GRI MAGAZINE

(International E-Magazine for Agricultural Articles)
Volume: 03, Issue: 10 (October, 2026)

Available online at http://www.agrimagazine.in
©Agri Magazine, ISSN: 3048-8656

)

Climate-Resilient Agriculture: Strategies and Innovations for

Sustainable Development
“Vikas Tiwari!, Shiva Nath?, Banshidhar3, Priyanka Jaiswal®, Vipin Purohit!,
Rahul Singh* and Bhawna Chaudhary?®
IPh.D. Research Scholar, Department of Genetics and Plant Breeding, Acharya Narendra
Deva University of Agriculture and Technology, Kumarganj, Ayodhya, U.P., India
Professor, Department of Genetics and Plant Breeding, Acharya Narendra Deva
University of Agriculture and Technology, Kumarganj, Ayodhya, U.P., India
3Assistant Professor, Department of Genetics and Plant Breeding, Acharya Narendra Deva
University of Agriculture and Technology, Kumarganj, Ayodhya, U.P., India
“Ph.D. Research Scholar, Department of Seed Science and Technology, Acharya Narendra
Deva University of Agriculture and Technology, Kumarganj, Ayodhya, U.P., India
SPh.D. Research Scholar, Department of Agronomy, Acharya Narendra Deva University of
Agriculture and Technology, Kumarganj, Ayodhya, U.P., India
“Corresponding Author’s email: viktiw7@gmail.com

Publish with Pride..za

griculture plays a crucial role in food security, rural economies, employment, and

economic development at the global level. It is very sensitive to climatic variations,
however, and to long-term climate change because of its dependence on temperature, rainfall,
soil characteristics, water availability, and ecological interactions. Increased temperatures,
altered precipitation, and greater incidence of extreme events will directly impact plant
growth, reproduction, yield and development, and resource availability (Thornton et al.
2014). Soil degradation, biodiversity loss, water scarcity, market volatility, and social
inequalities are the moders of climate related hazards. Agricultural systems are exposed to
climate change via various interconnected pathways. Increased temperatures may lead to a
hastened crop maturity, shorter grain-filling period, more evapotranspiration, and an impact
on reproductive processes. Precipitation changes can lead to an increase in droughts and
floods. Flooding, cyclones, extreme heat waves, and hailstorms can destroy crops, livestock,
infrastructure, and agricultural resources within a short period of time (Bal et al. 2017).
However, shifting climates can affect the occurrence, distribution, and host-pathogen
relationships of pests and pathogens. Adaptation in agriculture should not just be related to a
reduction in average production, but to the capacity of agricultural systems to withstand
shocks, adapt, recover, and remain productive in the face of variability and uncertainty,
which is the focus of climate-resilient agriculture and is closely related to climate-smart
agriculture (Vishnoi et al. 2024). Adaptation is context dependent and requires a multi-
faceted approach, including crop development and resource management, diversification,
climate services, governance, and social inclusion.

Major Climate Risks to Agricultural Systems

Climate change and its associated stresses are also intensifying the already complex
challenges on agriculture systems with increased temperatures, variability, and alterations in
rainfall, drought, floods, waterlogging, and new pests and diseases. Increased temperature
could have effects of advancements in crop development, increased crop respiration rate,
reduction in biomass accumulation, and grain-filling time. Heat stress has particular adverse
effects on reproductive development, with high temperatures being able to decrease the
viability of pollens, fertilization, and yield formation (Resentini et al. 2023). Heat during
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grain-filling can still cause a further decrease in grain weight and quality. The magnitude of
these effects varies with crop species, genotype, development stage and production
environment, highlighting the significance of harnessing genetic variation for better climate
adaptation. Another major constraint is drought i.e. reduction in soil moisture,
photosynthesis, nutrient uptake, oxidative stress and reproductive development (Fahad et al.
2017). This effect is influenced by the amount of precipitation and the distribution, intensity,
and timing of precipitation during a season. If the entire seasons totals are adequate, moisture
deficits between flowering, grain set, and grain fill can cause significant losses in yields. The
effects of drought stress can be aggravated by heat, by raising the need for atmospheric water,
and by acceleration of soil moisture loss. This emphasizes the importance of thinking of heat
and drought as combined stresses. Flooding and waterlogging fall under two types but are
equally important. These lower the oxygen in the root zone, affect root respiration, nutrient
balance, and decrease photosynthetic activity. There is genetic variability for improving
submergence and waterlogging tolerance. Furthermore, drought and flood can happen in
succession in the same season, causing a greater stress than either of these events alone.
Additionally, climate change could affect the prevalence and geographical distribution of
pests and pathogens, host-pathogen interactions and reproduction, and thus the epidemiology
of disease (Yadav et al. 2023). Hence, it is recommended that climate, physiological, and
biotic responses be included in climate risk assessment. Therefore, there is a need for
coordinated actions and approaches to tackle climate variability, crop responses, and the
dynamics of pests and diseases for resilient agricultural systems.

Table 1. Major climate risks, agricultural impacts, and potential resilience responses

Reproductive damage; reduced  Heat-tolerant cultivars; adjusted

Heat . . :
grain-filling sowing
Poor germination; frost injury; Cold-tolerant cultivars; frost
Cold !
delayed growth protection
Water deficit; reduced Drought tolerance; efficient
Drought . L.
photosynthesis rrigation
Flooding/waterlogging Root hypoxia; nutrient imbalance Tolerant cultly ars; improved
drainage
. Increased crop damage; altered Host resistance; integrated
Pests and diseases . .
epidemiology management

Multi-stress tolerance;

Compound stresses Enhanced physiological damage integrated management

Genetic and Genomic Strategies for Climate-Resilient Crops

Genetic improvement is a long-term strategy to increase agricultural resilience, since
improved cultivars can offer protection from climatic stresses over several production cycles.
Conventional breeding still plays an important role and diverse germplasm offers variation
for drought, heat, salinity, water logging, disease resistance, nutrient-use efficiency and
phenological adaptation. Landraces, crop wild relatives, genetic stocks, and diverse breeding
populations are especially rich sources of adaptive alleles. Marker-assisted selection can
speed the introgression of major genes and quantitative trait loci with relatively large effects
into elite genetic backgrounds (Gupta ef al. 2010). A combination of multiple target traits is
specifically useful in marker-assisted backcrossing and gene pyramiding. Many climate-
resilience traits are quantitative and strongly influenced by the environment and are
quantitatively inherited; genomic selection is a relevant complementary approach. The
genome-wide marker information can be used to estimate breeding values and potentially
improve selection efficiency and decrease generation intervals. Genome-wide association
studies have the potential to use historical recombination across different populations to
enable fine-mapping of genomic regions associated with complex adaptive traits.
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Phenotyping needs to be combined with genomic approaches for high throughput. RGB,
thermal and hyperspectral imaging, UAVs, and automated platforms can quantify canopy
temperature, biomass, senescence, architecture, and water status (Liang et al. 2025). Hence,
integration of genomics and phenomics can enhance identification and deployment of
climate-adaptive traits. Genome editing techniques, especially CRISPR-based strategies,
provides opportunities for targeted and precised modification of genes involved in stress
perception, signaling, metabolism, root architecture, flowering, and disease resistance
(Shelake et al. 2022). However, genome editing is not a standalone solution. Traits are
complex; they depend on genotype, and there are regulatory issues, off-target effects,
interactions with the environment, etc. Future breeding efforts should also focus on combined
stresses like heat + drought or salinity + heat and stable performance across variable
environments instead of tolerance to a single stress.

Table 2. Genetic and genomic approaches for climate-resilient crop improvement

. . Selection from diverse Develops stress-adapted
Conventional breeding ;
germplasm cultivars
Landraces, wild relatives, and Provides adaptive alleles for
Germplasm resources .
genetic stocks stress tolerance
Marker-assisted Selection of major genes and Accelerates introgression of
selection (MAS) QTLs target traits
Marker-assisted Transfer of genes/QTLs into elite Speeds development of
backcrossing (MABC) backgrounds improved cultivars
o .. . Enhances multi-trait and
Itipl !
Gene pyramiding Combining multiple target genes durable resistance
. . Genome-wide prediction of Improves selection for
Genomic selection . o .
breeding values complex quantitative traits

Detects loci associated with

GWAS Identification of genomic regions . )
adaptive traits
High-throughput RGB, thermal, hyperspectral, and Rapidly quantifies stress-
phenotyping (HTP) UAV-based assessment related traits
Genome editing Targeted modification of stress-  Enables precise improvement
(CRISPR) related genes of adaptive traits

Climate-Smart Agronomy and Resource Management

Agronomic management is an important component to complement genetic improvement.
Through a suitable cultivar, proper plant density, and time of sowing, it is possible to
minimize the climatic stress during the sensitive stages of plant development through better
fertilizer management. Effectiveness is, however, dependent on local climate, properties of
the soil, genotype, and reliable information available. Conservation Agriculture is less
disturbing, less covered, and less diversified in soil than conventional agriculture, which
consequently could benefit soil structure, infiltration, erosion control, and soil temperature
management (Altieri et al. 2017). However, success is related to climate, soil, availability of
residue, weed control, access to machinery, and management. Soil health can be improved
through residue retention, cover cropping, compost, agroforestry, and diversified rotations, all
of which can increase water-holding capacity and nutrient cycling capacity. Soil carbon
management can add mitigation benefits, but carbon sequestration is non-infinite and
reversible and should be used in addition to, not in place of, other adaptation measures. With
increasing climatic variability, efficient water management is of increasing importance. The
following techniques can be used to improve water use efficiency: rainwater harvesting, farm
ponds, micro-irrigation, laser land leveling, supplemental irrigation, deficit irrigation,
alternate wetting, and drying. But the efficiency at the field level requires to be coupled with
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appropriate governance of groundwater, since more efficient water use at the field level does
not necessarily result in less water extraction overall.

Agroecological Diversification and Digital Technologies

Diversification reduces climate risk by distributing it across crops, varieties, planting times,
and income streams. Diversified landscapes support biodiversity. Crop rotations,
intercropping, agroforestry, and integrated crop—livestock systems help support biodiversity
and ecosystem function. However, the adoption can be hindered due to extra labor needs,
narrow markets, low seed availability, and short-term yield declines. Resilience benefits
should thus be considered along with profitability, labor needs, food preferences, and market
access. Digital technologies are bringing more opportunities to manage climate risk. Planting,
irrigation, fertilization, and harvesting decisions can be supported through localized forecasts,
mobile alerts, pest alerts, and early-warning systems (Stankovic et al. 2022). Spatially
targeted management is possible with satellite imagery, UAVs, proximal sensors, and
precision technologies and can be used to monitor drought, assess crop conditions, predict
yields, and assess disaster situations. Al / machine learning has the potential to improve
disease detection, yield forecasting, irrigation scheduling, phenotyping and climate risk
assessment (Sudha et al. 2026). They work if they are well trained on representative data, and
well validated. “Future digital systems must therefore strive for transparency, locally relevant
data sets, interoperability, farmer engagement and responsible data governance. Managed
environment (ME) - agriculture including greenhouse, hydroponic, and vertical systems may
present reduced exposure to selected stresses and better control of water and nutrients.
However, these are energy and capital intensive, which renders them unsuitable for many
farming systems. At the same time, opportunities for solar-powered applications such as
irrigation, agriculture processing, cold storage, and agricultural photovoltaics are becoming
available, and their efficiency relies on the type of agricultural production and the climatic,
technical, and economic conditions.

Institutional, Financial, and Social Dimensions

Technology can't do the whole job for agriculture to be resilient. Farmers need land, water,
high-quality seeds, credit, insurance, extension services, markets, infrastructure, and accurate
weather information. There is still a lot of exposure to catastrophic loss, although
affordability and basis risk remain an issue; weather-indexed insurance, contingency credit,
savings mechanisms, and climate finance can play a part in lowering that exposure. Extension
systems need to increasingly evolve into bi-directional knowledge platforms gathering
scientific information, farmer experience, and locally developed adaptation practices.
Resilience also encompasses post-production systems like storage, processing, transportation,
market access, and price stability. Climate vulnerability is not universal, and smallholder
communities, women, youth, and resource-poor groups could face more land, finance,
technology, information, and decision-making constraints. Planning for resilience should
therefore explicitly include the issue of equity in the distribution of access.

Integrated Framework for Climate-Resilient Agriculture

A multi-faceted approach involving genetic improvement, climate-smart agronomy, resource
management, ecological diversification, digital technologies, and enablers such as supportive
institutions is needed to implement climate-resilient agriculture. Climate risks tend to
coincide, and resilience can't be realized through a single intervention (O'Brien et al. 2013).
Rather, a complementary set of approaches needs to be pursued at the crop, farm, landscape,
and institutional levels. At the crop level, breeding and genomic technologies have the
potential to develop cultivars with increased tolerance to heat, drought, salinity, flooding and
emerging biotic stresses. Some of the ways to reduce climate vulnerability at farm level and
promote better resource use efficiency are timely sowing, conservation agriculture, soil health
management, efficient irrigation, balanced nutrition and crop diversification. Intercropping,
agroforestry, crop—livestock integration, and diversified production systems can improve
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landscape biodiversity and spread climatic and economic risks at the landscape level.
Monitoring and timely management decisions can be enhanced by digital technologies such
as remote sensing, UAVs, artificial intelligence, forecasting the weather, and early-warning
systems. However, technological interventions need enabling conditions like access to
quality seed, finance, insurance, extension, markets, infrastructure, and climate information.
Therefore, four principles of resilience — integration, context specificity, adaptive
management, and continuous learning should be the core of a good resilience framework
(Rachmad, Y. E. 2022). The results should not only be assessed based on the average
productivity but also on the yield stability, profitability, resource efficiency, sustainability of
ecosystems, livelihood security, and recovery potential. This integration can lead to enhanced
climate smartness of agriculture, food production, and rural livelihoods.

— ’y —
= |
Profitability
. 1 | (;:):.’
r- ) \ R N _vf!' y 3 Livelihoods Recovery Potential
Crop Specific Tolerance Landscape Scale Diversity Digital Technologie Evolution Criteria

Figure 1. Integrated framework for Climate-Resilient Agriculture

Challenges and Future Perspectives

There are some limitations to overcome to accelerate the transition to climate-resilient
agriculture. First, many interventions are incremental in nature, whereas future climatic
conditions call for transformative change in cropping systems, farming, and livelihoods
(Altieri et al. 2015). Secondly, technologies are context-specific and can have trade-offs such
as water demand, energy use, labor, risk, biodiversity or profitability. Third, there is a lack of
a direct relationship between productivity, adaptation, mitigation, ecosystem services, and
profitability. This means that these trade-offs need to be measured because they are not
assumed. Fourth, Agricultural evaluation tends to focus on average yield, with resilience also
having additional metrics such as yield stability, income security, nutrition, and recovery
from extreme events. Last, but not least, climate uncertainty grows, and the long-term
approach becomes less suitable (Hallegatte, S. 2009). Hence, in the future, the agricultural
systems should be developed with the center of adaptive management, diversification,
scenario planning, monitoring, and continuous learning.

Conclusion

Climate-resilient agriculture is a systems-level intervention to support food production and
rural livelihoods in a changing climate characterized by growing uncertainty. It depends on
addressing the syndrome of multiple risks through integrated efforts at genetic, field/farm,
landscape, institutional, and policy scales. Genetic improvement can be used to improve crop
performance in harsh environments and genomes, genomic selection, high-throughput
phenotyping, and genome editing are enhancing the ability of breeding programs to tackle
complex adaptive traits in plants and animals. However, resiliency will not come from better
genetics. They need to rely on proper agronomic production, sustainable soil, water use, and
more diverse production systems; on effective interactions between seed systems and their

AGRI MAGAZINE ISSN: 3048-8656 Page 64

o c%%é

e
(e}

B
oV

o}

[e22]4

o e

[e22]4

o}

S
Se

o

o}

o GV

S e

o
e}

2200

20T
ﬁg@ o2

o G

0 anlo it
SUS €
s

o G

2300

Cfv?\g

el

8
s

iy
[5e)

e}

S

2200

DO
Sevo GV
G?

o Qoo
foz%

&
35
<,§‘~

B

&
S

le2

C

saife]

oW
Rt

S

(¢)
2

28

SN



Tiwari et al. (2026) Agri Magazine, 03(10): 60-65 (OCT, 2026)

users; on digital information on finance and markets; and on functioning institutions. So, the
future of climate-resilient agriculture is integrated resilience portfolios as opposed to a single
technology and production model. The ability of agricultural systems to sustain shocks, adapt
to changing conditions, and bounce back from disruptions can be strengthened through
genetic improvement and the use of resource-efficient management, ecological
diversification, the use of digital decision support tools, renewable-energy applications, and
the participation of inclusively designed socio-economic institutions. This incorporation
provides opportunities for the development of systems of agriculture that are productive,
recognize not only validated environmental impacts and constraints but also realize
contributions to climate change, and are both economically viable and socially inclusive.
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