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Abstract

Integrated nutrient management (INM) is increasingly recognized as a promising approach
for sustaining crop productivity while reducing some of the environmental impacts asso-
ciated with intensive agricultural production. This study presents a structured narrative
review with critical evidence synthesis of the published literature examining the effects
of INM on crop productivity, soil health, and greenhouse gas emissions. Relevant studies
were identified through structured searches of Scopus, Web of Science, and Google Scholar,
covering publications from January 2000 to December 2025. Eligible studies included peer-
reviewed field and controlled experiments evaluating the combined application of organic
and inorganic nutrient sources across cereal, legume, and vegetable production systems
under diverse soil types, climatic conditions, and agroecological regions. The findings show
that INM has been associated with improvements in crop yield, soil health, and nutrient
use efficiency across many production systems; however, the magnitude of these responses
varies with crop type, soil properties, climate, organic input quality, and management
practices. Reported yield improvements of approximately 15–25%, reductions in N2O emis-
sions of 15–30%, and decreases in global warming potential of 11–24% represent ranges
reported in the reviewed literature rather than pooled effect estimates. Evidence from
long-term field experiments further indicates that INM can increase soil organic carbon,
improve soil structure, and enhance biological indicators of soil health, although responses
are not uniform across all agroecosystems. In flooded rice systems, for example, improve-
ments in greenhouse gas intensity may occur alongside methane–nitrous oxide trade-offs,
highlighting the importance of evaluating both agronomic and environmental outcomes.

Keywords: integrated nutrient management; yield stability; soil health; GHG mitigation;
precision agriculture; climate resilience

1. Introduction
Global agriculture faces the dual challenge of meeting rising food demand while

reducing environmental degradation. By 2050, the global population is projected to reach
9.7 billion, requiring a 60–70% increase in food production despite shrinking arable land
and intensifying climate stress [1,2]. Since the Green Revolution, yield gains have largely
depended on increased application of mineral fertilizers, particularly nitrogen, phosphorus,
and potassium. Global fertilizer consumption has risen from less than 30 million tons in the
1960s to over 200 million tonnes annually [3]. Although this intensification has strengthened
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food security, it has also contributed to greenhouse gas emissions, nutrient runoff, soil
degradation, and water pollution [4,5]. Conventional nutrient management strategies that
rely solely on synthetic fertilizers are increasingly viewed as environmentally unsustain-
able. Mineral fertilizers provide rapid nutrient availability and short-term yield gains, yet
inefficient application often leads to low nitrogen use efficiency, soil acidification, nitrate
leaching, ammonia volatilization, and elevated nitrous oxide (N2O) emissions [6,7]. Of
particular concern are N2O emissions, whose global warming potential is nearly 300 times
greater than that of carbon dioxide [8]. In contrast, organic fertilizers such as manure,
compost, and crop residues improve soil structure, microbial activity, and soil organic
carbon (SOC) stocks. However, nutrient release from organic inputs is slower and often
poorly synchronized with crop demand, limiting productivity when applied alone [9,10].
Consequently, systems dependent exclusively on either mineral or organic fertilizers rarely
achieve both high productivity and long-term environmental sustainability.

Integrated Nutrient Management (INM) has emerged as a strategy to overcome these
limitations. INM combines mineral fertilizers with organic amendments to balance immedi-
ate nutrient availability with sustained soil improvement [11,12]. This approach enhances
nutrient use efficiency, stimulates soil biological activity, supports stable crop yields, and
reduces nutrient losses [13,14]. Growing evidence also indicates that INM promotes soil
organic carbon accumulation, improves soil structure, moderates greenhouse gas emissions,
and positions it as a key component of climate-smart agriculture [15]. However, the strength
and consistency of these outcomes vary substantially across crops, climates, soil types,
input combinations, and experimental durations, making broad generalizations difficult
to justify from the current evidence base. Despite the growing body of research on INM,
the existing literature remains fragmented across the agronomic, soil, and environmental
domains. Many studies evaluate crop yield, soil properties, or greenhouse gas emissions
independently, often within specific regions or cropping systems [16]. Although long-term
experiments report productivity gains and emission reductions under INM, few studies
discuss these outcomes within an integrated framework [17]. In addition, previous reviews
have often emphasized agronomic benefits without sufficiently examining trade-offs among
yield performance, soil health improvement, greenhouse gas mitigation, and the practical
barriers that shape adoption at the farm level. Issues such as inconsistent greenhouse gas
accounting, geographic concentration of studies, crop-specific bias, and limited attention
to economic and logistical constraints have reduced the comparability and real-world
applicability of published findings [18,19].

Representative studies were selected based on agronomic and environmental out-
comes to highlight differences in scope, methodology, and research focus, as shown in
Table 1. While INM is widely promoted as a climate-smart agronomic strategy, its empirical
foundation remains constrained by methodological fragmentation, geographic and crop
biases, inconsistent greenhouse gas accounting, and unaddressed scalability barriers [20].
Accordingly, the novelty of this review lies not simply in summarizing reported benefits
of INM, but in critically assessing whether available evidence supports integrated claims
across productivity, soil health, greenhouse gas trade-offs, and adoption feasibility. Rather
than assuming that positive findings are universally transferable, this review evaluates
where the evidence is robust, where it is context-specific, and where important uncertainties
remain due to uneven regional coverage, short-term experimentation, or inadequate treat-
ment of trade-offs. This review critically evaluates the strength, consistency, and contextual
validity of INM evidence to determine where the approach is robust, where claims are
overstated, and what paradigm shifts are needed for real-world implementation.

https://doi.org/10.3390/agronomy16181815

https://doi.org/10.3390/agronomy16181815


Agronomy 2026, 16, 1815 3 of 30

Table 1. Comparison of the scope, methodological characteristics, and evidence synthesized in
representative reviews related to integrated nutrient management.

Dimension [21] [22] [23] [24] [25] Current Review

Primary
scope

Sustainable
nutrient
management
under climate
change

Fertilizer-
related
greenhouse
gas emissions

Crop
productivity
and environ-
mental
efficiency

Organic
nutrient
sources and
crop
production

Nitrogen
deposition and
environmental
impacts

Integrated organic–inorganic fertilizer
management across crop productivity,
soil health, and greenhouse gas
emissions

Review
approach

Systematic
review

Narrative
and
quantitative
synthesis

Review of
long-term
experimental
evidence

Narrative
review

Review of
environmental
datasets

Structured literature review of short-
and long-term field studies

Evidence
synthesized

Crop
productivity,
soil fertility
and climate
resilience

Greenhouse
gas emissions

Long-term
agronomic
performance

Organic
nutrient
management

Nitrogen
cycling and
environmental
impacts

Crop yield, soil physical, chemical,
and biological properties, greenhouse
gas emissions, and management
practices

Geographical
emphasis Global Global Mainly China Global Mainly China Global, including studies from major

agroecological regions

Time period
covered 1998–2024

Earlier
studies to
recent
literature

Long-term
experiments
(>20 years)

Literature up
to 2018

Recent nitrogen
datasets Published literature from 2000–2025

Soil health
assessment Included Limited Included Moderate Limited

Includes soil organic carbon, soil
physical properties, and microbial
responses

Greenhouse
gas
assessment

Included Primary
focus Limited Limited Environmental

impacts only

Includes N2O, CH4, greenhouse gas
intensity, and global warming
potential

Crop
productivity
assessment

Included Limited Primary
focus

Primary
focus Limited Evaluates yield responses across

major cropping systems

Socio-
economic and
policy consid-
erations

Included Minimal Limited Limited Limited
Discusses adoption challenges,
economic considerations, and policy
implications

Emerging
technologies

Precision
agriculture
and climate-
smart
practices

Limited Agronomic
management

Organic
nutrient
management

Environmental
monitoring

Discusses omics approaches,
precision nutrient management, and
decision-support technologies

Distinct
contribution

Focuses on
climate-
resilient
nutrient
management

Focuses on
fertilizer-
related
greenhouse
gas emissions

Focuses on
long-term
productivity
and environ-
mental
efficiency

Focuses on
organic
nutrient
sources

Focuses on
nitrogen
deposition

Brings together evidence on
agronomic, soil, environmental,
technological, and adoption aspects of
integrated organic–inorganic fertilizer
management while highlighting areas
of agreement, variability, and
evidence gaps across studies.

2. Materials and Methods
This study reviews existing research to examine how INM affects crop yields, soil

health, and greenhouse gas emissions. The review was conducted as a structured narrative
review with a critical evidence synthesis rather than as a formal systematic review or
meta-analysis. Accordingly, the objective was to comprehensively evaluate and critically
interpret the existing literature while identifying areas of agreement, conflicting evidence,
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methodological limitations, and research gaps across different agroecological settings.
Studies were critically appraised based on four dimensions: (1) experimental design and
study duration, (2) consistency and robustness of reported agronomic, soil health, and
greenhouse gas outcomes, (3) agroecological and socio-economic representativeness, and
(4) transparency in reporting study limitations and uncertainties [26]. Rather than assigning
formal quality scores, these criteria were used to guide the critical interpretation and
synthesis of the available evidence. Greater interpretative emphasis was placed on long-
term field experiments, multi-location studies, and findings consistently supported across
multiple independent investigations.

We identified relevant publications through structured searches in Scopus, Web of
Science and Google Scholar. The literature search was conducted between October and
December 2025. Our search covered studies published from January 2000 to December 2025,
capturing both foundational and recent work. We used a variety of keywords, including
“organic fertilizer,” “inorganic fertilizer,” and “integrated nutrient management,” along
with “crop yield,” “soil health,” and “greenhouse gas emissions,” to identify relevant stud-
ies. Representative Boolean search strings included: (“integrated nutrient management”
OR “integrated fertilization” OR “organic fertilizer” OR manure OR compost OR “crop
residue”) AND (“inorganic fertilizer” OR “mineral fertilizer” OR NPK OR urea) AND
(“crop yield” OR productivity OR “soil health” OR “soil organic carbon” OR “microbial
diversity” OR “greenhouse gas” OR N2O OR CH4). Equivalent search terms were adapted
as needed for each database. We also included related terms such as “manure application”,
“soil organic carbon”, and “nitrous oxide emissions” to ensure comprehensive coverage of
the topic. Studies were selected if they focused on integrated nutrient management and
reported results on crop performance, soil properties, or greenhouse gases. Specifically,
eligible studies investigated the combined use of organic and inorganic nutrient sources
and reported measurable agronomic, soil physical, chemical, or biological nutrient use
efficiency, or greenhouse gas outcomes under field, long-term, or controlled agricultural
conditions. We considered both short-term experiments and long-term field studies from
different farming regions worldwide. Manuscripts published in English were chosen for
this review.

Studies were excluded if they evaluated only organic or only inorganic fertilizers
without an integrated nutrient management component, lacked relevant agronomic or
environmental outcome measures, were conducted exclusively under laboratory conditions
without field relevance, or consisted solely of conference abstracts, editorials, theses, or
other non-peer-reviewed publications. Additionally, review papers were consulted to help
consolidate the findings and give a useful background. Backward citation searching of influ-
ential reviews and highly cited primary studies was also undertaken to identify additional
relevant literature. Because this was a structured narrative review rather than a systematic
review, no formal PRISMA protocol, study quality scoring, or quantitative risk-of-bias
assessment was performed. Instead, evidence was critically synthesized by comparing
methodological strengths and weaknesses, consistency of findings, and contextual factors
influencing study outcomes. Where contradictory findings were identified, these were
deliberately retained and interpreted in relation to differences in soil type, climate, cropping
system, fertilizer source, management practice, and experimental duration to provide a
balanced assessment of the current evidence. Python 3.12.13 was used for visualization,
including the generation of line graphs, bar charts, and other graphical outputs.

A summary of key methodological limitations, inconsistencies, and interpretative
challenges identified in the literature, including short-term experimental bias in yield
studies, inconsistent greenhouse gas accounting approaches, and overinterpretation of
microbial diversity as a proxy for soil functional resilience was developed using the ap-
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praisal framework presented in Table 2. This framework provided a consistent basis for
evaluating the strength, consistency, and contextual relevance of the available evidence
while supporting a balanced synthesis of both positive and contradictory findings across
the reviewed literature.

Table 2. Critical review framework of integrated INM research across the study, highlighting key
methodological gaps and inconsistencies.

Current Section Critical Appraisal Framework

Crop Yield &
Quality

Evaluate experimental duration, fertilizer combinations, baseline soil fertility, climatic variability,
crop type, and consistency of reported yield responses. Greater emphasis was placed on long-term
and multi-location studies, while contradictory findings were interpreted within their
agroecological context.

GHG Emissions
Assess whether studies reported field-scale emissions or life-cycle assessments, distinguished
absolute greenhouse gas emissions from greenhouse gas intensity, and adequately considered
CH4–N2O trade-offs under different production systems.

Soil Health &
Microbes

Evaluate whether studies assessed multiple indicators of soil health, distinguished microbial
diversity from functional activity, acknowledged methodological limitations (e.g., reliance on 16S
rRNA sequencing alone), and discussed uncertainty in interpreting microbial responses.

Evidence
Integration

Assess the consistency, methodological quality, geographic representativeness, and reproducibility of
reported findings. Contradictory evidence was retained and synthesized to identify knowledge gaps,
methodological limitations, and areas requiring further investigation rather than drawing
universal conclusions.

3. Comparison of Organic and Inorganic Fertilizers
Organic fertilizers are derived from biological sources and release nutrients through

microbial decomposition, thereby improving soil structure and water retention. For exam-
ple, individual long-term field studies have reported that farmyard manure (FYM) applied
at approximately 5–10 t ha−1 can increase soil organic carbon (SOC) over time, although the
magnitude of improvement varies considerably with soil type, climate, and management
practices [16]. Inorganic fertilizers, such as urea, provide immediate N availability, which
often increases crop productivity in nitrogen-deficient soils; however, excessive nitrogen
application can reduce nitrogen use efficiency and increase nitrogen losses through multiple
pathways, including nitrate leaching, ammonia volatilization, and nitrous oxide (N2O)
emissions [27]. The agronomic advantage of INM lies in the complementary timing of
nutrient release: mineral fertilizers supply readily available nutrients during early crop
growth, while organic amendments provide gradual nutrient release and improve soil
physical and biological properties. Nevertheless, evidence remains geographically uneven,
with much of the published literature originating from Asian production systems and
comparatively fewer studies conducted in African agroecosystems [28].

As shown in Table 3, both organic and inorganic fertilizers present distinct advantages
and limitations. This highlights the need for INM as a balanced approach that can bridge
these gaps and optimize both productivity and environmental outcomes. Evidence from
individual studies in rice production systems suggests that combining FYM with mineral
fertilizers can reduce nutrient losses relative to sole mineral fertilization, although the mag-
nitude of these responses varies among sites and management conditions [29]. However,
challenges include the availability of high-quality organic products in resource-poor areas,
calling for policy support for supply chains [30]. A recent global meta-analysis further
reported that organic amendments generally improve soil aggregate stability compared
with sole inorganic fertilization, although the reported effect sizes differ among amendment
types, cropping systems, and soil conditions [31]. In contrast, inorganic sources excel at pre-
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cision delivery but may contribute to soil acidification or salinity under long-term intensive
use, particularly in irrigated systems, depending on fertilizer type, application rate, and
soil buffering capacity. To mitigate this, INM protocols recommend biofortified organics,
such as micronutrient-enriched vermicompost, which, in individual studies, have been
reported to improve zinc and iron uptake in cereal crops compared with conventional fertil-
ization strategies [13]. Furthermore, life-cycle assessment studies indicate that integrating
organic and inorganic nutrient sources may reduce the overall environmental footprint by
improving nutrient recycling efficiency and promoting circular use of agricultural residues;
however, these benefits depend on the source, transport distance, and management of
organic amendments [32].

Table 3. Comparisons of organic and inorganic fertilizers, highlighting INM as a bridging approach
across agronomic, environmental, and economic aspects.

Dimension Organic Fertilizers Inorganic Fertilizers INM as a Bridging Strategy

Nutrient
Release
Kinetics

Slow and biologically mediated
nutrient release, with nutrient
availability influenced by
organic material quality and
environmental conditions.

Rapid nutrient availability
allows precise nutrient
application but increases the risk
of nutrient losses when poorly
synchronized with crop demand.

Combines rapid nutrient supply with
gradual nutrient release to improve
synchronization between nutrient
availability and crop demand.

Yield and
Productivity

Supports long-term soil fertility
but may not satisfy peak crop
nutrient demand during early
growth stages.

Provides rapid yield responses,
particularly in nutrient-deficient
systems, but excessive reliance
may reduce long-term soil
quality.

Balances short-term productivity with
long-term soil improvement, although
responses remain highly dependent on
crops, soil, climate, and management
practices.

Environmental
Risks and GHG
Emissions

May reduce dependence on
synthetic fertilizers but can
increase CH4 emissions in
flooded systems and introduce
contaminants if poorly
processed.

Greater risk of nitrate leaching,
ammonia volatilization, and
N2O emissions under inefficient
fertilizer management.

Can improve nutrient use efficiency
and reduce environmental losses,
although mitigation benefits vary with
fertilizer type, application timing, and
site conditions.

Soil Health and
Microbial
Dynamics

Improves soil structure and
organic matter content and
supports diverse microbial
communities.

Limited contribution to soil
organic matter; excessive use
may degrade soil structure and
microbial diversity.

Maintains soil organic matter while
supplying readily available nutrients,
supporting both soil function and crop
growth when appropriately managed.

Scalability and
Practical
Considerations

Often locally available but
constrained by bulky materials,
variable nutrient composition,
transport costs, labour
requirements, storage limitations,
and inconsistent nutrient release.

Easily scalable and widely
available, but can be expensive
and dependent on external
inputs.

Combines locally available organic
resources with mineral fertilizers to
improve nutrient management
flexibility; however, successful
implementation depends on reliable
organic input quality, labour
availability, appropriate application
timing, and local economic conditions.

Table 4 shows how INM integrates these elements to achieve holistic sustainability,
aligning with the UN Sustainable Development Goals 2 (Zero Hunger) and 13 (Climate
Action). Furthermore, interdisciplinary perspectives, such as socio-economic factors, em-
phasize INM’s potential to support smallholder farmers in developing regions by reducing
input costs and enhancing resilience [27,33].
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Table 4. Key concepts in the INM framework.

Concept Definition Relevance to INM Study References

Organic Fertilizers Biodegradable materials (e.g., manure,
compost) provide slow-release nutrients.

Enhances SOC and microbial activity;
reduces leaching [16]

Inorganic Fertilizers Synthetic compounds (e.g., urea, NPK) for
rapid nutrient supply.

Boosts immediate yields but risks N2O
spikes [29]

GHG Emissions Atmospheric releases (N2O, CH4, CO2) from
agricultural processes.

INM mitigates by 15–30%;
context-dependent [34]

Soil Health
Multifaceted state, including physical
(porosity), chemical (pH, nutrients), and
biological (enzymes) properties.

INM improves SOC by 12–25%;
sustains fertility [35]

Microbial Diversity The variety and abundance of soil biota (bacteria
and fungi) influence nutrient cycling.

Boosted by organics; links to emission
patterns [36]

Expanding on the socio-economic dimensions, the adoption of INM has been linked
to improved farmer livelihoods in low-income regions where access to synthetic fertilizers
is limited by cost and availability. Studies from sub-Saharan Africa have demonstrated
that integrating locally sourced organic inputs, such as crop residues and leguminous
cover crops, can reduce fertilizer expenditures by up to 40% while maintaining yields and
fostering economic resilience [37]. Moreover, participatory approaches involving farmer
cooperatives have accelerated INM diffusion, as evidenced by Indian case studies in which
community-led soil testing programs enhanced nutrient optimization and equity in resource
distribution [38]. These perspectives emphasize INM’s role not only in environmental
stewardship but also in addressing social inequalities within global food systems.

3.1. Soil Health, Nutrient Balance, and Microbial Diversity

Soil health reflects the integrated functioning of soil physical structure, chemical
balance, and biological activity, which are strongly shaped by nutrient management prac-
tices [19,39]. Excessive or imbalanced application of mineral fertilizers, particularly nitro-
gen, phosphorus, and potassium, can disrupt soil chemical equilibrium and alter microbial
community composition, ultimately undermining long-term soil fertility. These chemical
shifts suppress microbial biomass, reduce arbuscular mycorrhizal fungal colonization, and
favor nitrifying and denitrifying functional groups at the expense of broader microbial
diversity [6,39]. However, changes in microbial community composition do not necessarily
translate into changes in ecosystem functioning, as taxonomic diversity and functional
capacity are not always directly correlated. Consequently, microbial responses should be
interpreted alongside functional indicators of nutrient cycling and soil processes rather
than solely on diversity metrics [40].

Long-term nitrogen overapplication has been associated with simplified microbial
networks and reduced functional redundancy, thereby weakening soil resilience and
nutrient-cycling capacity [41]. Phosphorus imbalance similarly alters interactions among
soil microbes. Excess soil phosphorus also weakens symbiotic associations with arbuscular
mycorrhizal fungi, thereby reducing the efficiency of biological phosphorus acquisition
and increasing the risk of runoff [42,43]. INM moderates these effects by enhancing organic
matter inputs that stimulate microbial phosphatase activity and support functional bacterial
groups such as Actinobacteria and Proteobacteria [44]. Although several 16S rRNA se-
quencing studies have reported increased relative abundance of these taxa under integrated
fertilization regimes, such findings primarily reflect shifts in community composition rather
than direct evidence of enhanced microbial function [43]. Functional processes such as
phosphorus solubilization, nutrient turnover, or pathogen suppression require confirma-
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tion using complementary approaches, including metagenomics, metatranscriptomics,
enzyme assays, or functional gene analyses. In contrast, excessive potassium inputs can
disrupt calcium and magnesium balance, increase soil salinity, and impose osmotic stress
on microbial communities, particularly in light-textured or weakly buffered soils [45].

By balancing macronutrient inputs, INM maintains exchangeable cation ratios and
maintains soil buffering capacity, supporting more stable and diverse microbial commu-
nities. Nevertheless, reported microbial responses remain highly context-dependent and
vary according to soil type, climate, cropping system, organic amendment quality, and
experimental duration. Several studies have reported limited or statistically insignificant
changes in microbial diversity following INM, particularly in soils with relatively high
baseline fertility or during short-term experiments, suggesting that responses are not uni-
versally positive [46]. Micronutrient dynamics also play a critical role in shaping soil health.
Elements such as zinc, iron, copper, and manganese are essential cofactors in microbial
metabolic processes, yet excessive accumulation, often associated with repeated applica-
tion of mineral fertilizers or manure, can inhibit microbial respiration and reduce species
diversity [43,47]. In addition, antibiotic residues present in some organic amendments
pose emerging risks by disrupting microbial gene expression and community structure.
Integrated nutrient strategies that emphasize organic matter quality and controlled input
rates help mitigate these risks by promoting metal immobilization, enhancing binding with
soil organic carbon, and improving redox buffering [47].

Evidence from long-term field experiments demonstrates that INM enhances biological
indicators of soil health, including dehydrogenase activity, which increases by approxi-
mately 25–40% under integrated fertilization. Enhanced microbial activity improves soil
aggregation and pore continuity, increasing water infiltration and reducing bulk density
by 5–10% [39]. These physical improvements strengthen soil water-holding capacity and
resistance to erosion. In stressed environments such as saline soils, INM has been shown
to increase microbial diversity, as indicated by a 12–15% rise in the Shannon diversity
index. However, increases in diversity should not be interpreted as evidence of improved
soil resilience without concurrent measurements of microbial functional activity, nutrient
transformation, or ecosystem processes [28]. Indeed, several studies suggest that functional
redundancy and microbial metabolic capacity may be more informative indicators of soil
resilience than diversity indices alone.

Recent advances in soil health monitoring further highlight the multifunctional ben-
efits of INM. Composite indicator frameworks integrating biological, hydrological, and
physical metrics report consistent improvements in water infiltration rates of 2–30% and en-
hanced nutrient uptake efficiency, particularly phosphorus efficiency in low-P soils [39]. Al-
though challenges persist in soils contaminated by heavy metals or legacy fertilizer residues,
bioremediation through organic amendments within INM frameworks has demonstrated
substantial recovery of microbial diversity and function [47]. However, the strength of
evidence varies among studies because measurements often rely on taxonomic indicators
without a corresponding assessment of microbial functional genes or ecosystem processes.
Future research should therefore integrate taxonomic, functional, biochemical, and physic-
ochemical indicators to provide a more comprehensive assessment of soil health responses
under integrated nutrient management [48]. Long-term evidence supports the adoption of
standardized monitoring protocols to track these dynamics across pedoclimatic regions
and ensure the sustainability of integrated nutrient management systems [49].

The interactions between organic and inorganic nutrient inputs and their effects on
soil processes and crop performance are shown in Figure 1. This outline progresses from
historical models, such as the Green Revolution’s input escalation, to modern sustainability
prototypes, such as the FAO’s 10 Elements of Agro-ecology, which emphasize recycling
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and resilience. To add depth, the outline now includes a socio-ecological element, in
which community involvement in INM design improves adoption and equity [50]. In Latin
American conditions, indigenous practices such as agroforestry, when integrated with
INM, have boosted biodiversity and increased ecosystem services by 15–25%, including
pollination and pest control [51]. These broader ecosystem benefits further illustrate that
the effectiveness of INM should be evaluated using multiple agronomic, environmental,
and ecological indicators rather than relying solely on changes in microbial diversity.

3.2. Limitations and Mixed Responses of INM on Soil Microbial Dynamics

Building on the discussion in the previous section, it is important to recognize that
improvements in microbial diversity or community composition under INM do not consis-
tently translate into enhanced soil function or agronomic performance. Reported responses
vary considerably across studies, highlighting the context-dependent nature of soil micro-
bial processes and the need for cautious interpretation of positive findings [52]. Although
INM is often associated with improved soil microbial health, its effects are not always
positive. Some studies report little or no change in microbial biomass or diversity, espe-
cially in soils that are already fertile or rich in organic matter. In such cases, microbial
communities may already be stable, so additional inputs do not lead to noticeable improve-
ments. Similarly, short-term studies often show minimal changes, suggesting that microbial
responses to INM take time to develop [53]. Likewise, several agronomic studies have
reported neutral or inconsistent yield responses where existing soil fertility is high, nutrient
inputs are already optimized, or environmental conditions limit crop response, indicating
that the benefits of INM are not universal.

Figure 1. Overview of the main pathways through which INM influences soil health, nutrient use
efficiency, crop productivity, and greenhouse gas emissions.

There are also situations where INM can have negative effects, particularly when the
quality of organic inputs is poor. For example, animal manures may contain antibiotic
residues or other contaminants that can disrupt the soil microbial balance and promote the
emergence of resistant strains [54]. Poorly composted manures may also introduce heavy
metals, weed seeds, or human and plant pathogens, creating additional environmental and
agronomic risks that may offset some of the expected benefits of organic amendments. Ex-
cessive application of organic materials can also create oxygen-limited conditions, reducing
the activity of beneficial aerobic microbes. In some systems, poor synchronization between
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organic and inorganic inputs may lead to temporary nutrient imbalances, such as nitrogen
immobilization [55]. During this period, microbial assimilation of available nitrogen may
temporarily reduce nutrient availability to crops, resulting in reduced early crop growth or
short-term yield penalties, particularly where high-carbon organic materials are applied
without adequate mineral nitrogen supplementation [56]. This can slow down microbial
activity and nutrient cycling, especially in nutrient-poor soils. In addition, climate stress,
such as high temperatures or drought, can limit the positive effects of INM by reducing
microbial activity or favoring stress-tolerant species over diverse communities [57]. Simi-
larly, excessive rainfall may accelerate nutrient leaching or alter microbial processes, further
contributing to inconsistent responses across environments.

Another concern is that increased microbial activity under INM may enhance denitri-
fication, thereby increasing N2O emissions. This highlights a potential trade-off between
improving soil biology and minimizing environmental impacts. These trade-offs under-
score that improvements in one ecosystem function may sometimes entail unintended
consequences in another, underscoring the importance of evaluating multiple indicators
of soil and environmental performance simultaneously [58]. Finally, it is important to
recognize that positive results are more frequently reported in the literature, which may
lead to an overestimation of INM benefits. Publication bias remains an important limitation
within the current evidence base, as studies reporting significant improvements in crop
productivity, soil health, or microbial diversity are generally more likely to be published
than studies reporting neutral or negative outcomes. Consequently, the available literature
may overrepresent favorable responses and underestimate the frequency of context-specific
or inconsistent results [59]. Including neutral and negative findings provides a more bal-
anced and realistic understanding of its impacts. Publication of well-designed studies
should be prioritized regardless of outcome while incorporating longer-term experiments,
functional microbial assessments, and standardized reporting frameworks to better resolve
the variability in INM responses across different agroecosystems [60].

3.3. Nutrient Interaction Model

Figure 2 presents a conceptual synthesis of mechanisms reported in the published
literature rather than a new mechanistic model developed in this review. The schematic
integrates current understanding of how organic and inorganic nutrient inputs may interact
to influence nutrient availability, soil biological processes, and crop performance under
INM. The proposed interactions should therefore be interpreted as evidence-informed
conceptual pathways rather than direct causal relationships that occur consistently across
all agroecosystems [61]. INM enhances nutrient use efficiency through combined interac-
tions between soil biological processes and fertilizer nutrients (Figure 2). Evidence from
individual experimental studies suggests that organic amendments can stimulate microbial
activity, thereby enhancing the solubilization of inorganic nutrients. For example, one
study reported that farmyard manure increased the abundance of phosphate-solubilizing
bacteria (PSB) by approximately 45% and improved phosphorus availability from rock
phosphate by about 28%; however, these values reflect findings from a single study rather
than generalized responses across INM systems [62]. Similarly, the timing and magnitude
of microbial priming effects vary with organic amendment characteristics, soil properties,
environmental conditions, and crop management. This priming effect has been reported to
be most pronounced in the first 30 days post-application, aligning with peak crop demand
during vegetative growth [63].

The studies presented in Table 5 generally demonstrate that combining organic and
inorganic nutrient sources has been associated with improved crop productivity and
soil quality through different mechanisms, including changes in microbial activity, im-
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proved nutrient use efficiency, and better synchronization of nutrient availability with
crop demand. However, the dominant mechanism and the magnitude of response differ
considerably across studies due to variations in soil properties, climate, cropping systems,
fertilizer sources, and experimental duration. Consequently, the evidence supports mul-
tiple context-dependent pathways rather than a single universal mechanism underlying
INM performance [27,28,43]. Building on the conceptual framework, recent theoretical
extensions incorporate rhizosphere engineering to explain how root exudates modulate
microbial communities and influence nutrient transformations in the rhizosphere. Evidence
from individual maize experiments indicates that organic priming may increase nitrogen
fixation by free-living diazotrophs by approximately 20–30%, potentially reducing the
requirement for synthetic nitrogen fertilizers under favorable conditions [64,65]. Neverthe-
less, these responses remain highly dependent on microbial community composition, soil
physicochemical properties, and environmental conditions and should not be generalized
across all production systems. Limitations include variability in microbial responses across
soil types, necessitating tailored models for practical application.

Figure 2. Mechanistic Pathway Linking Organic Inputs to Improved Nutrient Use Efficiency, Yield
Stability, and Soil Health.

Table 5. Selected examples of mechanisms reported in studies evaluating INM.

Study Crop Organic
Input

Inorganic
Input Main Mechanism Observed Yield Increase Soil Effect

[16] Rice FYM NPK Enhanced microbial activity +20% ↑ SOC
[27] Maize Compost Urea Improved NUE +18% ↑ Microbial biomass
[28] Wheat Residues NPK Better nutrient synchronization +15% ↑ Enzyme activity
[43] Rice Manure NPK Increased diversity +22% ↑ SOC

The upper arrow indicates an increase in the soil effect metrics.
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3.4. Crop Yield and Quality Changes and Trade-Offs Under Different Conditions

Across empirical studies, many individual studies report that sole inorganic fertiliza-
tion increases yield relative to unfertilized controls, although the magnitude of response
varies substantially with crop type, soil fertility, climate, and fertilizer management [33].
However, prolonged reliance on mineral fertilizers without adequate organic inputs has
been associated with declining soil quality, reduced soil organic matter, and deterioration of
selected crop quality attributes in some long-term studies. In contrast, organic-only systems
tend to stabilize yields and reduce year-to-year variability, yet frequently limit productivity
due to nitrogen-release constraints, particularly for high-demand cereals [66]. INM has
therefore been proposed as an approach to balance short-term nutrient availability with
long-term soil improvement. Evidence from several studies indicates that integrated fertil-
ization strategies may improve crop productivity compared with sole organic or inorganic
fertilization; however, the magnitude of these benefits is highly context-dependent [67]. In
cereals, legumes, and vegetables, some studies have reported that fertilizer combinations
containing approximately 50–75% inorganic fertilizers with 25–50% organic inputs were
associated with improved yield and crop quality compared with single-input systems; these
proportions should be regarded as context-specific observations rather than universally
optimal recommendations (Figure 3). These benefits stem from nutrient alignment whereby
mineral fertilizers meet early crop demands and organic inputs sustain nutrient availability
during later growth stages, thereby enhancing rhizosphere activity [68].

Figure 3. Effect of Organic–Inorganic Fertilizer Ratios on Crop Yield Response in Different Crop-
ping Systems.

However, yield responses vary depending on soil type and initial fertility. Sandy soils
often show short-term yield gains due to rapid nutrient mineralization and limited organic
matter stabilization, whereas clayey and fine-textured soils tend to exhibit greater long-
term benefits, such as SOC buildup and improved nutrient retention [69]. This explains
why long-duration trials (>10 years) report smaller yield increases (10–12%) but much
greater yield stability and improvements in crop quality, including higher antioxidant
levels and protein in vegetables and legumes [33,70]. Crop functional type also influences
INM effectiveness. For example, several studies suggest that legumes may benefit from
relatively higher proportions of organic inputs due to interactions with biological nitrogen
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fixation and phosphorus mobilization, whereas cereals often respond more favorably to
greater mineral nutrient availability during early growth [27]. Nevertheless, these patterns
are not consistent across all production systems and should not be interpreted as fixed
fertilizer recommendations. In systems with soybean, green gram, and black gram, adding
bioinoculants enhances these effects, increasing yields (18–25%) and nutritional quality
through improved microbial-mediated nutrient supply [47].

Importantly, not all studies report positive agronomic responses to INM. In soils with
high inherent fertility or where nutrient management is already optimized, integrated
fertilization may produce little or no additional yield advantage compared with mineral
fertilization alone. Likewise, short-term incorporation of high-carbon organic amendments
may temporarily immobilize nitrogen, delaying nutrient availability during early crop
growth and reducing initial crop performance [71]. The effectiveness of INM may also
be constrained by poor-quality manure or compost with variable nutrient composition,
contamination risks, or inadequate stabilization before field application. In addition, bulky
organic materials often require greater labor inputs, higher transport costs, greater storage
capacity, and timely field incorporation, creating practical barriers to adoption, particularly
in large-scale or labor-limited farming systems. Delayed nutrient mineralization from some
organic amendments may further reduce synchrony between nutrient supply and crop
demand, particularly under cool or dry environmental conditions [72].

Despite these positive trends, methodological limitations affect interpretation. Many
studies are short-term (less than 5 years) and primarily focus on temperate regions, po-
tentially overestimating immediate benefits and underestimating variability and nutrient
losses in tropical areas. Conversely, evidence indicates that INM works best in low-fertility
soils, where organic amendments help replenish micronutrients, such as Zn and Fe, de-
pleted by intensive farming [73]. Conversely, responses are frequently smaller or absent in
fertile soils where nutrient availability is already sufficient, highlighting that baseline soil
conditions strongly influence the agronomic benefits of INM. However, it requires careful
management in high-rainfall or nutrient-rich systems to prevent imbalances [46].

4. Greenhouse Gas Emissions and Mitigation
The influence of INM on GHG emissions, as shown in Figure 4, reflects a complex in-

teraction among nitrogen form, soil aeration, carbon availability, and crop uptake efficiency.
The effects of INM on greenhouse gas emissions are highly dependent on the cropping
system, soil properties, climatic conditions, fertilizer management, and the emission metric
being evaluated. Consequently, field-scale, life-cycle, absolute, and yield-scaled emissions
should be interpreted separately to avoid oversimplification [74]. Studies conducted in
upland cropping systems have reported that sole inorganic fertilization tends to increase
N2O emissions under conditions of excessive nitrogen application and low nitrogen use
efficiency. Several individual field studies further suggest that integrated nutrient man-
agement may reduce field-scale N2O emissions relative to sole mineral fertilization, with
reported reductions commonly ranging from approximately 15–30% depending on site
conditions and management practices [29]. These values represent reported ranges from
the literature rather than universally observed responses.
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Figure 4. Heatmap of Comparative Greenhouse Gas Emission Responses under Different Organic–
Inorganic Fertilization Systems.

In flooded rice systems, however, trade-offs are more evident. The addition of organic
amendments increases carbon availability under anaerobic conditions, thereby stimulating
methanogenesis and may increase CH4 emissions relative to mineral fertilization alone
in some studies. This illustrates the well-recognized CH4–N2O trade-off in flooded rice
systems, whereby practices that reduce N2O emissions may simultaneously increase CH4

production, or vice versa, depending on water management, organic amendment charac-
teristics, and soil redox conditions [62]. Importantly, this increase in absolute emissions
(i.e., total GHG fluxes per unit area) does not necessarily translate into a higher overall
climate impact. When emissions are expressed as greenhouse gas intensity (GHGI), that
is, emissions per unit of crop yield, INM systems often show improvements [75]. This is
because enhanced nutrient use efficiency and higher yields dilute emissions per unit of
production, and several studies have therefore reported reductions in yield-scaled global
warming potential or greenhouse gas intensity of approximately 11–24% under integrated
nutrient management [75]. These reported reductions are derived from individual studies
and literature ranges rather than pooled estimates across all production systems. This
difference between absolute emissions and GHG intensity is critical to interpreting INM’s
environmental performance. Long-term experiments frequently report stable or slightly in-
creased total emissions, while simultaneously demonstrating lower GHGI due to sustained
yield gains [76]. Accordingly, INM may improve climate efficiency without necessarily
reducing absolute greenhouse gas emissions, particularly where increased crop productiv-
ity offsets total emissions on a yield basis. This distinction is especially important when
interpreting greenhouse gas mitigation claims across contrasting production systems [77].

Soil properties further influence these outcomes. In neutral-to-alkaline soils (e.g., Cher-
nozems), individual field studies have reported lower greenhouse gas intensity (GHGI)
under integrated nutrient management, as moderate emissions are accompanied by higher
crop productivity [78]. In contrast, acidic soils may exhibit increased N2O emissions due to
enhanced denitrification, thereby reducing mitigation benefits [79]. In saline and coastal
soils, combining INM with practices such as deep urea placement or slow-release fertilizers
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has been shown to reduce N2O emissions by 25–35% while maintaining or improving
yields [80]. However, these responses are strongly influenced by local soil characteristics,
fertilizer placement, irrigation practices, and climatic conditions and therefore should not
be interpreted as universally applicable mitigation outcomes.

Life cycle assessment (LCA) studies provide further insight by accounting for emis-
sions beyond the field scale. Unlike field-scale measurements, which quantify greenhouse
gas emissions directly from agricultural soils, life-cycle assessments also include upstream
and downstream emissions associated with fertilizer manufacture, transport, processing,
storage, and application [81]. These studies show that INM can reduce total CO2-equivalent
emissions by 18–22% when upstream emissions from fertilizer production and transport
are included, particularly when organic inputs are locally sourced [65]. These reported re-
ductions reflect findings from individual life-cycle assessment studies and should therefore
be interpreted within the assumptions and system boundaries of each analysis. However,
indirect emissions associated with the production and handling of organic amendments
may still account for 10–15% of total impacts, underscoring the importance of full-system
accounting [82]. Consequently, the environmental performance of INM should be evaluated
using multiple complementary metrics, including field-scale emissions, life-cycle emissions,
absolute greenhouse gas emissions, greenhouse gas intensity, and crop productivity, rather
than relying on a single indicator of mitigation performance [83].

Heatmap illustrating the relative responses of nitrous oxide (N2O), methane (CH4),
and greenhouse gas intensity (GHGI) under different fertilization strategies can be found in
Figure 4. The 50:50 organic–inorganic combination exhibited the lowest overall greenhouse
gas intensity, whereas 100% inorganic fertilization resulted in the highest N2O emissions,
and 100% organic fertilization produced the highest CH4 emissions and elevated GHGI.

5. Long-Term Field Experiments (>10 Years)
Long-term field experiments provide compelling evidence of the sustained agronomic

and environmental benefits of INM under diverse agroecological conditions. Compared
with short-term studies, long-term experiments (LTEs) provide higher-confidence evidence
because they capture cumulative changes in soil properties, nutrient cycling, crop pro-
ductivity, and system resilience that cannot be adequately assessed over a few growing
seasons [84]. Across multiple soil types and cropping systems, long-term experiments
(LTEs) consistently demonstrate that combining organic and inorganic nutrient sources
stabilizes soil chemical properties, enhances nutrient availability, and safeguards long-term
productivity (Figure 5). For example, a 20-year continuous cropping experiment on Incepti-
sols showed that INM maintained soil pH and increased available nutrients by 15–20%,
whereas exclusive reliance on inorganic fertilizers led to progressive soil degradation [28].
These outcomes underscore the critical buffering role of organic inputs in counteracting
acidification and improving cation exchange capacity under intensive cultivation. Beyond
maintaining crop yields, LTEs consistently demonstrate cumulative improvements in soil
organic matter, nutrient retention, and soil resilience, providing stronger evidence for the
long-term sustainability of integrated nutrient management than short-duration experi-
ments [85]. North American experiments spanning more than five decades further indicate
strong legacy effects, with sustained organic inputs improving soil health indices by over
20%, even when management practices evolve [28]. Nevertheless, despite the strength of
this evidence, the global LTE database remains geographically uneven, with relatively few
long-term experiments from tropical and subtropical regions, particularly South America
and Sub-Saharan Africa [86].
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Figure 5. Comparative Long-Term Responses of Crop Yield, Soil Organic Carbon, and Yield Stability
under Integrated Nutrient Management.

From a policy and sustainability perspective, these long-term findings carry critical
implications. LTEs demonstrate that short-term fertilizer optimization strategies are insuffi-
cient for sustaining soil functions and climate resilience. Instead, nutrient management poli-
cies should prioritize INM as a foundational practice supported by long-term investment in
restoring soil organic matter, incentives for organic resource recycling, and the integration
of LTE-derived thresholds into fertilizer recommendation frameworks. Moreover, recent
advances in soil carbon measurement emphasize the need for standardized protocols to
ensure comparability across long-term datasets [87]. Expanding the geographical coverage
of LTEs, particularly in underrepresented tropical and subtropical agroecosystems, would
further strengthen the evidence base supporting climate-smart agriculture, carbon credit
schemes, and region-specific nutrient management recommendations [88].

From a critical review perspective, the apparent superiority of the fertilizer combina-
tions reported in some long-term studies should not be interpreted as universally applicable
recommendations. The studies included in the literature were conducted under diverse
agroecological conditions, with substantial variation in soil properties, climate, fertilizer
sources, application rates, and management practices. Such heterogeneity may influence
the observed yield responses and limit the transferability of findings across regions and
farming systems. Another important consideration is that most studies primarily assessed
yield performance, whereas fewer simultaneously evaluated broader sustainability indica-
tors such as soil organic carbon accumulation, nutrient losses, greenhouse gas emissions,
and economic returns. As a result, yield gains alone may not fully capture the long-term
benefits or trade-offs associated with different INM strategies [89].

In contrast, the reviewed evidence indicates that balanced integration of organic and
inorganic fertilizers can substantially enhance crop productivity. However, the magnitude
of these benefits is context-dependent, emphasizing the need for site-specific nutrient
management recommendations and more comprehensive long-term studies that integrate
agronomic, environmental, and socio-economic outcomes. Taken together, the available

https://doi.org/10.3390/agronomy16181815

https://doi.org/10.3390/agronomy16181815


Agronomy 2026, 16, 1815 17 of 30

evidence suggests that conclusions regarding the long-term effectiveness of INM should
be based primarily on LTEs, while findings from short-term studies should be interpreted
more cautiously, as they may underestimate cumulative soil improvements or overestimate
immediate yield responses [90].

Regional and Crop-Specific Variations

The effectiveness of INM varies considerably across regions, cropping systems, and
agroecological conditions. Consequently, reported agronomic and environmental outcomes
should be interpreted within the geographic and production contexts in which they were
generated rather than as globally generalizable responses. A notable characteristic of the
current evidence base is its strong geographic concentration in Asia, particularly China
and India, where cereal-based production systems dominate the published literature [16].
This imbalance limits confidence in extrapolating reported benefits to other regions and
cropping systems that remain comparatively underrepresented.

INM effectiveness has been reported to increase yields by approximately 25% in Asian
rice systems and about 15% in African maize systems in individual studies [16]. These
values represent selected study findings rather than pooled estimates across regions. In
saline soils, it improves resilience via microbes. Soybean in India under INM accumulated
20% more GDD, yielding +18% [56]. Rainfed systems reveal variable N2O (+5–10%) [91].
Legume systems frequently exhibit favorable responses due to interactions between biolog-
ical nitrogen fixation and improved nutrient availability; however, these responses vary
across environments and management practices [27]. However, these reported benefits
should be interpreted cautiously, as the current evidence base is affected by significant
geographic and crop biases. Most studies originate in Asia, particularly India and China,
and are heavily focused on cereal-based systems, whereas root crops, perennial crops,
and mixed farming systems remain comparatively underrepresented. Consequently, the
observed responses may not reflect INM performance across diverse agroecosystems [92].

Regional disparities in the effectiveness of INM are particularly evident in Southeast
Asia, where smallholder farming systems face diverse climatic and soil conditions. Re-
search investigating the opportunities and challenges of integrated smallholder agriculture
found that implementing INM can increase rice yields by approximately 20–30% [93].
Nonetheless, soil variability, such as in volcanic and alluvial zones, influences nutrient
retention and greenhouse gas mitigation [93]. For example, in Vietnam and Indonesia,
using compost alongside reduced inorganic nitrogen has lowered methane emissions in rice
paddies by 15–25%, due to improved aerobic conditions and shifts in microbial activity [94].
Although these studies provide valuable evidence, their strong emphasis on irrigated rice
systems means that comparatively little information is available for upland crops, perennial
cropping systems, or diversified farming systems within the region.

In sub-Saharan Africa, INM has been characterized as a key approach for improving
soil fertility in resource-constrained environments [95]. Studies show that using mineral
fertilizers alongside organic materials, such as legume residues, can boost maize yields by
about 15–25% in semi-arid areas while reducing N2O emissions by improving nitrogen
management [96]. However, variability across agroecological zones, such as the Sahel and
East African highlands, shows that sandy soils respond more positively to increased organic
matter fractions (40–60%). This response reduces leaching losses by up to 35% and enhances
climate resilience [97]. Despite these encouraging results, studies from sub-Saharan Africa
remain dominated by maize and sorghum systems, while evidence for root and tuber
crops, which are critical to regional food security, remains limited. Likewise, relatively
few long-term studies have evaluated cassava, yam, sweet potato, or mixed crop–livestock
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production systems, despite their importance to nutrient cycling and sustainable farming
across many African regions.

European regions, particularly within temperate zones, exhibit more modest yet
consistent benefits from INM. In maize cultivation across Central Europe, the implemen-
tation of integrated strategies has led to yield increases of 10–20% and a 15% reduction
in greenhouse gas emissions, primarily through meticulous application techniques and
cover crop management [98]. Regional disparities, such as those between the Mediter-
ranean and Northern Europe, indicate that calcareous soils enhance pH-related combined
effects, thereby promoting microbial diversity and ensuring sustained long-term yield
stability [99]. However, the highly mechanized nature of many European farming systems
may limit the transferability of these findings to low-input and smallholder production
environments. Furthermore, perennial horticultural systems, orchards, and vineyards are
comparatively less represented in the current INM literature than annual cereal production,
limiting understanding of long-term nutrient management strategies for these production
systems [100].

Crop-specific adaptations highlight the unique needs of different regions. For exam-
ple, in South Asia, using INM in soybean systems takes advantage of natural biological
nitrogen fixation, leading to impressive 18–22% yield increases and reducing greenhouse
gas emissions by 10–20% compared to cereals [70]. On the other hand, in African sorghum
farming under rainfed conditions, drought-tolerant organic sources are essential, yield-
ing improvements of 12–18%. However, responses to N2O emissions can vary due to
unpredictable rainfall patterns [101]. These examples illustrate that crop responses are
influenced by interactions among crop functional type, climate, soil characteristics, and
nutrient management rather than by fixed fertilizer combinations. Consequently, fertilizer
proportions reported in individual studies, such as 60:40 or 40:60 inorganic-to-organic
ratios, should be interpreted as site-specific management strategies rather than universally
applicable recommendations [102].

Another important limitation of the existing literature is temporal bias. Many studies
reporting substantial yield gains and environmental benefits are based on short-term exper-
iments, which tend to emphasize immediate responses while underestimating long-term
legacy effects on soil organic carbon dynamics, microbial communities, nutrient accumula-
tion, and greenhouse gas emissions [13,103]. Consequently, the sustainability benefits of
INM may be overstated when conclusions are drawn primarily from short-duration trials.
Publication bias also represents a challenge in interpreting the available evidence [104].
Positive outcomes such as increased yields and reduced greenhouse gas emissions are more
likely to be reported, whereas neutral or negative responses receive comparatively less at-
tention. This selective reporting can create an overly optimistic picture of INM performance
and potentially inflate estimates of its agronomic and environmental benefits. Collectively,
these geographic, crop, and temporal biases indicate that the current evidence base is
uneven and should not be interpreted as representative of all agroecosystems worldwide.
Therefore, greater emphasis on long-term studies, underrepresented cropping systems,
and the publication of contradictory findings is necessary to provide a more balanced and
context-specific understanding of INM effectiveness [105].

6. Policy and Adoption Barriers
Although INM is widely promoted as a cornerstone of sustainable agriculture, its

adoption remains uneven across regions due to multiple technical, economic, institutional,
and policy constraints. Successful implementation depends not only on agronomic effective-
ness but also on farmers’ access to inputs, financial resources, extension support, markets,
and enabling policy environments. Policies such as subsidies support INM (Figure 6),
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but adoption is delayed by knowledge gaps [106]. In India, extension services increased
uptake by 30% [70]. These findings highlight the important role of farmer training, advisory
services, and demonstration programs in translating research evidence into practical farm
management practices. However, extension coverage and technical capacity remain highly
variable across many low- and middle-income countries, limiting the dissemination of
site-specific nutrient management recommendations. Global policy frameworks, including
those aligned with the Sustainable Development Goals (SDGs), increasingly recognize
INM as an important strategy for improving food security, resource-use efficiency, and
environmental sustainability [107]. Nevertheless, implementation remains constrained by
weak institutional coordination, inconsistent policy support, and limited investment in
integrated soil fertility programmes.

Beyond knowledge constraints, the availability and quality of organic nutrient re-
sources present significant practical challenges. Organic amendments often exhibit con-
siderable variability in nutrient composition, moisture content, and decomposition rates,
making precise nutrient management more difficult than with standardized mineral fer-
tilizers. In addition, bulky organic materials often require greater labor for collection,
processing, transport, storage, and field application, increasing production costs and reduc-
ing their attractiveness, particularly in large-scale farming systems or labor-constrained
households [52]. Transport and storage infrastructure further influence adoption. The
relatively low nutrient density of many organic resources increases transportation costs,
especially where manure or compost must be moved over long distances. Inadequate stor-
age facilities may also reduce nutrient quality through nutrient losses during handling and
decomposition before field application. Financial barriers remain equally important [108].
Many smallholder farmers have limited access to affordable credit, restricting their ability to
purchase mineral fertilizers, invest in composting infrastructure, or adopt complementary
technologies required for effective INM implementation. Where credit schemes or input
financing mechanisms are absent, farmers may continue relying on suboptimal fertilization
practices despite the potential long-term benefits of integrated nutrient management [109].

Blockade includes market access; solutions involve cooperatives. Poor market access
and weak value chains further discourage investment in improved nutrient management
by limiting farmers’ opportunities to recover the additional labor and input costs asso-
ciated with integrated production systems. Cooperative marketing structures, producer
organizations, and value-chain development may therefore improve adoption by reducing
transaction costs and strengthening market incentives [30]. Adoption barriers for smallhold-
ers in Southeast Asia include limited access to high-quality organic inputs and technical
knowledge, as well as policy interventions, such as targeted subsidies, which have in-
creased uptake by 25–35% [93]. In sub-Saharan Africa, integrated soil fertility management
faces challenges from fragmented extension services, yet community-based policies have
boosted adoption rates to 40% in pilot regions [110]. Despite these encouraging examples,
adoption remains highly dependent on local institutional capacity, availability of extension
personnel, and sustained policy investment beyond short-term development projects.

In Latin America and Africa, barriers such as agronomic knowledge gaps hinder the
diffusion of integrated pest and nutrient management policies that promote agronomist-
farmer collaboration, increasing adoption by 20–30% [111]. Linking agronomic and knowl-
edge barriers, policies focused on nitrogen-conservation practices recommend subsidies
and demonstration plots to enhance smallholder engagement. Food environment con-
straints, such as market inaccessibility, intensify barriers to adoption, while integrated
policies under the SDGs advocate for value chain improvements [112]. However, policy
interventions that rely solely on subsidies are unlikely to ensure sustained adoption un-
less accompanied by farmer education, locally adapted recommendations, reliable input
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supply systems, and supportive market incentives [113]. In irrigation-dependent regions,
policy barriers to smallholder schemes can be addressed through cooperative models and
financial incentives [114]. Transitioning from pesticide-based to integrated systems in
Africa requires policy incentives for alternatives, such as access to credit and certification
programs [115]. In contrast, climate-smart policies that address determinants such as edu-
cation and infrastructure can mitigate barriers to the widespread adoption of INM among
smallholders [116].

Figure 6. Conceptual framework for site-specific decision-making in INM.

6.1. Climate Resilience and Multi-Stress Interactions

Evidence from field experiments suggests that INM can enhance the capacity of agri-
cultural systems to cope with climate-related stresses; however, the strength of the evidence
varies across stress types and production systems. The strongest evidence supports im-
provements in soil properties that contribute to climate adaptation, whereas evidence for
complex multi-stress interactions remains comparatively limited. NM has been associ-
ated with adaptation by safeguarding yields under stress, with several studies reporting
reductions in yield vulnerability of approximately 15–20% under specific environmen-
tal conditions [27]. These values represent findings from individual studies rather than
universally observed responses. In warm conditions, some studies indicate that INM
may improve nutrient use efficiency while maintaining crop productivity, although the
magnitude of greenhouse gas mitigation remains highly dependent on climate, soil con-
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ditions, and management practices [35]. Similarly, evidence from flood-prone production
systems suggests that organic amendments can improve soil structure, nutrient buffering,
and recovery following inundation; however, the underlying mechanisms differ among
cropping systems and remain incompletely understood [57]. Challenges include predicting
non-linear responses, which requires modeling [117].

Sustainable intensification in China underscores the significance of INM for climate
mitigation and adaptation, with nutrient strategies designed to reduce vulnerability to
variable climatic conditions [118]. Some studies highlight its contribution to enhancing crop
productivity and promoting environmental sustainability during climate fluctuations [68].
Nevertheless, much of this evidence originates from cereal-based systems in Asia, and
relatively fewer long-term studies have evaluated climate resilience under contrasting
agroecosystems or multiple interacting climate stresses. Clarifying local adaptations in
INM reveals balancing effects in fertilizer management under climate variability [95]. INM
mitigates and adapts to climate change by optimizing nutrient cycles and reducing emis-
sions [68]. Nutrient strategies in climate scenarios promote conservation and precision
agriculture for sequestration and balanced use [4]. Improved N management is a key
adaptation tool that lowers agricultural vulnerability [10]. These adaptation benefits are
thought to arise primarily through improved soil organic matter accumulation, greater
water-holding capacity, enhanced nutrient retention, and improved nutrient synchroniza-
tion rather than through direct effects on climate stress itself. Consequently, the available
evidence more strongly supports improvements in soil-mediated adaptive capacity than
direct increases in crop resilience across all environments [119].

Climate change increases nutrient imbalances through altered precipitation and tem-
perature regimes, yet interactions with INM remain understudied [120]. Under drought
conditions, increased soil organic matter may improve water storage and reduce crop water
stress, whereas prolonged heat stress can accelerate organic matter decomposition and
nutrient mineralization, potentially reducing synchronization between nutrient supply
and crop demand. Salinity may alter microbial processes and nutrient availability, while
prolonged flooding promotes anaerobic conditions that can increase methane production
despite potential improvements in nutrient cycling. These contrasting responses illustrate
that different climate stresses influence INM performance through distinct mechanisms
rather than a single resilience pathway [121].

In changing climates, INM’s role in enhancing soil carbon sequestration and reducing
GHG emissions is promising, but gaps exist in quantifying non-linear responses, such as
increased N2O fluxes under drought [122]. In particular, relatively little long-term evidence
is available on interacting stresses, such as combined drought and heat, flooding and
salinity, or sequential climate extremes. The available literature suggests that responses
to these compound stresses are often non-linear and cannot be predicted reliably from
studies evaluating individual stressors alone [123]. Research in vulnerable regions such as
sub-Saharan Africa shows that INM improves resilience, but long-term data on multi-stress
interactions (e.g., heat and salinity) are insufficient [72]. Accordingly, confidence in the
effectiveness of INM is highest for improving soil quality and sustaining productivity under
moderate environmental stress, whereas evidence supporting resilience to complex multi-
stress scenarios remains comparatively limited and requires further validation through
long-term field experiments [95].

Future directions should use models such as DNDC to predict INM outcomes under
IPCC conditions and address gaps in adaptive strategies for extreme events [18]. Empha-
sizing biofertilizers and organic amendments could mitigate climate impacts, but interdis-
ciplinary studies linking INM to ecosystem services are needed to provide policy-relevant
insights [124]. Future research should integrate long-term experiments, process-based mod-

https://doi.org/10.3390/agronomy16181815

https://doi.org/10.3390/agronomy16181815


Agronomy 2026, 16, 1815 22 of 30

eling, and climate scenario analyses to improve understanding of non-linear interactions
among drought, heat, salinity, flooding, nutrient cycling, and greenhouse gas emissions
under integrated nutrient management.

6.2. Omics and Precision INM

Omics technologies are creating new possibilities for precision INM, although their ap-
plication in routine nutrient management remains an emerging area of research rather than
an established field practice [125]. Approaches like metagenomics are helping researchers
better understand how soil microbes contribute to nutrient cycling. For example, functional
genes such as nifH (linked to nitrogen fixation) and amoA (linked to nitrification) have been
investigated as potential biological indicators of nutrient cycling and nitrogen availability.
However, their use as operational decision-support tools requires further field validation
across diverse cropping systems and environments [126].

Recent studies also show that these biological insights can be combined with precision
agriculture tools and UAV-based imaging, using indices such as NDVI, NDRE, and GNDVI,
to assess crop nitrogen status during the growing season. These indices often show strong
relationships with nitrogen use efficiency (NUE), suggesting their potential to support
more informed fertilizer management where appropriate calibration and validation are
available [127–129]. Rather than replacing conventional nutrient recommendations, these
technologies may complement existing INM practices by providing additional site-specific
information on crop nutrient status [130]. In practice, this could enable INM ratios and
fertilizer application rates to be adjusted during the season when reliable decision-support
systems and appropriate technical capacity are available, for instance, by reducing inorganic
inputs when crop nitrogen levels are already sufficient. In addition, sensor-based and
modeling approaches are being used to link plant signals with soil conditions. Some
studies demonstrate that combining spectral data with machine learning models can predict
nitrogen demand and improve fertilizer timing, thereby reducing losses while maintaining
crop performance [128]. However, most of these approaches have been evaluated at the
experimental or pilot scale, and relatively few studies have demonstrated their long-term
effectiveness, economic feasibility, or scalability under commercial farming conditions.
These approaches therefore have the potential to make INM more flexible and responsive
to field variability rather than relying on fixed recommendations.

Despite these advances, there are still important limitations. Omics data are lacking
for many under-researched crops, which makes it difficult to develop specific nutrient
management strategies [131]. Furthermore, widespread adoption is constrained by the high
cost of omics analyses, limited access to advanced analytical facilities, technical expertise
requirements, data management challenges, and inadequate digital infrastructure in many
agricultural regions, particularly in low- and middle-income countries. Future work should
focus on integrating different omics tools, such as genomics, proteomics, and metabolomics,
with artificial intelligence to support real-time decision-making and improve resilience
under changing climate conditions [132]. Future research should also prioritize indepen-
dent field validation, cost-effectiveness analyses, farmer adoption studies, and integration
with existing extension services to determine whether these technologies provide practical
advantages over current nutrient management approaches. Emerging technologies such as
CRISPR, supported by omics data, also offer future opportunities for improving nutrient
efficiency and crop quality. However, their use will require careful regulation and ethical
consideration to ensure they are applied safely and responsibly [117]. These technologies
should be viewed as promising complementary tools that may strengthen future INM
decision-making, rather than as mature solutions ready for universal implementation.
Their successful integration into agricultural practice will depend on continued technologi-
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cal development, robust field validation, affordability, farmer acceptance, and supportive
policy and extension frameworks.

7. Conclusions
This review combines global evidence that INM offers a context-dependent approach

to sustaining crop productivity while reducing some of the environmental costs associated
with conventional fertilizer use. Overall, the reviewed literature indicates that INM can
improve crop yield, soil health, nutrient use efficiency, and greenhouse gas emissions
compared with sole organic or inorganic fertilization under many conditions; however,
these benefits vary depending on crop type, soil properties, climate, organic input quality,
and management practices. Findings from the reviewed literature highlight that the
strength of INM lies in balancing readily available nutrients from mineral fertilizers with
the longer-term soil benefits of organic amendments. Long-term field experiments provide
the strongest evidence for improvements in soil organic carbon, nutrient retention, and
system resilience, whereas short-term studies may not fully capture these cumulative
effects. Nevertheless, trade-offs such as delayed nutrient release, nutrient variability,
labor and transport requirements, and greenhouse gas interactions should be considered
when implementing INM. From an environmental perspective, INM has the potential to
improve climate efficiency and nutrient management, though reductions in greenhouse
gas intensity do not always translate into lower absolute emissions, particularly in flooded
rice systems. The evidence supports INM as a flexible nutrient management strategy
whose effectiveness depends on site-specific adaptation rather than universally applicable
fertilizer recommendations. Future research should prioritize long-term, multi-location
studies across underrepresented regions and cropping systems to strengthen the evidence
base for sustainable nutrient management.

Future Research Directions

Although INM has shown clear benefits, important knowledge gaps remain that
should guide future research priorities. First, greater emphasis should be placed on estab-
lishing long-term field experiments in underrepresented regions, particularly sub-Saharan
Africa, Latin America, and other tropical and subtropical agroecosystems, to improve un-
derstanding of INM’s long-term agronomic and environmental performance under diverse
farming conditions. Future work should also explore a wider range of crops beyond major
cereals, including root and tuber crops, perennial production systems, and mixed crop–
livestock systems, where evidence remains limited. In addition, greater attention is needed
to uncover the underlying soil microbial processes driving nutrient cycling and emission
dynamics. Future studies should integrate microbial community analyses with functional
validation using approaches such as metagenomics, metatranscriptomics, functional gene
quantification, and enzyme activity assays to link microbial composition with ecosystem
function better.

Standardized greenhouse gas accounting frameworks are also needed to improve
comparisons among studies. Future research should distinguish field-scale emissions
from life-cycle emissions and report both absolute greenhouse gas emissions and yield-
scaled metrics, such as greenhouse gas intensity (GHGI), using harmonized methodologies.
Combining field experiments with advanced tools and simulation models, such as DNDC,
could improve predictions under changing climate conditions. Finally, research should
focus on developing site-specific nutrient recommendation frameworks that integrate
soil characteristics, climate, crop requirements, and locally available nutrient resources
while evaluating their economic feasibility, cost-effectiveness, and farmer adoption under
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real farming conditions. Strengthening the link between scientific findings and practical
implementation will be key to scaling up INM as a sustainable agricultural strategy.
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