nutrient
stress, and field variability at larger spatial scales.
Drone-assisted crop and soil monitoring provides
high-resolution information on crop health, weed
distribution, disease symptoms, water stress, and
nutrient deficiencies. Internet of Things-based
soil monitoring integrates connected sensors that
continuously measure parameters such as soil
moisture, temperature, electrical conductivity, and
sometimes nutrient status. Artificial intelligence
and decision-support systems can process these
data streams to recommend irrigation, fertilization,
pest control, and harvesting schedules. Precision
irrigation and fertigation systems deliver water
and nutrients directly according to crop demand,
improving water-use and nutrient-use efficiency
while reducing leaching and runoff.

The effects of agronomic practices
vary among major field crops. Wheat generally
responds well to timely sowing, conservation
tillage, balanced fertilization, residue retention,
and crop rotation. In rice, water management is
particularly important, with alternate wetting and
drying and improved nutrient management helping
reduce water consumption and methane emissions.
Maize requires adequate nitrogen, moisture, and
plant population management, while conservation
agriculture can improve soil structure and yield
stability. Barley benefits from moisture conservation
and balanced nutrient supply, particularly under
marginal conditions. Sorghum and millets are
inherently more tolerant of heat and drought, but
improved nutrient management, intercropping, and
residue conservation can further improve productivity.
Pulses contribute to biological nitrogen fixation and
improve soil fertility within crop rotations. Oilseed
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crops benefit from balanced sulfur and nutrient
management, while cotton responds strongly to
efficient irrigation, fertigation, and integrated
pest and nutrient management. Sugarcane, as a
long-duration crop, requires substantial nutrient
and water inputs, making residue recycling, drip
irrigation, green manuring, and ratoon management
especially important. Similar principles apply to other
field crops, although the appropriate combination
of agronomic practices must be adapted to crop-
specific requirements and local conditions.

Agronomic practices also strongly influence
soil biological properties. Organic amendments,
residue retention, crop diversification, and reduced
tillage generally increase soil microbial biomass and
microbial diversity by providing additional carbon
substrates and more stable habitats. Soil enzyme
activities, including dehydrogenase, phosphatase,
urease, and -glucosidase, are often enhanced
under management systems that increase organic
matter and microbial activity. Earthworms and
other soil fauna benefit from reduced mechanical
disturbance and residue retention, contributing
to improved aggregation, aeration, and nutrient
cycling. Rhizosphere interactions are also affected
because root exudates, microbial communities, and
nutrient availability vary according to crop species
and management. These biological processes
regulate organic matter decomposition, nutrient
mineralization, and cycling, and are therefore central
to soil fertility and crop productivity.

Agronomic management also affects
carbon sequestration and greenhouse gas
emissions. Practices such as residue retention,
reduced tillage, cover cropping, diversified rotations,
manure application, and agroforestry can increase
soil organic carbon stocks by enhancing carbon
inputs and reducing decomposition losses. Carbon
stabilization occurs through physical protection
within soil aggregates, association with minerals,
and transformation into relatively persistent microbial
residues. Conversely, intensive tillage can accelerate
carbon dioxide emissions by exposing organic
matter to decomposition. Nitrous oxide emissions
are strongly influenced by nitrogen fertilizer rate, soil
moisture, and microbial processes, while methane
emissions are especially important in continuously
flooded rice soils. Improved fertilizer efficiency,
alternate wetting and drying, residue management,
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and conservation agriculture can reduce the carbon
footprint of crop production and contribute to climate-
smart agriculture.

Problematic and degraded soils require
targeted agronomic management. Acidic soils
may be improved through liming and balanced
fertilization, whereas saline soils require drainage,
salt-tolerant crops, and efficient irrigation. Sodic
soils may require gypsum or other calcium-based
amendments combined with adequate leaching.
Nutrient-deficient soils need balanced fertilization
and organic amendments, while compacted soils
benefit from reduced traffic, deep-rooted crops,
organic matter addition, and, where necessary,
subsoiling. Eroded and degraded soils require
vegetation cover, contour farming, reduced tillage,
residue retention, and soil amendments to rebuild
structure and fertility. Comparative assessment of
agronomic practices therefore needs to consider
their effects on soil physical properties, soil
chemistry, nutrient availability, biological activity,
crop yield, resource-use efficiency, environmental
sustainability, and economic feasibility.

Long-term agronomic experiments are
particularly valuable because many soil changes
occur slowly and may not be detected in short-term
trials. Long-term fertilization studies demonstrate
how continuous nutrient inputs influence soil fertility,
nutrient balances, organic matter, and yield trends.
Long-term tillage experiments reveal gradual
changes in aggregation, bulk density, soil carbon,
and biological properties, while residue-management
studies show how sustained residue retention or
removal affects carbon stocks and nutrient cycling.
Monitoring soil organic carbon over decades helps
determine whether particular management systems
are sequestering or losing carbon. Similarly, long-
term nutrient balances identify whether cropping
systems are maintaining, accumulating, or depleting
essential nutrients. Yield sustainability and soil
resilience are ultimately determined by the capacity
of a system to maintain productivity despite climatic
stress, pest pressure, and resource limitations.
For this reason, long-term experiments remain
indispensable for identifying agronomic practices
that are productive, environmentally sustainable,
economically feasible, and capable of maintaining
soil fertility for future agricultural production.
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Constraints and Challenges

Soil and climatic variability remain major
constraints in developing universally effective
agronomic practices because soil texture, fertility, pH,
organic matter, rainfall, temperature, and moisture
availability differ widely across regions. These
differences influence crop response to fertilizers,
irrigation, tillage, and residue management.
Excessive dependence on chemical fertilizers is
another concern, as prolonged and imbalanced
use may contribute to nutrient imbalance, soil
acidification, reduced biological activity, nutrient
losses, and environmental pollution. Residue-
management limitations further complicate
sustainable farming because crop residues are often
removed for fodder or fuel, while residue burning
causes nutrient loss and air pollution. Although
residue retention, mulching, and composting
can improve soil organic matter and moisture
conservation, their adoption may be restricted by
machinery, labour, and competing uses. Water
scarcity is increasingly affecting crop productivity
due to declining groundwater, irregular rainfall, and
inefficient irrigation. Drip irrigation, sprinkler systems,
rainwater harvesting, and improved irrigation
scheduling can enhance water-use efficiency, but
their cost may limit adoption. Soil degradation and
nutrient mining also reduce long-term productivity
through erosion, compaction, salinity, declining
organic carbon, and continuous nutrient removal
without adequate replenishment. Farmer adoption is
often restricted by small landholdings, limited credit,
high input costs, inadequate technical knowledge,
labour shortages, and uncertain economic returns.
Socioeconomic risks may therefore discourage
farmers from adopting conservation or precision-
based practices. Finally, the lack of site-specific
recommendations reduces the efficiency of
agronomic management because generalized
fertilizer and irrigation schedules cannot account for
field-level variability. Soil testing, precision nutrient
management, local field trials, digital advisory
systems, and region-specific recommendations are
essential to improve input-use efficiency, sustain soil
fertility, and increase crop productivity under diverse
agroecological conditions.

Future Perspectives and Research Priorities
Future advances in sustainable agronomy
will depend on integrating ecological principles,
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precision technologies, improved nutrient
management, and long-term soil-health assessment
into coordinated soil-crop management systems.
Integrated soil-crop management emphasizes
the simultaneous optimization of soil fertility, crop
nutrition, irrigation, tillage, residue recycling,
crop rotation, and biological processes so that
productivity can be improved without degrading
the resource base. Rather than treating soil and
crops as separate components, this approach
recognizes the continuous interactions among roots,
nutrients, microorganisms, water, organic matter,
and climatic conditions. Regenerative agriculture
represents a closely related strategy that seeks
to restore soil function through reduced tillage,
permanent soil cover, crop diversification, cover
cropping, organic amendments, residue retention,
and greater dependence on biological nutrient
cycling. These practices can increase soil organic
matter, improve aggregation and infiltration, enhance
microbial activity, and strengthen the resilience
of agroecosystems. Climate-resilient agronomic
practices will also become increasingly important
because agriculture is being exposed to more
frequent droughts, heat stress, irregular rainfall,
flooding, and shifting growing seasons. Adaptation
strategies such as drought- and heat-tolerant
cultivars, adjusted sowing dates, water-conserving
tillage, mulching, rainwater harvesting, efficient
irrigation, diversified crop rotations, intercropping,
and improved nutrient synchronization can help
stabilize productivity under climatic uncertainty. At the
same time, new nutrient-delivery technologies are
emerging. Nano-enabled fertilizers and controlled-
release nutrient formulations have the potential to
improve nutrient-use efficiency by releasing nutrients
gradually or delivering them more effectively to the
root zone. This may reduce leaching, volatilization,
fixation, and repeated fertilizer applications. However,
widespread use will require careful assessment of
cost-effectiveness, field performance, environmental
persistence, and possible effects on soil organisms
and food safety. Microbiome-based soil management
is another promising area because beneficial
bacteria, fungi, and other microorganisms can
promote nutrient solubilization, biological nitrogen
fixation, root development, pathogen suppression,
and tolerance to abiotic stress. Future agronomy may
increasingly employ microbial inoculants, mycorrhizal
associations, plant-growth-promoting rhizobacteria,
and management practices that conserve beneficial
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indigenous microbial communities. Nevertheless,
their effectiveness can vary with soil type, crop
genotype, climate, and existing microbial populations,
making local validation essential. Digital and
Al-assisted agronomy is expected to accelerate
the transition toward more precise and efficient
management. Remote sensing, satellite imagery,
drones, soil and canopy sensors, automated weather
stations, geographic information systems, machine-
learning models, and decision-support platforms
can provide real-time information on soil moisture,
nutrient status, crop growth, weed pressure, pest
occurrence, and yield variability. Artificial intelligence
can integrate these datasets to support decisions on
sowing time, fertilizer rates, irrigation scheduling,
pesticide application, and harvesting. Such systems
can reduce unnecessary input use and improve
productivity, but their usefulness depends on
reliable data, digital infrastructure, affordability,
farmer training, and locally calibrated algorithms.
Development of site-specific management strategies
will therefore be crucial. Because soil texture,
fertility, moisture, topography, and crop performance
can vary considerably within and between fields,
generalized recommendations often lead to
inefficient input use. Soil testing, nutrient mapping,
yield mapping, variable-rate technology, precision
irrigation, and location-specific decision tools
can help tailor agronomic practices to actual field
requirements. This improves nutrient- and water-use
efficiency while reducing environmental losses and
production costs. Finally, long-term assessment of
soil health and productivity is essential because
many management effects emerge only after
several years. Short-term increases in yield may
conceal gradual declines in soil organic carbon,
nutrient reserves, microbial diversity, or soil
structure. Long-term experiments should therefore
monitor physical indicators such as bulk density
and aggregation, chemical indicators such as pH,
nutrient balance, and organic carbon, and biological
indicators such as microbial biomass, enzyme
activity, and soil fauna. These measurements should
be evaluated together with crop yield, profitability,
water-use efficiency, greenhouse gas emissions,
and resilience to stress. Such integrated long-term
monitoring will provide a more reliable basis for
identifying agronomic systems that are productive,
economically viable, environmentally responsible,
and capable of maintaining soil fertility for future
generations. Overall, the future of agronomy lies in
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combining regenerative principles, climate resilience,
biological management, precision technologies, and
continuous soil-health evaluation into adaptive, site-
specific systems that can sustain crop production
under increasingly complex environmental and
socioeconomic conditions.

CONCLUSION

Tillage, fertilization, irrigation, residue
management, crop diversification, organic
amendments, and biological inputs should
therefore be considered complementary rather
than independent management components.
Reduced and conservation tillage can preserve soil
structure, residues, moisture, biological habitats,
and organic carbon, while organic amendments can
improve nutrient retention, aggregation, microbial
activity, and water-holding capacity. Inorganic
fertilizers remain important for achieving high crop
productivity, but their long-term benefits depend
on balanced, soil-test-based, and synchronized
application. Excessive or imbalanced fertilization
may contribute to soil acidification, salinity, nutrient
antagonism, nutrient losses, and lower nutrient-use
efficiency. Likewise, improved irrigation scheduling,
drip irrigation, deficit irrigation, alternate wetting
and drying, and fertigation can conserve water and
improve nutrient management when adapted to crop
and soil requirements.
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Biological processes are equally important
for sustainable soil fertility. Biofertilizers, nitrogen-
fixing microorganisms, phosphate- and potassium-
solubilizing microorganisms, arbuscular mycorrhizal
fungi, and plant-growth-promoting rhizobacteria can
enhance nutrient acquisition, root growth, rhizosphere
activity, and crop stress tolerance. Conservation
agriculture and crop diversification further support
microbial activity, soil fauna, nutrient cycling, soil
carbon stabilization, and more resilient soil-plant
relationships. Integrated weed management is also
required because uncontrolled weed competition
reduces nutrient and moisture availability, while
excessive dependence on herbicides can create
ecological and resistance-related problems. Modern
precision-agriculture technologies are expanding
the capacity to manage field variability more
accurately. Soil testing, nutrient mapping, variable-
rate application, remote sensing, drones, loT-based
soil monitoring, sensor-guided nutrient management,
and Al-assisted decision-support systems can
improve fertilizer and irrigation efficiency while
reducing unnecessary inputs and environmental
losses. However, the effectiveness of these
technologies depends on reliable data, affordability,
farmer training, local calibration, and supporting
infrastructure. Agronomic recommendations should
therefore become increasingly site-specific rather
than relying on generalized management schedules.
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