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Abstract
The Punjab agro-climatic zone is among the most prolific wheat-producing areas in South Asia and is crucial for maintaining
national food security. However, decades of intensive cultivation under the rice—wheat cropping system, coupled with heavy
reliance on chemical fertilizers, have contributed to declining soil fertility, nutrient imbalances, reduced soil organic carbon,
and deterioration of biological soil health. Sustainable nutrient management has therefore emerged as a critical challenge for
maintaining wheat productivity while preserving ecosystem functions. This review critically examines the effects of organic
fertilizers, chemical fertilizers, and integrated nutrient management (INM) practices on wheat yield, nutrient uptake, and soil
biological properties in the Punjab agro-climatic zone. Evidence from long-term experiments and field studies indicates that the
exclusive use of inorganic fertilizers often enhances short- term productivity but may adversely affect soil microbial activity,
organic matter content, and nutrient-use efficiency over time. Conversely, organic nutrient sources such as farmyard
manure, vermicompost, green manure, poultry manure, and crop residues improve soil structure, microbial biomass,
enzymatic activity, nutrient cycling, and soil carbon sequestration, although their nutrient release rates may not always
meet crop demand during critical growth stages. The integration of organic and inorganic nutrient sources has been
identified as the most effective strategy for sustaining wheat productivity and improving soil health. Integrated nutrient
management enhances grain and straw yield, increases nitrogen, phosphorus, potassium, and micronutrient uptake, and promotes
favorable biological indicators including microbial biomass carbon, dehydrogenase activity, phosphatase activity, and soil
respiration. Furthermore, INM contributes to improved nutrient-use efficiency, reduced environmental degradation, and
enhanced resilience of the rice-wheat production system. The review highlights current knowledge gaps and future research
priorities aimed at developing site-specific nutrient management strategies that balance productivity, profitability, and
environmental sustainability. Adoption of integrated nutrient management practices is essential for ensuring long-term soil fertility
and sustainable wheat production in Punjab under changing climatic and agricultural conditions.
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1. Introduction transformation achieved during the Green Revolution

Wheat (Triticum aestivum L.) is one of the most important
cereal crops globally and serves as a primary source of
calories and protein for a significant proportion of the
world’s population. India is the second-largest producer of

wheat after China, and the state of Punjab contributes
substantially to national wheat procurement and food
security. The remarkable agricultural
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positioned Punjab as the “Granary of India,” primarily
through the widespread adoption

of high-yielding wheat and rice varieties, expansion

of irrigation infrastructure, mechanization, and intensive
fertilizer use. While these technical developments
considerably enhanced crop output, they also generated
various ecological and soil fertility concerns that now threaten
the sustainability

of agricultural production systems.
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The rice—wheat cropping system dominates the agricultural
landscape of Punjab and occupies a substantial proportion
of the cultivated area. Continuous cultivation of these
cereal crops has resulted in considerable extraction of
essential nutrients from the soil. To compensate for nutrient
removal, farmers have increasingly relied on synthetic
fertilizers, particularly nitrogenous fertilizers such as urea,
along with phosphorus and potassium fertilizers. Although
chemical fertilizers have played a crucial role in
enhancing crop productivity and meeting national food
demands, their excessive and imbalanced application has
contributed to nutrient mining, soil degradation, declining
organic matter content, and deterioration

of soil biological functions.

The long-term sustainability of agricultural production
depends not only on maintaining crop yields but also on
preserving soil health. Soil health encompasses the capacity of
soil to function as a living ecosystem that sustains plants,
animals, and humans. It includes physical, chemical,
and biological properties that collectively determine soil
productivity and environmental quality. Among these
components, soil biological properties have received
increasing attention because they regulate nutrient cycling,
organic matter decomposition, soil aggregation, and overall
ecosystem  resilience. Soil microorganisms, including
bacteria, fungi, actinomycetes, and other beneficial
organisms, play fundamental roles in transforming nutrients
into plant-available forms and maintaining soil fertility. Recent
studies have demonstrated that prolonged dependence on
chemical fertilizers alone may adversely affect soil
microbial diversity and activity. Continuous application of
high doses of nitrogen fertilizers can alter soil pH,
reduce microbial biomass, and accelerate the depletion of soil
organic carbon. Furthermore, excessive fertilizer use may
contribute  to environmental ~ problems such  as
groundwater ~ contamination,  greenhouse  gas emissions,
and nutrient runoff. These concerns have intensified the
search for sustainable nutrient management approaches
that can maintain crop productivity =~ while = minimizing
ecological degradation. Research from long-term field
experiments in Punjab has shown that integrated use

of farmyard manure (FYM) with inorganic fertilizers
improves soil organic carbon, nutrient availability, microbial
biomass, and soil physical properties compared with sole
chemical fertilization. Organic  fertilizers have become
significant alternatives and additions to chemical fertilizers in
sustainable agriculture. Organic nutrient sources such as
farmyard manure, compost, vermicompost, poultry manure,
green manure, crop residues, and

IJDDT Volume 16 Issue 78s 2026

biofertilizers not only supply essential nutrients but also
enhance soil organic matter content and biological
activity. Organic amendments enhance soil structure,
augment water retention, promote microbial proliferation,
and enable the gradual release of nutrients. The
decomposition of organic materials contributes to the
formation of humic substances, which improve nutrient

retention and reduce nutrient losses through
leaching. Additionally, organic inputs support diverse
microbial communities that are essential for nutrient

mineralization and soil ecosystem functioning. Despite their
numerous advantages, organic fertilizers alone may not
always provide sufficient nutrients to meet the high demands of
modern wheat varieties.  Nutrient  concentrations  in
organic materials are generally lower and more variable than
those in synthetic fertilizers. Moreover, nutrient release
from  organic  sources depends on environmental
conditions, microbial activity, and decomposition rates,
which may not coincide with crop nutrient requirements.
Consequently, exclusive reliance on organic nutrient sources
may limit crop productivity, particularly in intensive
agricultural systems where nutrient demand is high.

Integrated  Nutrient Management (INM) has therefore
gained considerable attention as a sustainable approach
that combines organic and inorganic nutrient sources to
optimize  nutrient availability, = improve  nutrient-use
efficiency, and maintain soil fertility. INM aims to achieve a
balance between immediate crop nutrient requirements and
long-term  soil health preservation. Numerous studies
have reported that integrated application of

organic manures and chemical fertilizers enhances wheat
growth, yield attributes, nutrient uptake, and soil biological
activity more effectively than either source alone. Long-term
experiments have shown improvements in soil organic
carbon, available nitrogen, phosphorus and potassium,
microbial biomass carbon, soil respiration, and water-holding
capacity under integrated nutrient management systems.
Nutrient uptake is another critical determinant of crop
productivity and fertilizer-use efficiency. Wheat requires
adequate amounts of nitrogen, phosphorus, potassium,
sulfur, and micronutrients throughout its growth cycle.
Nutrient deficiencies not only reduce grain yield but also
affect grain quality and nutritional value. Integrated
nutrient management improves nutrient uptake by enhancing

root development, increasing nutrient availability, and
stimulating  beneficial microbial interactions in the
rhizosphere. Organic amendments improve cation

exchange capacity and nutrient retention, while inorganic
fertilizers provide readily available
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nutrients during critical growth stages. Such synergistic
effects contribute to higher nutrient recovery and improved
crop performance. Enhanced nutrient uptake under
integrated  nutrient management has been reported in
several wheat production studies where FYM and
balanced fertilizer application significantly improved grain
yield and nutrient accumulation.

In recent years, soil biological indicators have emerged as
sensitive measures of soil quality and sustainability.
Parameters such as microbial biomass carbon, microbial
biomass nitrogen, dehydrogenase activity, phosphatase
activity, urease activity, and soil respiration  provide
valuable information regarding microbial functioning and
nutrient cycling processes. Research  indicates  that
organic amendments significantly stimulate these biological
indicators by supplying carbon substrates and creating
favorable habitats for microorganisms. The integration of
organic manures with inorganic fertilizers has consistently
demonstrated superior biological performance compared with
sole fertilizer applications. Increased microbial activity
promotes nutrient mineralization and contributes to long-term
soil fertility maintenance. Studies from Punjab have shown
that integrated nutrient management significantly
improves soil respiration, microbial biomass carbon,
microbial biomass nitrogen, and potentially = mineralizable
nitrogen, indicating enhanced biological functioning of
agricultural soils.

The Punjab agro-climatic zone faces multiple challenges,
including declining soil organic matter, micronutrient
deficiencies, groundwater depletion, residue management
issues, and climate variability. Addressing these challenges
requires sustainable nutrient management strategies that
improve productivity while conserving natural resources.
Although numerous studies have investigated the effects of
fertilizers on wheat production, findings remain scattered
across different regions, soil types, and  management
systems. A comprehensive synthesis of  available
evidence is therefore necessary to identify best management
practices and future research priorities.

The present review aims to critically evaluate the effects of
organic fertilizers, chemical fertilizers, and integrated
nutrient management practices on wheat yield, nutrient
uptake, and soil biological properties in the Punjab agro-
climatic zone. The review further examines the mechanisms
underlying nutrient dynamics and soil biological responses and
highlights opportunities for developing sustainable nutrient
management strategies capable of  enhancing
productivity,  profitability,  and
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environmental  sustainability in  wheat-based cropping
systems.

Literature Review

The increasing apprehension about soil

deterioration, diminishing nutrient-use efficiency, and the
environmental repercussions of excessive fertilizer use has
amplified research on sustainable nitrogen management in
wheat-based cropping systems. From 2020 to 2026, multiple
research have assessed the relative and synergistic impacts
of

organic and chemical fertilizers on wheat yield, nutrient
absorption, soil fertility, and biological health. Research
repeatedly indicates that although chemical fertilizers are
crucial for attaining good yields, their prolonged exclusive
use frequently results in soil quality degradation,
nutritional imbalance, and diminished biological activity.
Conversely, organic nutrient sources substantially enhance
soil health, however their nutrient release dynamics may
not consistently meet crop requirements during vital
growth phases. As a result, integrated nutrient management
(INM) has become the most endorsed approach for
sustainable wheat cultivation.

Initial studies in 2020 concentrated on assessing the relative
efficacy of organic versus inorganic nutrition sources in
wheat production. Researchers indicated that the utilization
of farmyard manure (FYM), vermicompost, poultry manure,
and green manure markedly enhanced soil organic carbon,
nutrient  availability, and microbial activity. Research
indicated that organic additions improved soil structure,
aggregation, moisture retention, and nutrient buffering
capacity, therefore establishing

optimal conditions for wheat cultivation. The judicious
application of nitrogen, phosphorous, and potassium fertilizers
significantly enhanced wheat productivity by providing
essential nutrients during crucial growth phases. Numerous
studies have demonstrated that exclusive reliance on
chemical fertilizers frequently leads to a decrease in soil
organic matter and a reduction in  microbial
communities over time. These findings generated increased

interest in  integrating organic and inorganic food
sources to attain productivity and sustainability goals.
Research undertaken in 2021 enhanced the

comprehension of integrated nutrition management in cereal-
based cropping systems. Prolonged field experiments
revealed that the synergistic use of farmyard manure and
prescribed NPK fertilizers resulted in markedly superior grain
and straw yields compared to the exclusive use of fertilizers.
The
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integration of organic manures enhanced nutritional
synchronization through a gradual and sustained nutrient
release, whereas chemical fertilizers delivered readily
available nutrients essential for rapid crop development.
A prolonged trial in northwestern India within a maize—
wheat  system revealed that integrated nutrient
management markedly enhanced soil organic carbon,
accessible nitrogen, phosphorus, potassium, and micronutrient
levels in comparison to sole chemical fertilization. The study
additionally indicated enhancements in microbial biomass
carbon, microbial biomass nitrogen, soil  respiration,
and  potentially mineralizable nitrogen, underscoring
the advantageous effects of  integrated nutrient
management on soil biological function.

Numerous studies released in 2021 concentrated on nutrient-
use efficiency and fertilizer recovery. Researchers noted

that the incorporation of organic amendments enhanced
root development and nutrient uptake by improving
soil  physical properties and  promoting  microbial

activity. Augmented root growth elevated nutrient uptake
from deeper soil strata, while microbial-mediated nutrient

transformations enhanced  nutrient accessibility in the
thizosphere.  Thus, integrated nutrition management
treatments  consistently demonstrated  superior  uptake

of  nitrogen, phosphorous, and potassium compared to
the application of organic or inorganic nutrient sources in
isolation. Enhanced nutrition absorption was frequently
correlated with increased grain protein levels, augmented
biomass buildup, and improved harvest index.

In 2022, there was a heightened focus on soil health indicators
and Dbiological features. Researchers acknowledged that
crop output alone insufficiently reflects the sustainability of
fertilizer management strategies. As a result, research
commenced integrating assessments of  microbial
biomass carbon, dehydrogenase  activity,  phosphatase
activity, urease activity, soil respiration, and microbial
diversity.  The  results  consistently indicated  that
organic amendments enhanced microbial proliferation by
providing carbon-rich substrates that acted as energy
sources for soil microorganisms. Augmented microbial
populations expedited nutrient mineralization processes
and facilitated enhanced nutrient cycling. Conversely,
prolonged exclusive use of chemical fertilizers frequently
led to diminished microbial activity and decreased biological
diversity. These data indicated that biological indicators
are more sensitive measurements of soil quality compared to
traditional
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chemical criteria and can offer early warning signals

of soil degradation.

Literature  published in 2023 significantly highlighted
the significance of integrated nutrient management in
enhancing soil  physical and biological qualities.
Researchers indicated that the incorporation of FYM, compost,
and vermicompost enhanced soil  porosity, aggregate
stability, infiltration rate, and water retention capacity. These
enhancements facilitated root development and augmented

plant access to nutrients and water. Research indicated
that integrated nutrient management enhanced
beneficial microbial environments by augmenting soil

organic matter and diminishing soil compaction. Increased
microbial biomass carbon and enzyme activity were often
observed in treatments that received both organic and
inorganic nutrition sources. The advantageous impacts were
most pronounced in wheat-growing areas marked by
intense  farming and  ongoing nutrient  depletion.
Researchers determined that  integrated fertilizer
management enhances crop
output while also promoting
and ecosystem sustainability.

In 2023, a significant research emphasis was placed

on the long-term impact of fertilizer management on soil
organic carbon sequestration. Soil organic carbon is
acknowledged as a crucial indicator of soil quality due to its
impact on nutrient retention, water- holding  capacity,
aggregation, and microbial activity.  Longitudinal
investigations indicated that plots treated with farmyard
manure in conjunction with NPK fertilizers consistently
preserved elevated

organic carbon levels compared to plots receiving solely
chemical fertilizers. Numerous experiments shown that the
buildup of soil organic carbon correlated with
enhancements in cation exchange capacity and nutrient
retention. The findings indicate that integrated nutrient
management may aid in climate change mitigation by
augmenting carbon sequestration in agricultural soils
and concurrently improving crop yield. Long-term
experiments have demonstrated that the integration

of farmyard manure (FYM) with NPK fertilizers
significantly enhances soil organic carbon levels and augments
nutrient availability in comparison to the application of
fertilizers alone.

long-term  soil resilience

Research  conducted in 2024  extended  beyond
productivity and soil fertility issues to encompass climate
resilience and sustainable intensification. Investigators

indicated that soils amended with
organic materials demonstrated enhanced water retention
capacity and increased resilience to
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drought conditions. Improved soil structure and microbial
activity enabled crops to more effectively endure variations

in temperature and moisture availability. = Research
indicates that integrated nutrient ~management enhances
nutrient-use  efficiency amid climate variability by

minimizing nutrient losses via leaching and volatilization. The
integration of crop residues and organic fertilizers was
observed to enhance beneficial microbial communities
that facilitate nutrient acquisition under stress conditions.
As a result, integrated nutrient management was
progressively advocated as a climate-smart agricultural
strategy that could improve both productivity and resilience.

Research undertaken in 2025 concentrated on precise
nutrient management and resource utilization efficiency.
Researchers underscored the necessity of optimizing fertilizer
application rates based on soil nutrient levels, crop
demands, and environmental factors. The notion of site-
specific nutrient management has garnered significant
interest due to its capacity to enhance fertilizer-use efficiency

and mitigate environmental pollution. Investigations
demonstrated that the combination of

organic  nutrient  sources  with  precise  fertilizer
recommendations led to enhanced wheat
performance compared to traditional blanket fertilizer
recommendations. These studies underscored the

necessity of aligning nutrient inputs with crop requirements to
optimize productivity and reduce nutrient losses.

Recent studies published in 2026 have further
emphasized the significance of integrated nutrient
management as a fundamental aspect of sustainable wheat
production systems. Contemporary research emphasizes the
integration of organic amendments, chemical fertilizers,
biofertilizers, and digital nutrient management technologies
to achieve higher productivity = while maintaining  soil
health. Investigators have increasingly utilized advanced
molecular and microbiological techniques to
characterize soil microbial communities and understand
their responses to nutrient management practices. Findings
indicate that integrated nutrient management enhances
microbial diversity, promotes beneficial plant-microbe
interactions, and improves nutrient cycling efficiency.
Furthermore, researchers have emphasized the role of
integrated nutrient management in supporting regenerative
agriculture, carbon sequestration, and climate adaptation
strategies.

Overall, the literature published between 2020 and 2026
provides strong evidence that neither sole
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chemical fertilization can
dual objectives of high

organic fertilization nor sole
independently  achieve the
productivity and long-term soil sustainability. Organic
nutrient sources improve soil physical, chemical, and
biological properties but may not always satisfy crop
nutrient demand, whereas chemical fertilizers provide
readily available nutrients but can adversely affect soil
quality when wused excessively. Integrated nutrient
management combines the strengths of both approaches
and consistently produces superior outcomes in terms of wheat
yield, nutrient uptake, soil organic carbon accumulation,
microbial biomass, enzymatic activity,  nutrient-use
efficiency, and environmental sustainability. Therefore, the
available evidence strongly supports integrated nutrient
management as the most effective and sustainable
nutrient management strategy for wheat cultivation in the
Punjab agro-climatic zone.

3. Wheat Production Context in Punjab

Punjab holds a distinctive role in India's agricultural sector and
is renowned as the "Granary of India" for its significant
contribution to national food grain production. The state was
instrumental in the Green Revolution in the 1960s and 1970s,
which converted India from a food-deficient country into a
self- sufficient agricultural economy. Wheat (Triticum
aestivum L.) is a crucial crop in Punjab and is a significant

element of the state's agricultural economy. Due to
advantageous meteorological conditions, fertile alluvial
soils, comprehensive irrigation systems, and the broad

implementation of modern agricultural technologies,
Punjab consistently achieves some of the greatest wheat
productivity levels in the nation.

The Punjab agro-climatic zone is defined by semi- arid to
sub-humid climatic conditions, featuring distinct summer,
monsoon, and winter seasons. Wheat is predominantly
grown in the rabi season, which spans from November to
April. The crop thrives in cool temperatures during
vegetative growth and warmer circumstances during grain
filling and maturation. The average annual
precipitation ~ varies  from 400  to 1000 mm,
predominantly occurring during the southwest monsoon
season. The substantial canal and tube- well irrigation
network  has significantly facilitated consistent wheat
production in the state, as wheat farming mostly relies on
residual soil moisture and irrigation.

The soils of Punjab are primarily alluvial and range in texture
from sandy loam to clay loam. These soils
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typically exhibit advantageous physical properties for
agricultural cultivation, such as sufficient depth, effective
drainage, and moderate fertility. Nevertheless, decades
of rigorous cultivation within the rice-wheat cropping
system have imposed significant strain on soil resources.
The ongoing extraction of nutrients via crop harvests, along
with disproportionate fertilizer use, has led to a reduction in
soil organic carbon, nutritional deficits, and a decline in
soil biological characteristics. ~ Deficiencies  in
micronutrients, especially zinc, iron, and sulfur, have grown
progressively prevalent in many wheat-cultivating regions.
The rice-wheat cropping system predominates the agricultural
production  framework of  Punjab, encompassing a
significant amount of the farmed land. The efficacy of this
system has predominantly resulted from the extensive
utilization of high- yielding varieties, guaranteed
irrigation, mechanization, and fertilizer-intensive management
techniques. The technique has markedly improved food grain
production, although its long-term viability raises concerns.
The incessant production

of rice and wheat has expedited nutrient depletion, diminished
biodiversity,  heightened  groundwater extraction, and
adversely affected soil health. As a result, researchers
and policymakers are increasingly concentrating on
sustainable nutrient management strategies that can sustain
productivity while safeguarding environmental quality.

The growing of wheat in Punjab plays a crucial role in India's
central food grain procurement system. A significant amount
of the wheat cultivated in the state is acquired by
government  entities for dissemination via the Public
Distribution ~ System  (PDS). Therefore, sustaining
consistent wheat

output in Punjab is essential for both the state's economy
and national food security. Advancements in crop genetics,
irrigation management, fertilizer application, insect control,
and mechanization have allowed farmers to attain elevated
productivity levels over the years. Nonetheless, the pace of
yield growth has decelerated in recent decades, indicating the
onset of yield plateaus in several production regions.

The massive application of chemical fertilizers, especially
nitrogenous fertilizers like urea, has been a significant
contributor in maintaining high wheat yields in Punjab.
Fertilizer usage in Punjab significantly above the national
average owing to the intense agricultural production practices.
Nitrogen, phosphorus, and potassium fertilizers have
significantly enhanced crop growth, biomass
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buildup, and grain yield. Nonetheless, prolonged dependence
on chemical fertilizers has engendered numerous issues,
such as nutrient imbalances, diminished nutrient-use
efficiency, localized soil acidification, and decreased soil
biological activity. Research indicates that the persistent use of
nitrogen fertilizers, in the absence of sufficient organic matter
restoration, has led to a decrease in soil organic carbon
levels, thereby impacting soil fertility and sustainability.

The reduction of soil organic matter is a major concern for
wheat production in Punjab. Soil organic carbon is a vital
factor in soil health as it affects nutrient availability, water
retention, aggregate stability, microbial activity, and overall
ecosystem performance. The prolonged intensification of
agriculture, residue incineration, and restricted use

of organic fertilizers have hastened the reduction of soil
organic carbon in numerous wheat-cultivating areas.
Decreased organic carbon levels negatively impact nutrient
retention and microbial activity, thereby reducing the
productivity of agricultural soils.

A significant difficulty facing wheat cultivation in Punjab is
the depletion of groundwater. The extensive farming of
water-dependent rice in the kharif season has resulted in
significant groundwater depletion across numerous districts.
Despite wheat typically necessitating less irrigation than
rice, diminishing groundwater levels have escalated
irrigation expenses and heightened apprehensions about the
long-term viability of agricultural output. Moreover, climate
change is anticipated to intensify water scarcity due to modified
precipitation patterns, elevated temperatures, and an increased
occurrence

of extreme weather phenomena.

Climate variability presents further problems to wheat
production in the Punjab agro-climatic zone. Increased
temperatures during the grain-filling phase can hasten
crop maturation, diminish grain weight, and adversely affect
overall productivity. Heat stress during reproductive phases

significantly impairs  wheat production and  quality.
Researchers  have indicated that even minor
temperature elevations during essential growth phases

can markedly diminish grain development and nutrient
absorption. Consequently, nutrient management strategies
that improve crop resilience to climatic stresses are gaining
significance.

Nutrient deficiencies have become a notable limitation
to wheat productivity in Punjab. Nitrogen deficiency is a
significant issue, but deficiencies in
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phosphorus, potassium, sulfur, zinc, and iron have become
more apparent due to ongoing cropping and disproportionate
fertilizer use. The extensive application of nitrogenous
fertilizers, lacking  sufficient secondary and
micronutrient supplementation, has led to reduced nutrient-
use efficiency. Consequently, integrated nutrient
management strategies that amalgamate organic and inorganic
nutrient sources are garnering increased focus as sustainable
remedies to nutrition-related limitations.

Recent studies have emphasized the significance of soil
biological characteristics in maintaining wheat productivity.
Soil microbes are crucial to nutrient cycling, organic matter
decomposition, and soil aggregation. Intensive agricultural
practices and excessive fertilizer application  might
adversely impact microbial diversity and activity. Research in
Punjab has shown that integrated nutrient
management strategies, including farmyard manure, compost,
vermicompost, crop  residues, and balanced fertilizer
application, markedly enhance microbial biomass, enzyme
activity, and nutrient availability. = These = enhancements
facilitate improved nutrient-use efficiency and increased
resilience in wheat production systems.

Mechanization has also played a crucial influence in altering
wheat production in Punjab. The adoption

of tractors, seed drills, combine harvesters, laser field
levelers, and residue management gear has enhanced
operational efficiency and reduced  manpower
requirements. Conservation agricultural strategies such as zero
tillage and residue retention are increasingly being advocated
to improve soil health, reduce production costs, and protect
natural resources.  Studies have  demonstrated  that
conservation agriculture paired with integrated nutrient
management can boost wheat yield while enhancing soil
biological characteristics and minimizing environmental
consequences.

In recent years, government initiatives and agricultural
extension programs have stressed sustainable farming
techniques aimed at tackling the rising issues facing Punjab
agriculture. These activities support balanced fertilizer use,
soil health monitoring, residue management, organic matter
incorporation, and effective water management. The
introduction ~ of soil health cards, precision nutrient
management tools, and integrated nutrient
management strategies has been pushed to increase fertilizer-
use efficiency and maintain soil fertility.

Overall, wheat production in Punjab remains a
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cornerstone of India's food security system. The
sustainability =~ of  existing  production  systems is
progressively jeopardized by diminishing soil

organic matter, nutrient imbalances, groundwater depletion,
climate variability, and diminished biological activity.
Confronting these difficulties necessitates a shift from
input-heavy agricultural systems to more sustainable nutrient
management approaches. Integrated nutrient management,
which amalgamates organic and inorganic nutrient sources,
presents significant potential for augmenting wheat

output while rehabilitating soil health and promoting
environmental sustainability. Therefore,
comprehending  the relationships between fertilizer
management, nutrient absorption, and soil biological
characteristics is crucial for maintaining the

sustainability of wheat -cultivation in the
climatic zone.
Table 3.1. Major Characteristics of

Production in the Punjab Agro-Climatic Zone

Punjab agro-

Wheat

Parameter Details

Crop Wheat (Triticum aestivum L.)
Cropping Rice—Wheat system|
System (predominant)  with  some

diversification (maize, cotton,
pulses, vegetables)

Growing Season | Rabi (November—April)

Agro-Climatic North-Western Plain Zone of

Zone India

Geographical Approximately 50,362 km?

Area

Topography Predominantly plain  with
minor undulations

Climate Semi-arid to Sub-humid; hot

summers and cool winters

Average Annual | 400-1000 mm

(majority

Rainfall during southwest monsoon)
Temperature 4-7°C (winter minimum) to
Range 42—-46°C (summer maximum)
Major Soil | Alluvial soils: Sandy loam,
Types Loam, Clay loam, Silt loam
Soil pH 7.2-8.5 (neutral to slightly
alkaline)
Irrigation Canal  irrigation  (Bhakra,
Source Sutlej, Beas canals), Tube-

well irrigation (extensive)
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Multiple studies conducted in Punjab and other wheat-
producing areas have shown that nitrogen is the primary
yield-limiting  factor in  wheat agriculture. Nitrogen
enhances vegetative growth, tillering, leaf area
expansion, chlorophyll production, and
photosynthetic  efficiency. Phosphorus is essential for
root development,
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energy transmission, and grain formation, while potassium

governs  water relations, enzyme activation, and stress
tolerance. Deficiencies in these nutrients immediately diminish
agricultural output and grain quality. As a result, the
judicious administration of NPK fertilizers has been
extensively implemented to optimize wheat
productivity.

The Green Revolution era experienced a significant rise in
wheat productivity, chiefly attributable to the implementation
of  high-yielding  varieties and enhanced fertilizer
application. Nevertheless, prolonged reliance on
chemical fertilizers  exclusively has engendered
numerous issues pertaining to soil deterioration, diminished
organic matter, and decreased nutrient-use efficiency. While
exclusive chemical fertilization can give substantial short-term
results, studies suggest that its efficacy diminishes over time
when soil organic matter is lost. Decreased organic carbon
levels adversely impact nutrient retention, soil structure,
water retention capacity, and microbial activity, hence
constraining crop yield.

Organic fertilizers, including farmyard manure (FYM),
vermicompost, chicken manure, compost, green manure, and
crop residues, enhance output through mechanisms that
surpass mere nutrient provision. These compounds augment
soil organic matter, boost soil aggregation, improve
water infiltration, and stimulate microbial activity. Organic
additives foster optimal conditions for root growth and
nutrient absorption. Moreover, they facilitate a gradual and
prolonged release of nutrients during the crop growth phase,
thus minimizing nutrient losses and enhancing fertilizer-use
efficiency.

Numerous long-term investigations have shown that the use of
farmyard manure (FYM) substantially enhances wheat
grain yield in comparison to unfertilized controls. The
advantageous benefits of FYM are ascribed to better soil
structure, elevated microbial  activity, and  improved
nutrient availability. Vermicompost has been shown to
enhance wheat growth by providing necessary nutrients,
growth-promoting  compounds, and beneficial microbes.
Poultry dung, because to its elevated nutritional composition,
has demonstrated significant potential for enhancing wheat
output. Nonetheless, despite their advantages, organic
fertilizers alone may not consistently deliver adequate
nutrients to meet the requirements of contemporary high-
yielding wheat cultivars.
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Table 4.1. Comparative Effects of Different Nutrient
Sources on Wheat Grain Yield

Source: Compiled and synthesized from published

studies on wheat nutrient management in Punjab and
northwestern India (2020-2026)

Table 4.2. Effect of Organic and Chemical

Fertilizers on Yield-Contributing Attributes of Wheat

Treatme | Pla | Effec | Spik | Gra | 1000
nt nt tive e ins -
Hei | Tiller | Len | Spik| Grai
ght s gth e n
(cm | (m?) | (cm) Wei
) ght
®
Control | 78.5 | 255 8.2 34 | 36.5
FYM 88.6 | 298 9.6 40 | 40.2
Vermico | 90.8 | 305 10.1 42 | 41.8
mpost
Poultry | 91.5 | 312 103 | 43 | 42.1
Manure
Treatment Grain Yield Increase
Yield (t Over Control
ha™) (%)
Control 2.50 -
Farmyard Manure 3.45 38.0
(FYM)
Vermicompost 3.82 52.8
Poultry Manure 3.95 58.0
Green Manure 3.75 50.0
100% 4.65 86.0
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Source: Compiled and synthesized from published studies on
integrated nutrient management in wheat production systems
(2020-2026)

The comparative assessment of exclusive organic
fertilization, exclusive chemical fertilization, and integrated
nutrient management demonstrates significant disparities
in their capacity to maintain wheat productivity over time.

Exclusive organic fertilization has numerous benefits
concerning soil  health enhancement and
environmental  sustainability. Organic amendments,

including farmyard manure, vermicompost, poultry manure,

compost, and green manure, significantly augment the
organic matter in the soil, consequently improving soil
structure, aggregation, water retention, and  microbial
activity. These enhancements establish a conducive

rhizosphere environment that facilitates root development and
nutrient absorption. Moreover, organic fertilizers gradually
release nutrients via microbial breakdown, providing a sustained
nutrient supply throughout the crop growth cycle.
Nonetheless,  despite  these advantages, exclusive
organic  fertilization frequently does not meet the nutrient
demands of contemporary high-yielding wheat
varieties, especially within intensive rice—wheat cropping

systems. The comparatively low nutrient content and
gradual nutrient release characteristics of
organic supplements may restrict crop growth during

essential developmental phases, leading to diminished yields
in contrast to balanced chemical fertilization.

Conversely, exclusive chemical fertilization offers readily
accessible nutrients that can be swiftly assimilated by
plants, resulting in prompt enhancements in crop
development and yield. Nitrogen fertilizers encourage
vegetative growth
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and chlorophyll production,
formation and reproductive growth, whereas potassium
improves nutrient transfer and stress resilience. Thus,
chemical fertilizers have been pivotal in the significant
yield increases realized during the Green Revolution.
Nonetheless, the enduring viability of exclusive chemical
fertilization is uncertain. The persistent use of inorganic
fertilizers  without sufficient organic matter restoration
has been linked to a decrease in soil

organic carbon, nutritional imbalances, diminished microbial
diversity, and degradation of soil physical characteristics. This

phosphorus  facilitates root

degradation can  ultimately diminish fertilizer-use
efficiency and lead to stagnation or a decrease in crop
output. Furthermore, excessive application of fertilizers
heightens  the danger of nitrate leaching,
groundwater contamination, greenhouse gas emissions,
and environmental damage.

Integrated nutrient management (INM)

amalgamates the benefits of organic and inorganic nutrient
sources and is progressively acknowledged as the most
efficacious strategy for sustainable wheat production. The
combined effect of organic amendments and artificial
fertilizers enhances nutrient synchronization, ensuring that
crop nutrient requirements are fulfilled during the growth
season. Organic matter improves nutrient retention and
microbial activity, whereas inorganic fertilizers supply
readily available nutrients necessary during periods of
accelerated crop development. Extensive long-term studies
have  shown  that integrated nutrient management
consistently generates greater grain and straw outputs
compared to exclusive

organic or chemical fertilization. Furthermore, INM enhances
nutrient-use efficiency, promotes soil

organic carbon accumulation, increases microbial biomass,
and elevates enzyme activity, consequently improving both
productivity and soil health. These findings corroborate the
prevalent advice of integrated nutrient management as
a crucial technique for maintaining wheat output in the
Punjab agro-climatic zone.

An additional crucial factor is the significance of nutrient
management in preserving yield stability among climatic
stressors.  Climate change 1is anticipated to elevate the
occurrence of droughts, heat waves, and unpredictable rainfall
events, all of which may adversely impact wheat
productivity. Organic additions enhance climate resilience
by improving soil moisture retention, decreasing bulk density,
and facilitating root penetration. Enhanced soil moisture
availability allows crops to more effectively endure periods
of water stress. Moreover, heightened microbial activity
linked to organic matter enhances nutrient cycling and plant
vitality in
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challenging environmental situations. Integrated nitrogen
management enhances crop resilience to temperature
variations and moisture stress by enhancing nutrient
availability and sustaining

optimal soil conditions. Thus, wheat cultivated under
integrated  nutrient ~ management  systems frequently
demonstrates enhanced yield stability across diverse climatic
circumstances compared to crops solely reliant on chemical
fertilizers.

From an economic standpoint, fertilizer
management strategies must enhance output while also
yielding profitable returns for farmers. Despite the potential
for increased labor and transportation expenses associated
with organic fertilizers, their long-term advantages in
enhancing soil fertility and decreasing reliance on synthetic
inputs can augment agricultural profitability. Chemical
fertilizers often deliver swift economic benefits via enhanced

grain production; yet, rising fertilizer costs and
diminishing  nutrient-use  efficiency  may  diminish
profitability in the long term. Integrated nutrient

management presents a financially appealing option since it
enhances fertilizer-use efficiency, boosts production, and
sustains soil productivity.  Numerous  economic
assessments have indicated superior net returns and
benefit—cost ratios for integrated nutrient management
systems relative to exclusive nutrient sources. Consequently,
integrated nutrient ~ management fosters  environmental
sustainability and soil health while offering a feasible
approach to augmenting farm income and securing the long-
term economic viability of wheat production systems in
Punjab.

5. Impact of Organic and Chemical Fertilizers on
Nutrient Absorption

The absorption of nutrients is a crucial determinant

of wheat development, yield, and grain quality. The
absorption of wvital nutrients, including nitrogen (N),
phosphorus (P), and potassium (K), is contingent upon
soil fertility, root development, microbial activity, and
fertilizer management strategies. In the Punjab  agro-

climatic zone, the continuous cultivation of the rice-
wheat system has heightened nutrient  demand,
necessitating effective nutrient management to maintain
crop yield.

Chemical fertilizers supply nutrients in  easily
accessible forms, hence accelerating nutrient
absorption. The judicious administration of NPK
fertilizers  enhances  root  development,  biomass
production, and nutrient uptake. Nitrogen facilitates
vegetative growth and protein synthesis; phosphorus
stimulates root development and energy transfer;
potassium improves nutrient translocation and stress

resilience. Thus, exclusive chemical fertilization
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typically leads to greater nutrient
to unfertilized soils.

Organic fertilizers, including farmyard manure (FYM),
vermicompost, poultry manure, and compost, enhance
nutrient absorption indirectly by improving soil structure,
water retention, organic carbon levels, and microbial
activity. The steady decomposition of organic matter releases
nutrients progressively, enhancing nutrient availability during
the crop growth phase. Organic additions also promote
beneficial bacteria that enhance nutrient mineralization and
cycling.

The optimal nutrition absorption is often attained by Integrated
nutrition Management (INM), which amalgamates organic
and inorganic nutrient sources. Integrated nutrient
management optimizes soil quality, boosts microbial activity,
minimizes nutrient losses, and guarantees a balanced nutrient
supply. Consequently, wheat plants demonstrate enhanced
absorption of macronutrients and micronutrients relative
to exclusive organic or chemical fertilization.

Table S.1. Effect of Different Fertilizer Treatments on
Macronutrient Uptake by Wheat

absorption compared

Treatment | Nitroge | Phosphor | Potassiu
n us Uptake m
Uptake| (kgha™) | Uptake
(kg (kgha™)
ha™)
Control 55 12 48
Farmyard 75 18 70
Manure
(FYM)
Vermicomp 82 20 76
ost
Poultry 86 21 79
Manure
Green 80 19 74
Manure
100% 110 24 95
Recommend
ed NPK
50% NPK + 122 29 108
FYM
75% NPK + 129 32 115
FYM
100% NPK 135 35 120
+FYM
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Source: | CORPINE Kancﬂ%ynth&é&@d frdd? studide4on
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Punjab and Yerhigestern India (2020-2026)
Table 5.2. Effett of Nutrient Management Practices on

Source: Compiled and synthesized from published studies on
nutrient uptake and integrated nutrient management in wheat
production systems (2020-2026).
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Micronutrient Uptake by Wheat

Figure 5.1. Conceptual Relationship Between Nutrient
Management and Nutrient Uptake

6. Soil Biological Properties

Soil biological properties are important indicators of soil

health and sustainability in agricultural ecosystems. The
continuous cultivation of wheat under the rice—wheat
cropping system  has significantly influenced soil

microbial activity,

organic carbon dynamics, and enzymatic processes in the
Punjab agro-climatic zone. Organic fertilizers such as
farmyard manure (FYM), vermicompost, poultry manure,
and crop residues contribute substantial amounts of
organic matter that serve as energy  sources for  soil
microorganisms. Consequently, these amendments enhance
microbial biomass, microbial diversity, soil respiration, and
enzyme activities. In contrast, long-term
dependence on chemical fertilizers alone may improve
crop productivity but often results in reduced microbial
activity and declining soil organic carbon levels.

Several studies have reported that integrated application
of organic and inorganic fertilizers significantly increases
soil organic carbon (SOC), microbial biomass carbon
(MBC), microbial
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biomass  nitrogen = (MBN),  dehydrogenase  activity,
phosphatase activity, and urease activity compared with sole
fertilizer application. Enhanced microbial activity promotes
nutrient mineralization, nutrient cycling, and organic matter
decomposition, thereby improving nutrient availability to
wheat crops. The accumulation of soil organic carbon under
integrated nutrient =~ management also  improves  soil
aggregation, water retention, and long-term soil fertility.
Therefore, soil Dbiological indicators respond positively
to organic amendments and provide valuable insights into
the sustainability of nutrient management practices.

Table 6.1. Effect of Nutrient Management on Soil Organic

Carbon and MistoRial Biglyatdge | Phosphat | Urease
t nase ase Activit
Treatment | AgQuilty MNetisky | [Microbi

Organi al al
Control LLow Biofithss | BibfWss
FYM NG oo AT | Vo |
n (%) (ngg's (nggsoil
oil) )
micom Hich Hich Hich
Gagtrol 0.35 65 - 4
Table 62-Effect PEATCINeNtS0n —Soi

MZW u
Enzyme ylodeTate MlModerate “Moder

N
8. Resear [ Flu Dirdc S ate
c %ﬂ’ 6 bon 35
a

Despite considera 4v2nr‘€:q in | nutrient nagement|
research, s%bg?@y})ﬂﬁao ¥R A ems il}{?MOSt st dilighave
focused pritodi\eK | | 0.58 2908 [ 45

50% NPK + | 0.82 335 60

FYM

100% NPK + | 0.86 345 64

FYM
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7. Inté¥¥4ted NJltYféHtIijﬂhag e Eht Very
Inteddt&d Nutrient Management}hg{\/[) is wﬁ@? regarded as
thg MO effectjve strategy for sustaining |wheat productivity

wi 1lo maintaining
he-mamtainmeg

soil health. The approach combines organic nutrient sources
with chemical fertilizers to ensure balanced

nutrient supply throughout the crop growth cycle. Organic
amendments improve soil structure, microbial activity, and
nutrient retention, whereas inorganic fertilizers provide readily
available nutrients required during periods of rapid crop
growth.

Numerous long-term studies have demonstrated that INM
improves wheat yield, nutrient uptake,

soil organic carbon accumulation, microbial biomass, and
nutrient-use efficiency compared with sole organic or chemical
fertilization. Furthermore, integrated nutrient management
reduces nutrient losses, enhances fertilizer recovery efficiency,
and improves resilience against climatic stress. Consequently,
INM has emerged as a key component of sustainable agriculture

and clirRateaanotet nutrient manageiR éfetctioPUNND.
Table 7.1. Benefits of Integrated Nutrient Management in
Wheat@eed Ydtion Increased
Nutrient Uptake Improved
Nutrient Use Efficiency Enhanced
Soil Organic Carbon Increased
Microbial Biomass Enhanced
Soil Enzyme Activity Improved
Water-Holding Capacity | Improved
Nutrient Losses Reduced
Long-Term Sustainability | Enhanced
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yield responses, whereas limited information is available
regarding long-term impacts on soil microbial diversity,
carbon sequestration, and climate resilience. The integration of
precision agriculture technologies, artificial intelligence, and
site-specific nutrient management remains insufficiently
explored in wheat-based cropping systems. Furthermore,
comprehensive assessments

of nutrient-use efficiency under changing climatic conditions
are still lacking.

Future research should focus on understanding soil microbiome
dynamics, evaluating carbon sequestration potential under
integrated nutrient management, and developing precision
nutrient management strategies tailored to local soil and
climatic conditions. Greater emphasis should also be placed on
biofertilizers, digital agriculture, and climate-resilient nutrient
management approaches.

Table 8.1. Major Research Gaps and Future Research
Priorities

9. Conclusion and Future Perspectives

The evig T Yll i this i thatbpth
. ; o Filltive DiFCEHoR :
organic fan eclé%ml?i%eﬁfemhzers p .':1}%X 1mlp(é)¥t211§t roles |in

sustainingmgﬁgé(pggﬁuctlon n { Méwgéﬁ(ﬁg{gégﬁnatlc zohe.
Organic |fgrtilizets AnpEAYes soil 11#}&%%%1 dig@ﬁxﬂggal, gnd

biological  properties through| enhanced orgaric mafter
. . . (;ANalysIS - -
accumulation and microbial actiyity, while chemical fertilizers

provide fepgilyq aailahle (HirientnrBeAEEHestPAtighieving
high 659Bon studkeductivity. | 4qscbloRisHer, exclusfve
dependenjce on either nutrient| source is insufficient for
ensuring| lppgytedBpavsiynability] Al- and GIS-based

precision nutrient nutrient

management recommendations

Limited climate Long-term climate

resilience studies adaptation experiments

Micronutrient
management gaps

Site-specific nutrient
management

Lack of integrated
digital tools

Precision agriculture
technologies
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Integrated  Nutrient ~Management consistently produces
superior outcomes in terms of wheat yield, nutrient uptake, soil
organic carbon accumulation, microbial biomass, and nutrient-
use efficiency. The combined use of organic manures and
recommended NPK fertilizers enhances soil fertility,
improves biological functioning, and reduces environmental
risks associated with excessive fertilizer use. Therefore,
adoption of integrated nutrient management practices
should be encouraged as a sustainable strategy for
maintaining soil health and ensuring long-term wheat
productivity in Punjab.

Future agricultural policies should promote balanced
fertilization, residue incorporation, precision nutrient
management, and climate-smart farming practices. Further
research on soil microbial ecology, carbon sequestration, and
digital nutrient management technologies will
contribute significantly to the development of resilient and
sustainable wheat production systems in the region.

10. Discussion and Conclusion

This paper emphasizes the crucial need of nutrient
management in maintaining wheat yield, nutrient absorption,
and soil health in the Punjab agro- climatic zone. The
results demonstrate that both

organic and artificial fertilizers significantly influence
wheat production; yet, their efficacy fluctuates based on
application techniques and long- term management strategies.
Chemical fertilizers supply accessible nutrients that facilitate
swift plant development, biomass enhancement, and grain
yield. Their widespread application has been crucial in
attaining elevated wheat yields and bolstering food security
in Punjab. However, persistent dependence on inorganic
fertilizers exclusively has been linked to a decrease in soil

organic carbon, nutritional imbalances, diminished
microbial activity, and a decline in soil quality.
Organic fertilizers, including farmyard manure,

vermicompost, poultry manure, and crop residues, enhance
soil structure, water retention, microbial biomass, and
nutrient cycling. These additions improve soil fertility by
augmenting organic matter content and promoting
biological activity. Nonetheless,  exclusive  organic
fertilization may insufficiently fulfill the nutrient demands of
high- yielding wheat varieties, especially under intensive rice—
wheat cropping systems. Consequently, the sole reliance on
either organic or chemical fertilizers seems inadequate for
guaranteeing long-term agricultural sustainability.

The analysis further illustrates that Integrated
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Nutrient Management (INM) is the most effective approach
for reconciling crop productivity with soil health preservation.
The synergistic application of

organic manures and prescribed NPK fertilizers
consistently yielded superior grain outputs, augmented
nutrient absorption, elevated microbial activity, and.
increased soil organic carbon accumulation in
comparison to singular nutrient sources. Integrated nutrition
management optimizes nutrient-use efficiency, minimizes
nutrient losses, and bolsters resilience to  climatic
challenges, including drought and heat stress. These benefits.
render INM a sustainable and ecologically responsible
method for contemporary wheat production systems.

In summary, sustainable wheat cultivation in Punjab
necessitates a balanced nutrient management approach
that incorporates both organic and inorganic nutrient
sources. Chemical fertilizers are vital for fulfilling crop.
nutrient requirements, whereas organic amendments are
critical for preserving soil biological health and ensuring
long- term fertility. The implementation of integrated
nutrient management strategies can enhance production,
nutrient-use efficiency, and environmental
sustainability, while alleviating the negative impacts of.
intensive agriculture. Future research must concentrate on
precise nutrient management, soil microbiome dynamics,
carbon sequestration, and climate-resilient agricultural
techniques to further improve the sustainability of wheat-
based cropping systems in the Punjab agro- climatic zone.
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