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Intricacies of the subject varieties, precision agriculture, efficient
irrigation, rainwater harvesting, soil-moisture
conservation, biochar, agroforestry and
integrated farming systems—offer promising
pathways to address these challenges. Their
effectiveness, however, depends on selecting
affordable, scientifically validated and locally
appropriate technologies and deploying them
at the right place and time. Integrating
technological  innovation  with  farmer
knowledge and  sustainable  resource
management can help build agricultural
systems that remain productive, resilient and
environmentally sustainable under increasing
climate uncertainty.

A delayed monsoon can postpone sowing; a
prolonged dry spell can wither young crops,
while intense rainfall and extreme heat can
severely reduce yields. For India’s millions of
farmers, climate change is no longer a distant
environmental concern but an immediate
threat to agricultural production, food security
and livelihoods. Indian agriculture remains
strongly dependent on the southwest monsoon,
whose timing, amount and distribution
influence soil moisture, reservoir storage,
groundwater recharge, crop growth, livestock
and fodder availability. Rising temperatures,
erratic rainfall, droughts, floods, cyclones and

shifting seasons are consequently creating Climate information: From forecasts to
interconnected risks across farming systems. farm decisions

Although agriculture cannot control large-

scale climatic phenomena such as El Nifio, it One of the most valuable technologies in
can reduce vulnerability through preparedness, modern agriculture is information. Weather
diversification and  efficient  resource forecasts, seasonal climate predictions and
management. The response must therefore early-warning systems can help farmers
shift from reactive disaster relief towards anticipate climatic risks and make timely
proactive climate adaptation and resilience. decisions before losses occur. However, the
Innovative  climate-smart  technologies— true value of climate information lies in
including climate forecasting, resilient crop converting scientific forecasts into simple,
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practical and actionable farm advice. Farmers
require answers to specific questions: When
should sowing begin? Should planting be
postponed? Which crop or variety should be
selected? When should irrigation or fertilizer
be applied? Should harvesting be advanced
because of an approaching extreme-weather
event? Automatic weather stations, satellite
observations, remote sensing, soil-moisture
sensors, mobile information. For example, an
indication of delayed rainfall can enable
farmers to select short-duration varieties,
modify sowing dates or adopt contingency
crops. Similarly, timely warnings of heavy
rainfall, heat waves or storms can help farmers
protect harvested produce, livestock and farm
infrastructure. Thus, climate services become
truly effective when they transform scientific
uncertainty into practical preparedness and
timely action.

Resilient crops and diversified farming
systems

The selection of appropriate crops and
varieties is fundamental to climate-resilient
agriculture. Drought-tolerant, heat-tolerant,
flood-tolerant, salt-tolerant and short-duration
varieties can reduce production risks under
changing climatic conditions. Flexible sowing
windows can further help farmers respond to
actual weather conditions rather than relying
exclusively on traditional planting calendars.
Crop  diversification  provides  another
important layer of protection. Farmers who
depend heavily on a single crop are more
exposed to both climatic and market shocks.
Integrating  cereals,  pulses,  oilseeds,
vegetables, fruits, fodder and livestock can
distribute risks while creating multiple sources
of food and income. Under water-limited
conditions, crops such as millets and pulses
may provide more resilient alternatives to
highly water-intensive crops where they are
agronomically suitable. Integrated farming
systems strengthen this approach by linking
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crop production with livestock, horticulture,
fisheries, agroforestry and other enterprises.
Crop residues can be used as animal feed,
livestock manure can improve soil fertility,
and farm ponds can support irrigation and,
where appropriate, fish production. If one
enterprise is adversely affected by a climatic
event, another may continue to generate food
or income. Diversity therefore functions as
both biological and economic insurance.

Precision agriculture and timely farm
operations

Technological ~ advances are  making
agricultural operations increasingly precise.
Drones, satellite imagery, GPS-guided
machinery, automated weather stations and
soil-moisture sensors can monitor crop
conditions and identify variations within
fields. Such information enables farmers to
apply water, nutrients and crop-protection
inputs according to actual crop requirements
rather than treating the entire field uniformly.
Climate-smart  mechanisation is equally
important when weather windows are
becoming shorter and more uncertain. A brief
period of suitable soil moisture may determine
whether a crop is successfully established.
Zero-tillage seed drills, precision planters and
laser land levellers can improve the timeliness
and efficiency of field operations while
reducing unnecessary resource use. For small
and marginal farmers, access to machinery is
often more important than individual
ownership. Custom-hiring centres and shared
machinery services can therefore make
advanced equipment available at affordable
costs. The objective of technological
innovation should not be technological
complexity for its own sake, but greater
timeliness, precision, efficiency and
accessibility in agricultural operations.
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Water security: every drop matters

Water is among the most critical resources for
climate-resilient agriculture. Increasing rainfall
variability and recurrent droughts make
efficient water management essential. Drip and
sprinkler irrigation can significantly improve
water-use  efficiency, particularly in
horticultural and other high-value crops.
Nevertheless, efficient irrigation alone cannot
address the broader challenge of water
scarcity. Agriculture must simultaneously
capture, store, recharge and conserve water.
Farm ponds, check dams, recharge structures,
watershed development and restoration of
traditional tanks can strengthen local water
security. Stored rainwater can provide
protective irrigation during critical stages of
crop growth, when even a small amount of
additional water can prevent substantial yield
losses. At the same time, groundwater must be
managed carefully. Excessive pumping may
protect a crop in the short term but increase
vulnerability in the future through aquifer
depletion. A resilient water strategy therefore
requires an integrated combination of efficient
irrigation, rainwater harvesting, water storage,
groundwater recharge. Water should be
regarded as a finite resource requiring careful
stewardship rather than as an unlimited
emergency reserve.

Healthy soil: Nature’s water bank

Farmers cannot determine how much rain will
fall, but they can influence how effectively
rainfall is captured, stored and utilised by the
soil. Healthy soil functions as a natural water
bank. Good soil structure and adequate organic
matter improve infiltration, water-holding
capacity, nutrient cycling and root
development. Practices such as mulching,
crop-residue  retention, reduced tillage,
compost application, farmyard manure, green
manuring, cover cropping, crop rotation and
the inclusion of legumes can improve soil
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resilience. Mulching reduces evaporation and
moderates soil temperature, while crop
residues protect the soil surface from erosion
during intense  rainfall.  Conservation
agriculture, based broadly on minimum soil
disturbance, permanent soil cover and crop
diversification, can contribute to resilience
under both drought and excessive rainfall.
Building soil organic matter is therefore not
merely a soil-fertility strategy; it is a long-term
investment in water security, productivity and
climate resilience.

Biochar, biological technologies and
agroforestry

Emerging  Dbiological and  ecological
technologies can further contribute to

sustainable agriculture. Biochar, produced by
heating suitable biomass under limited oxygen,
has potential to improve soil structure, water
retention and nutrient-holding capacity while
storing carbon. However, its effects vary
according to feedstock, production conditions,
soil characteristics and application rates.
Therefore, biochar should be promoted
through scientifically validated and site-
specific recommendations rather than as a
universal solution. Biofertilizers and microbial
biopesticides can support nutrient cycling and
environmentally responsible crop protection
when reliable products are appropriately
selected and applied. These biological
approaches can reduce dependence on certain
synthetic inputs. Agroforestry offers another
promising pathway for climate resilience by
integrating suitable trees with crops and
livestock. Trees can provide fruits, fodder,
timber, biomass and other products while
contributing to biodiversity, soil protection,
carbon storage and microclimate regulation.
Appropriate tree species and planting
arrangements must, however, be selected
according to local conditions to minimise
competition with crops for water, nutrients and
sunlight.
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Circular agriculture and resource recycling

The sustainable agriculture of the future must
move beyond a linear “use and discard”
model. Circular agriculture seeks to recycle
resources within farming systems and convert
wastes into useful inputs. Crop residues can be
used as mulch, compost, biochar or livestock
feed, while animal manure can return organic
matter and nutrients to agricultural soils.
Properly treated wastewater can also
supplement freshwater resources for suitable
agricultural applications, particularly in water-
stressed areas. However, safe wastewater reuse
requires appropriate treatment, suitable

irrigation practices and regular monitoring of
water, soil and groundwater quality.
Responsible resource recycling can reduce
waste, strengthen resource security and
decrease environmental pressure.

The way forward

No single technology can make agriculture
completely climate-proof. A drought-tolerant
variety cannot compensate for degraded soil;
efficient irrigation cannot provide water when
storage is inadequate; and an advanced
weather forecast has limited value if farmers
lack the means to act upon it.
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The future therefore lies in integrated climate-
smart farming systems. Climate information
should guide crop planning, while resilient
varieties should be supported by healthy soils
and efficient water management. Precision
technologies should improve resource-use
efficiency, while crop diversification and
agroforestry should reduce ecological and
economic risks. Contingency planning should
enable farmers to respond rapidly when

Biochar

——— Recycle + Reuse + Regenerate —

INNOVATIVE CLIMATE-SMART TECHNOLOGIES
FOR BUILDING RESILIENT AND SUSTAINABLE AGRICULTURAL SYSTEMS

Sustainable future

Efficient resources +

omATESUART Tecy, o
L

t 0,
@ - Weather forecasis & . 7 TS Orones & satetite
W n) X (+

%%\ seasonad predictions \\ o i 4 i ¥ monitoring

3] § (10) Sotmaisture &
D — P o A 2 o) © S
@ < Mobile & digital advisories 8 Berolz serivg B o GPS-guided machinery

¥ & precision pianters
Transates uncertainty INTEGRATED SOLUTIONS

FOR RESILIENT FARMS

48, “\6\5
“€ & ResiiEnT AC
6. CIRCULAR & RESOURCE-EFFICIENT AGRICULTURE

JRE
Comgost/

Efficient Resource Use
(Wates, Nutrients. Enray)

INNOVATION + KNOWLEDGE + NATURE = RESILIENT AND SUSTAINABLE AGRICULTURE FOR A BETTER FUTURE

187

.

Livestock

Resilient farms +

3. PRECISION & TIMELY
FARM OPERATIONS

A Right inpun, ight place,
b right time

4. WATER & SOIL
RESOURCE SECURITY

& O & sprinkler

T irigation

41 Rainwater harvesting,
BN o crc 8 chock dams

e
b

| 7. EMPOWERING FARMERS & INSTITUTIONS

A Scil-moisture conservation:
2 mulching, cover crops,
reduced tillage

a4 Soil heahy organic matter,
& biochar, crop rotation

AR Capacity buiding & extencion
@8 Custom hiring & shared services
&9 Climate-smortfinance & insurance

!', Participatory resanrch &
local Innovation

Ervvronmental Sustainabiity
& Biodiversity

Healihy Sail

Msure & Higher Yield

Food & Livelinood Security
for Future Generations

(Y4

P

climatic conditions deviate from expectations.
Innovation also does not necessarily mean
expensive machinery or sophisticated digital
systems. For many smallholders, practical
technologies such as improved seeds,
mulching, farm ponds, soil testing, mobile-
based advisories, rainwater harvesting and
integrated farming may generate substantial
benefits.
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Technologies must therefore be affordable,
accessible, scientifically validated, locally
appropriate and supported by effective
extension services. Equally important is the
participation of farmers in technology
development and adoption. Farmers possess
valuable knowledge of local soils, weather
patterns, crops and traditional adaptation
practices. Combining this knowledge with
modern science can produce solutions that are
both technically effective and socially
acceptable.

Conclusion

Climate change is redefining the conditions
under which agriculture must operate, but it is
also accelerating opportunities for innovation.
Climate-resilient agriculture is not about
controlling nature; rather, it is about working
intelligently with natural processes, using
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