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Abstract

Climate change presents unprecedented challenges to global agriculture, threatening crop productivity, soil health,
and food security, particularly for smallholder farmers in vulnerable regions. Sustainable crop management
strategies offer a critical pathway to build climate-resilient agricultural systems by integrating ecological,
technological, and socio-economic approaches. Modern methods that maximise crop resilience while maximising
resource utilisation and reducing environmental effects are summarised in this review. Crop selection and
diversification using climate-resilient varieties, intercropping, and perennial systems are important tactics, as are
water management techniques like effective irrigation, soil moisture conservation, and drought-adaptive cropping;
and soil and nutrient management techniques like conservation tillage, organic amendments, and precision
fertilization. Adaptive ability is further strengthened by the use of digital and precision agriculture techniques,
integrated pest and disease control, and agroecological treatments like cover crops and agroforestry. With a focus on
farmer education, and access to climate-smart inputs, and supportive regulatory settings, the review also emphasises
the significance of socioeconomic and policy frameworks in promoting adoption. Research shows that these
integrated strategies improve soil health, increase yield stability, protect biodiversity, lower greenhouse gas
emissions, and boost smallholder farming communities’ resilience. Despite these benefits, adoption barriers, resource
constraints, and the need for locally adapted solutions remain significant challenges. Future research should focus on
long-term impact assessments, modelling climate-smart interventions, and innovative technologies to optimise
sustainability outcomes. By bridging traditional knowledge and modern scientific advancements, sustainable crop
management provides a comprehensive framework for fostering climate-resilient, productive, and environmentally
responsible agriculture.

Keywords: Climate-resilient agriculture, Sustainable crop management, Conservation, Agroecology, Precision
agriculture and Smallholder farming.

Introduction

Agriculture remains a fundamental pillar of global food security, livelihoods, and economic development;
however, it is increasingly threatened by the intensifying impacts of climate change. Rising global temperatures,
altered rainfall patterns, and the growing frequency of extreme climatic events such as droughts, floods, and
heatwaves have significantly disrupted crop production systems worldwide [1].

© Authors: Published in Agriculture Reviews: An International Journal under the CC BY-NC-ND 4.0 license
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These climatic stresses directly affect crop
physiology, shorten growing seasons, and increase
yield variability, thereby undermining food
availability and farm incomes. Recent global
assessments indicate that climate change could
reduce food production by more than 10% by mid-
century if adaptive measures are not implemented
[2]. Even in regions with advanced agricultural
infrastructure, climate-induced flooding and heat
stress have resulted in declining agricultural
productivity, highlighting the universal vulnerability
of current farming systems [3]. Such trends
underscore the urgent need for resilient agricultural
approaches capable of sustaining crop production
under increasingly uncertain climatic conditions.

In this context, sustainable crop management has
emerged as a central strategy for enhancing
agricultural resilience to climate change. Sustainable
crop management refers to the application of
agronomic, ecological, and technological practices
that optimise the use of soil, water, and biological
resources while minimising environmental
degradation [4]. These practices are closely aligned
with the principles of Climate-Smart Agriculture,
which aim to simultaneously increase productivity,
strengthen adaptive capacity, and reduce greenhouse
gas emissions [5]. By integrating conservation-based
practices, improved crop varieties, and efficient input
use, sustainable crop management promotes long-
term productivity without compromising ecosystem
services. Importantly, this approach emphasizes the
integration of traditional farming knowledge with
modern innovations, allowing practices to be adapted
to local agroecological and socio-economic
conditions [4].

The importance of sustainable crop management
extends beyond productivity gains to encompass
broader environmental and ecological benefits. Soil-
focused interventions such as conservation tillage,
organic amendments, and integrated nutrient
management have been shown to improve soil
structure, increase organic carbon content, and
enhance nutrient cycling under changing climatic
conditions [3]. Similarly, water-efficient irrigation
systems and soil moisture conservation practices
help mitigate the effects of drought and erratic
rainfall, particularly in water-scarce regions [6]. Crop
diversification strategies, including intercropping
and crop rotation, enhance biodiversity and reduce
vulnerability to pests and diseases that are
increasingly influenced by climate variability [5, 7].
Together, these strategies contribute to stabilising
yields, improving ecosystem resilience, and reducing
agriculture's environmental footprint in the face of
climate change.

Despite their proven benefits, the adoption of
sustainable crop management practices remains
uneven, especially among smallholder farmers in
developing regions, due in part to limited access to
extension services and institutional support [1, 8]. In
Sub-Saharan Africa, for example, land degradation,
nutrient depletion, and rainfall variability continue to
exacerbate food insecurity, even though climate-
smart practices have demonstrated positive impacts
on productivity and resilience when locally adapted

[2]-

Policy gaps and insufficientinvestmentin agricultural
innovation further limit the scalability of sustainable
crop management approaches. Addressing these
challenges requires coordinated efforts that combine
technical innovation with supportive policies, farmer
education, and access to finance.

The scope and purpose of this review are to
comprehensively examine sustainable crop
management strategies that support climate-resilient
agriculture and to synthesise recent evidence on their
effectiveness, challenges, and future potential. This
review focuses on key thematic areas, including soil
and nutrient management, water use efficiency, crop
selection and diversification, integrated pest and
disease management, agroecological practices, and
digital and precision agriculture innovations. In
addition, it evaluates the socioeconomic and policy
dimensions that influence the adoption and
scalability of these strategies, particularly among
smallholder farming systems. By drawing on recent
peer-reviewed literature, this review aims to provide
an integrated understanding of how sustainable crop
management can enhance productivity,
environmental sustainability, and resilience to
climate shocks. Furthermore, it identifies critical
knowledge gaps and research priorities, including the
need for long-term impact assessments, locally
adapted solutions, and improved decision-support
tools. Ultimately, this review seeks to inform
researchers, policymakers, and practitioners by
offering a holistic framework for advancing climate-
resilient agriculture in the face of ongoing and future
climaticuncertainties.

Climate Challenges in Agriculture

Climate change has emerged as one of the most
pervasive threats to agricultural systems worldwide,
exerting profound impacts on crop health,
productivity, natural resources, and food security.
One of the most immediate challenges is temperature
stress, where rising mean temperatures and heat
waves adversely affect plant physiological processes.
Elevated temperatures reduce photosynthetic
efficiency and disrupt respiration and water
regulation mechanisms in crops like maize and
sorghum, directly reducing biomass accumulation
and yield potential [9]. Heat stress also increases
plant water demand by accelerating transpiration,
further straining crops in water-limited
environments. In arid and semi-arid regions, these
effects are compounded by heightened
evapotranspiration, which depletes soil moisture and
exacerbates drought conditions, making it difficult for
crops to maintain growth and reproductive
development [9]. Consequently, heat stress has
become a leading factor in yield decline across staple
cropsin climate-vulnerable landscapes.

Closely linked to rising temperatures are changes in
precipitation regimes and water availability, which
disrupt traditional seasonal rainfall patterns and
contribute to both droughts and flooding. Altered
rainfall patterns prolong dry spells and intensify
water scarcity, limiting soil moisture availability
necessary for crop establishment and growth [10]. In
contrast, excessive rainfall events can cause
waterlogging and flood damage, leading to root
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oxygen deprivation, nutrient leaching, soil erosion,
and impaired plant development [10, 11]. These
contrasting extremes pose a significant challenge to
farmers who must adapt planting schedules and
irrigation practices while coping with unpredictable
weather. In regions such as West Africa and parts of
Asia, erratic rainfall has already undermined
traditional rain-fed cropping systems, increasing the
risk of crop failure and food insecurity.

Another serious climate-linked challenge is soil
degradation, which undermines agricultural
productivity and resilience. Soil erosion, nutrientloss,
and reduced organic matter content are intensified by
both drought and heavy rainfall events, diminishing
soil structure and water-holding capacity [12, 13]. For
example, intense rainfall events have been shown to
wash away fertile topsoil, stripping essential
nutrients and reducing land productivity over time.
Simultaneously, drought conditions promote soil
compaction and the loss of beneficial microbial
communities, which are critical for nutrient cycling
and root growth [12, 13]. The loss of soil quality
directly impacts crop resilience, reducing the ability
of agricultural systems to adapt to other stresses such
as heator pestoutbreaks.

Pest and disease dynamics are also undergoing
significant shifts under changing climatic conditions,
creating additional challenges for crop management.
Rising temperatures, altered humidity, and extended
growing seasons enable many pest species to expand
their geographic range and amplify reproductive
cycles, resulting in increased pressure on crops [7,
14]. For instance, warmer conditions facilitate faster
development and longer activity periods for insect
pests, leading to more severe infestations and disease
transmission. Scientific analyses predict that climate
change could significantly increase losses from insect
pests in major cereal crops such as wheat, rice, and
maize as the pests' metabolic and reproductive rates
rise with temperature [14]. Changing precipitation
patterns also create favourable microclimates for
fungal and bacterial pathogens, increasing the
incidence and severity of diseases that debilitate
crops. Together, these changes strain existing pest
management systems, necessitating more adaptive
and integrated strategies to minimise crop losses [7].
Beyond biotic stresses, shifts in agricultural zones
and crop suitability are emerging as climate impacts
alter the agroecological conditions that define
traditional growing regions. Areas that were once
climatically suitable for particular crops may become
less favourable due to warmer temperatures or water
scarcity, prompting the need to relocate cultivation
zones or introduce new, climate-adapted varieties.
This transition can disrupt local food systems, affect
cultural farming practices, and require substantial
adaptation investment [15]. Moreover, soil nutrient
depletion and water scarcity can limit the potential of
emerging agricultural zones, creating additional
constraints on productivity [13]. For smallholder
farmers, these changes often translate into economic
risk, asinvestments in crop inputs and labour may not
correspond to reliable yields under changing
conditions.

Compounding these ecological and climatic stresses
are socioeconomic pressures that influence how

communities adapt to climate change. For example, in
Nigeria, shifting rainfall cycles and prolonged
droughts have strained water resources essential for
crop irrigation, contributing to declining yields and
rising food insecurity [8, 16]. Farmers in rural
landscapes with limited access to irrigation
infrastructure or climate-smart technologies are
disproportionately affected, revealing a growing
disparity between resource-rich and resource-
limited farming communities [8, 16]. These
socioeconomic vulnerabilities underscore the
interplay between environmental change and human
systems, where climate impacts are magnified by
insufficient adaptive capacity, limited agricultural
extension services, and constrained access to finance
and technology [8].

Figure 1. Impact of climate-induced environmental extremes on
agriculture, soil and crops. The figure shows how climate-induced
extremes such as droughts, floods, and heatwaves affect agriculture by
directly impacting crops and degrading soil health. These stressors
reduce crop growth and yield, disrupt soil nutrients and structure, and
increase vulnerability to pests and diseases, highlighting the need for
climate-resilient farming practices.

Source: [17]

Principles of Sustainable Crop Management
Sustainable crop management is grounded in
principles that optimise agricultural productivity
while conserving natural resources and supporting
ecological integrity. A foundational principle is the
efficient use of water, soil, and nutrients to produce
more with fewer inputs and reduced environmental
impact. Efficient water management, for example,
includes practices that enhance moisture retention
and minimise waste, such as drip irrigation, rainwater
harvesting, and soil moisture monitoring, which are
critical in the face of increasing water scarcity and
climate variability [18]. Balanced soil nutrient
management is equally central, involving careful
matching of input quantities to crop demand and
synchronisation of fertiliser timing to plant growth
stages, thus reducing nutrient losses via leaching or
volatilisation while enhancing crop uptake [13, 19].
These resource-efficient approaches not only
improve yield potential but also sustain long-term
soil fertility and reduce dependence on external
inputs, contributing to the environmental
sustainability of cropping systems [13, 18].

Beyond resource efficiency, sustainable crop
management emphasises biodiversity enhancement
and ecological balance within agricultural
landscapes. Practices such as crop diversification,
agroforestry, and polyculture increase species
richness, create habitats for beneficial organisms, and
supportecosystem services like pollination, pest
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regulation, and nutrient cycling [7, 20]. Crop
diversification has been shown to foster stronger
ecological stability by supporting beneficial
arthropods and soil biota and by reducing pest and
disease outbreaks compared with monoculture
systems [7, 20]. Biodiversity-oriented practices also
include conservation tillage and cover cropping,
which maintain soil cover, reduce erosion, and
promote a more complex soil food web that enhances
resilience and productivity [13, 18]. By mimicking
natural ecosystems, these strategies help sustain
ecological processes that underpin crop growth and
strengthen adaptation to climate fluctuations.

A third core principle is the integration of traditional
knowledge with modern technological and scientific
innovations to create context-specific, sustainable
solutions. Traditional ecological knowledge (TEK),
developed through generations of interaction with
local environments, offers insights into adaptive crop
rotations, indigenous water management systems,
and culturally rooted soil conservation techniques
that are well-suited to their specific agroecological

Table 1: Core principles of sustainabl.

crop

g
Principles
Resource-efficient
management of water, soil,
and nutrients

Key Components

Biodiversity enhancement
and ecological balance

Integration of traditional
knowledge with modern
techniques

Crop Management Strategies for Climate
Resilience

Climate-resilient crop management encompasses a
suite of agronomic, ecological, and technological
strategies designed to reduce vulnerability to climate
variability while sustaining productivity and
environmental integrity. These strategies aim to
enhance soil and water conservation, optimise
nutrient use, diversify cropping systems, manage
pests ecologically, and leverage digital innovations for
informed decision-making. When implemented in an
integrated manner, climate-resilient crop
management strengthens adaptive capacity,
stabilises yields under stress conditions, and
supports long-term sustainability across diverse
agroecological contexts [7, 22, 23]. These strategies
are discussed below;

W
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Figure 2. Strategies for climate-resilient agriculture. It shows
strategies for climate-resilient agriculture, highlighting practices like
stress-tolerant crops, efficient resource management, soil
conservation, and pest control to maintain productivity and adapt to
climate extremes.

Source: [24]

Conservation tillage; integrated nutrient management; efficient
irrigation; soil organic matter enhancement

Crop diversification; rotations and intercropping; cover crops;
agroforestry; conservation of beneficial organisms

Indigenous soil and water conservation practices; local crop
knowledge combined with climate information services,
precision tools, and decision-support systems

contexts [18, 21]. Scientific advancements, including
precision agriculture technologies like soil sensors,
GPS-guided nutrient applications, and climate-
informed decision support systems, enhance the
precision and efficiency of resource use, enabling
farmers to respond dynamically to environmental
signals and crop needs. The synergistic integration of
TEK and modern methodologies not only preserves
valuable indigenous practices but also improves their
effectiveness through evidence-based refinement [8,
21]. This inclusive approach fosters innovation that is
ecologically sound, socially relevant, and
economically viable, reinforcing both local resilience
and broader sustainability goals. Table 1 summarises
the core principles of sustainable crop management,
highlighting how each principle contributes to
climate-resilient agriculture by improving
productivity, maintaining soil health, conserving
water, reducing vulnerability to pests and diseases,
and enhancing the overall adaptive capacity of
farming systems under changing climatic conditions.

tand their contributions to climate-resilient agriculture

Contribution to climate resilience

Improves water and nutrient use efficiency, enhances soil structure

and fertility, reduces vulnerability to drought and heat stress, and

lowers environmental degradation

Strengthens ecosystem services such as pest regulation, pollination,

and nutrient cycling; increases yield stability and system resilience

under climate variability
Enables locally adapted, socially acceptable, and cost-effective
climate adaptation while improving adoption and long-term
sustainability

Soiland Nutrient Management

Soil and nutrient management are central to climate
resilience, as healthy soils enhance water retention,
nutrient availability, and crop tolerance to climatic
stress. Conservation tillage and minimum soil
disturbance reduce soil erosion, preserve soil organic
carbon, and improve soil structure, thereby
enhancing resilience to droughts and extreme rainfall
events [13, 25]. Reduced tillage systems also lower
fuel use and greenhouse gas emissions while
maintaining or improving crop yields under variable
climate conditions [23].

The application of organic amendments and
composting improves soil fertility by increasing
organic matter content, enhancing microbial activity,
and promoting nutrient cycling [13, 22]. Organic
inputs improve soil water-holding capacity and buffer
crops against moisture stress, particularly in
degraded or sandy soils [4, 14]. These practices also
reduce reliance on synthetic fertilisers, contributing
to environmental sustainability. Precision nutrient
management and integrated fertilisation approaches
optimize nutrient application rates, timing, and
placement according to crop demand and soil
conditions. Techniques such as soil testing, variable-
rate fertilisation, and integrated nutrient
management reduce nutrient losses and improve
nutrient-use efficiency, thereby enhancing
productivity while minimising environmental
pollution [26].

Water Management
Water scarcity and rainfall variability necessitate
efficientand adaptive water managementstrategies.
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Efficient irrigation techniques, including drip and
sprinkler systems, significantly reduce water losses
and improve water-use efficiency compared with
conventional surface irrigation [8, 22]. Rainwater
harvesting further enhances water availability by
capturing and storing runoff for supplemental
irrigation during dry periods [6, 8]. Soil moisture
conservation and mulching play a vital role in
reducing evaporation, moderating soil temperature,
and improving infiltration, particularly under hot and
dry conditions [25].

Organic and synthetic mulches have been shown to
improve crop performance under water-limited
environments by conserving soil moisture and
suppressing weed competition [13, 22]. The adoption
of drought-adaptive cropping systems, including
altered planting dates, deficit irrigation strategies,
and drought-tolerant crop rotations, enables farmers
to align production cycles with available water
resources [13, 23]. These systems reduce crop failure
risk and enhance yield stability under prolonged dry
spells.

Crop Selection and Diversification

Crop selection and diversification are key biological
strategies for managing climate risk. Climate-resilient
and stress-tolerant crop varieties, developed through
conventional breeding and modern biotechnology,
exhibit enhanced tolerance to heat, drought, flooding,
and salinity [13, 22]. Such varieties reduce yield
losses under climate extremes and improve food
security in vulnerable regions. Intercropping, crop
rotation, and polyculture systems enhance resource-
use efficiency and reduce pest, disease, and weed
pressure by increasing functional diversity within
cropping systems [7,27].

These practices also improve soil fertility and disrupt
pest life cycles, contributing to greater ecological
stability. The integration of perennial and multi-
purpose crops further strengthens resilience by
providing continuous ground cover, reducing erosion,
and diversifying farm outputs such as food, fodder,
fuel, and ecosystem services [7, 28]. Perennials are
particularly valuable for long-term climate
adaptation due to their deep root systems and lower
inputrequirements.

Integrated Pestand Disease Management (IPDM)
Climate change alters pest and disease dynamics,
necessitating adaptive management approaches.
Biological control and biopesticides, including
natural predators, parasitoids, and microbial agents,
provide environmentally friendly alternatives to
chemical pesticides while maintaining pest
populations below economic thresholds [7, 22]. Pest
monitoring and early warning systems, supported by
climate and pest surveillance data, enable timely
interventions and reduce unnecessary pesticide use
[23]. These systems improve decision-making under
changing climatic conditions. Habitat management to
reduce pest pressure, such as maintaining field
margins, hedgerows, and refuges for beneficial
organisms, enhances natural pest regulation and
strengthens agroecosystemresilience [7,27].

Agroecological and Conservation Practices
Agroecological practices emphasise ecosystem-
based approaches to resilience. Cover cropping and
green manuring improve soil fertility, suppress
weeds, enhance soil structure, and increase soil
carbon sequestration [13, 25]. These practices also
protect soils from erosion during extreme weather
events. Agroforestry and tree-crop integration
combine woody perennials with crops to enhance
microclimates, improve nutrient cycling, and
diversify income sources [4, 7]. Agroforestry systems
have demonstrated strong potential for climate
mitigation and adaptation. The establishment of
buffer zones and conservation of natural habitats
supports biodiversity, protects water resources, and
enhances ecosystem services critical for sustainable
crop production [4, 7].

Digital and Smart Agriculture Approaches

Digital technologies are increasingly vital for climate-
smart crop management. Climate-smart tools,
including sensors, weather forecasting platforms, and
mobile applications, provide real-time information
that supports adaptive decision-making [8, 22].
Decision-support systems integrate climate, soil, and
crop data to guide timely interventions such as
irrigation scheduling, fertilizer application, and pest
control [26]. Remote sensing and precision
agriculture technologies, including satellite imagery
and GPS-guided machinery, enable site-specific
management, reduce input waste, and enhance
resilience to climate variability [8, 23].

Table 2: Climate-resilient crop management strategies and their primary functions

Strategies Key Practices

Soil and nutrient management Conservation tillage; organic amendments;
integrated and precision fertilization
Drip and sprinkler irrigation; rainwater

harvesting; mulching; drought-adaptive cropping

‘Water management

Crop selection and
diversification
Integrated pest and disease
management (IPDM)

Stress-tolerant varieties; intercropping; crop
rotation; perennial crops
Biological control; pest monitoring and early
warning; habitat management
Agroecological and
conservation practices

Cover cropping; green manuring; agroforestry;
buffer zones

Primary Resilience Functions References
Improves soil structure and organic carbon, enhances nutrient-use
- . ) [22,23,25]
efficiency, increases tolerance to drought and extreme rainfall
Enhances water-use efficiency, conserves soil moisture, reduces [6,22,23]
crop water stress under variable rainfall
Stabilizes yields, reduces climate risk, improves resource capture [22,27,28]
and system resilience
Reduces climate-driven pest outbreaks, lowers chemical [22,23,27]
dependence, strengthens ecological regulation T
Enhances biodiversity, soil fertility, and ecosystem services critical [4, 25]

for long-term resilience
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Socioeconomicand Policy Considerations
Socioeconomic conditions and policy environments
fundamentally influence the adoption, scaling, and
sustainability of climate-resilient crop management
strategies. While agronomic innovations provide
technical solutions, farmers' ability to implement
them depends on access to knowledge, financial
resources, and supportive institutional frameworks.
Climate change disproportionately affects
smallholder farmers, making inclusive
socioeconomic and policy interventions essential for
enhancing adaptive capacity and reducing
vulnerability [8, 23].

Farmer education, extension services, and
knowledge-sharing mechanisms are central to
promoting sustainable crop management practices.
Effective agricultural extension systems facilitate the
dissemination of climate-resilient technologies,
including conservation agriculture, efficient water
management, and integrated pest management,
thereby improving farm-level decision-making.
Evidence shows that participatory, demand-driven
extension approaches, particularly those integrating
digital advisory services, enhance technology
adoption and resilience outcomes under climate
stress [29]. Furthermore, combining indigenous
knowledge with scientific recommendations
improves local relevance and strengthens farmers'
adaptive strategies [8,27].

Access to finance and climate-smart inputs remains a
major barrier, particularly in low- and middle-income
countries. Investments in improved seeds, irrigation
systems, soil amendments, and precision agriculture
technologies often require capital beyond the reach of
smallholder farmers. Climate-sensitive financial
instruments, including tailored credit schemes, input
subsidies, and agricultural insurance, have been
shown to reduce risk and encourage investment in
sustainable practices [30]. Strengthening financial
inclusion, when aligned with extension and advisory
services, significantly enhances productivity,
resilience, and livelihood security.

Policy frameworks play a decisive role in enabling
climate-resilient and sustainable crop management.
Integrated agricultural and climate policies that
support conservation agriculture, agroecology, and
climate-smart innovations create incentives for
adoption and long-term sustainability [31]. National
strategies that mainstream climate adaptation into
agricultural planning, support research and
innovation, and strengthen land tenure security are
particularly effective in fostering resilience [8, 23].
Coordinated socioeconomic and policy interventions
are therefore indispensable for scaling sustainable
crop management and achieving climate-resilient
agricultural systems.

Farmer education and Access to finance and
extension inputs
Knowledge-sharing and
extension services

Supportive policies

Financial inclusion and
climate-smart inputs

EY -
Financial inclusicn and
dimate-smart inputs

Policy frameworks for
sustainability and resilience

Knowledge-sharing and
capacity-building

Climate-Resilient Agriculture

Figure 3: Socioeconomic and policy enablers of climate-resilient crop
management systems. The figure highlights key socioeconomic and
policy enablers such as access to credit, extension services, farmer
training, market support, and climate-focused policies that promote
the adoption and effectiveness of climate-resilient crop management
systems.

Impacts and Benefits of Climate-Resilient Crop
Management

Climate-resilient crop management delivers
measurable benefits for productivity, ecosystem
integrity, and farmer livelihoods by reducing
vulnerability to climate variability and extremes [23].
Integrated strategies combining soil conservation,
efficient water use, crop diversification, and adaptive
technologies enhance the stability and performance
of agricultural systems under increasingly uncertain
climatic conditions [22]. A key benefit is improved
crop productivity and yield stability, particularly in
rain-fed and smallholder systems. Practices such as
conservation agriculture, stress-tolerant varieties,
and diversified cropping systems reduce yield
fluctuations and mitigate losses during droughts, heat
waves, and erratic rainfall [25]. Evidence from long-
term studies indicates that diversified systems often
maintain more consistent yields than conventional
monocultures under climate stress [7, 28].
Climate-resilient practices also contribute to
enhanced soil health and biodiversity, which are
essential for sustainable production. Increases in soil
organic matter improve nutrient cycling, water
retention, and soil structure, while diversified and
agroecological systems support pollinators and
natural pest regulators [7, 32]. These ecological
functions reduce reliance on external inputs and
strengthen system resilience. From an environmental
perspective, sustainable crop management supports
climate mitigation and reduces environmental
footprints. Optimised fertilisser use, reduced tillage,
and improved residue management lower
greenhouse gas emissions and promote soil carbon
sequestration [13, 22]. Additionally, resilient crop
management enhances the adaptive capacity of
smallholder farmers, improving food security and
livelihood stability when supported by enabling
institutions and policies. Table 3 outlines these key
impacts and benefits of climate-resilient crop
management, including improved crop productivity,
enhanced soil health, reduced vulnerability to climate
extremes, increased food security, and greater long-
term sustainability of farming systems.
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Table 3: Key impacts and benefits of climate-resilient crop management

Impacts Domain
Crop productivity and yield
stability

Soil health and fertility

Observed Benefits
Reduced yield variability; improved performance under drought,
heat, and rainfall extremes
Increased soil organic matter; improved structure, nutrient cycling,
and water-holding capacity

Relevance to Climate Resilience
climate-vulnerable systems

term productivity

Enhances food security and reduces production risk in

Strengthens tolerance to climate stress and supports long-

Biodiversity and ecosystem
services
Environmental sustainability and
mitigation
Smallholder resilience and

sequestration

livelihoods
Modified from [22,23, 28]

Challenges and Future Directions

Despite the demonstrated benefits of climate-
resilient crop management, several challenges
continue to limit widespread adoption and long-term
effectiveness. A major barrier is the uneven adoption
of sustainable practices, particularly among
smallholder farmers, due to limited access to
knowledge, inputs, finance, and institutional support
[22]. In many regions, short-term yield priorities,
labour constraints, and perceived risks discourage
farmers from transitioning away from conventional
practices, even when long-term benefits are evident
[23]. Resource and context specificity further
complicate implementation. Climate-resilient
practices are not universally transferable, as their
effectiveness depends on local agroecological
conditions, socioeconomic contexts, and cultural
practices [27]. This underscores the need for locally
adapted solutions that integrate scientific innovation
with indigenous and farmer knowledge systems.
Weak extension systems and fragmented policy
coordination often hinder the localisation and scaling
of such context-specific strategies.

Future research should prioritise long-term and
systems-level assessments of climate-resilient crop
management. There remains a need for longitudinal
studies that evaluate yield stability, soil health,
biodiversity outcomes, and livelihood impacts across
diverse climatic zones and farming systems [25].
Advances in modelling, digital agriculture, and
remote sensing offer opportunities to improve
prediction, monitoring, and decision-making, but
their accessibility and usability for smallholders
require further attention [33]. Strengthening
interdisciplinary research, innovation systems, and
policy alignment will be essential to overcoming
current constraints and ensuring the sustainable
transformation of crop production under climate
change.

Conclusion

Climate change is reshaping crop production systems
worldwide, necessitating management strategies
that simultaneously enhance productivity, resilience,
and environmental sustainability. This review has
shown that sustainable crop management through
integrated soil and nutrient management, efficient
water use, diversified cropping systems, integrated
pest and disease management, agroecological
practices, and digital innovations offers a coherent
and effective pathway for building climate-resilient
agriculture. When applied in an integrated manner,
these strategies stabilise yields under climate
variability, improve soil health, conserve biodiversity,

Enhanced pollination, biological pest control, and system stability

Reduced greenhouse gas emissions; increased soil carbon

Improved income stability, food security, and adaptive capacity

Reduces dependence on external inputs and improves
ecological resilience
Supports climate mitigation while enhancing adaptive
capacity

Enhances social resilience to climate shocks and stresses

and reduce environmental impacts. Their benefits
extend beyond agronomic performance to strengthen
the adaptive capacity and livelihoods of farmers,
particularly smallholders who are most vulnerable to
climate-related risks.

Importantly, technical interventions alone are
insufficient; their success depends on supportive
socioeconomic conditions, effective extension
systems, access to finance, and enabling policy
environments. Looking ahead, the transition toward
climate-resilient agriculture requires coordinated
action across research, policy, and practice. Emphasis
should be placed on locally adapted solutions, long-
term system-based assessments, and the responsible
use of emerging digital and precision technologies.
Strengthening collaboration among stakeholders and
aligning agricultural development with climate
adaptation goals will be critical to ensuring
sustainable food systems in an era of increasing
climate uncertainty.
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