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griculture faces increasing challenges from soil degradation, water scarcity, climate

change and inefficient use of agricultural inputs. Conservation Agriculture (CA), based
on minimum soil disturbance, permanent soil cover and crop diversification, promotes
sustainable management of soil and natural resources. Precision Agriculture (PA) uses
technologies such as GNSS, remote sensing, UAVSs, sensors, GIS, loT, artificial intelligence
and variable-rate technology to manage field variability. Integrating PA with CA enables site-
specific management of nutrients, water, seeds, weeds and crop residues while maintaining
the ecological principles of CA. This integration can improve resource-use efficiency, soil
health, productivity and climate resilience while reducing unnecessary input use and
environmental losses (Getahun et al., 2024; Sadiq et al., 2025; Ruder et al., 2026). However,
high initial costs, technical requirements, limited digital infrastructure and small farm sizes
remain important barriers. Therefore, affordable technologies, farmer training and supportive
policies are essential for successful adoption. The integration of PA and CA offers a
promising pathway toward sustainable and resource-efficient farming.
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Introduction

Modern agriculture faces major challenges including soil degradation, water scarcity, climate
variability and inefficient use of fertilizers and other inputs. Conservation Agriculture (CA),
based on minimum soil disturbance, permanent soil cover and crop diversification, helps
conserve soil and water resources and improve soil health (FAO, 2022; Sadig et al.,
2025).However, agricultural fields show considerable variation in soil fertility, moisture, crop
growth and yield. Precision Agriculture (PA) addresses this variability through technologies
such as GNSS, GIS, remote sensing, UAVSs, sensors, loT, artificial intelligence and variable-
rate technology (Getahun et al., 2024). These technologies allow inputs to be applied at the
right place, time and rate.The integration of PA with CA combines ecological conservation
with site-specific management, potentially improving nutrient-use efficiency, water
productivity, soil health and overall farm sustainability. Recent evidence supports the
potential of PA to reduce resource use and environmental impacts, although long-term field
evidence is still limited (Ruder et al., 2026). Therefore, integrating these two approaches can
provide an important pathway toward productive, resource-efficient and climate-resilient
agriculture.

Conservation Agriculture: Principles and Scientific Basis

Minimum soil disturbance: Minimum soil disturbance involves reducing the intensity and
frequency of mechanical soil manipulation through practices such as reduced tillage, strip
tillage and zero tillage. Reduced soil disturbance helps maintain soil aggregation, pore
continuity and biological activity and can reduce fuel requirements associated with repeated
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tillage operations (Sadiq et al., 2025). Precision technologies can strengthen minimum-tillage
systems by improving machinery guidance, reducing overlapping passes and supporting
controlled traffic. GNSS-based auto-guidance can help machinery follow predetermined
traffic routes, thereby reducing unnecessary field passes and localized soil compaction (Al-
Sammarraie & Kaplan, 2025).

Permanent soil cover: Permanent soil cover is maintained through crop residues, mulch and
cover crops. Crop residues protect the soil surface from raindrop impact and wind erosion,
reduce. .Residue retention can also influence soil temperature, moisture and microbial
processes. CA reviews have identified permanent soil cover as an important mechanism
through which CA improves soil health and resource conservation (Sadiq et al.,
2025).Remote sensing and UAV-based imaging can support this principle by monitoring
residue and vegetation cover across large fields. Spectral information can be used to
differentiate crop residues, vegetation and exposed soil, thereby supporting assessment of CA
adoption and soil-cover status.

Crop diversification: Crop diversification through rotation and crop association improves
biological and temporal diversity within farming systems. Different crops possess different
rooting patterns and nutrient requirements, which can enhance nutrient cycling and reduce the
continuous selection pressure associated with monocropping. Crop diversification can also
contribute to pest and disease management and improve resilience to climatic variability
(Sadiq et al., 2025). GIS and digital farm-management systems can support crop-rotation
planning by integrating historical yield, soil fertility, weather and field information.

Precision Agriculture: Concept and Technological Framework

Precision Agriculture aims to manage agricultural variability through the systematic
collection and interpretation of spatial and temporal information. Modern PA systems
combine several technologies rather than relying on a single tool. Major components include:
GNSS/GPS and automated guidance, GIS;, satellite remote sensing, UAVs and drones, soil
sensors, crop sensors, loT, Al and machine learning, variable-rate technology, yield
monitoring, and digital decision-support systems. Systematic reviews indicate that PA
technologies can improve the precision of agricultural operations and support more efficient
management of water, fertilizers and pesticides (Getahun et al., 2024). However, the
magnitude of benefits depends on field variability, technology performance, management
quality and economic conditions.

Precision Agriculture Technologies for Conservation Agriculture

GNSS/GPS and automated guidance: GNSS enables accurate positioning of agricultural
machinery and is increasingly integrated with auto-steering and automated guidance systems.
Applications in CA include:

precision seeding, direct drilling, controlled traffic, accurate fertilizer placement, precise
spraying, reduced overlap, and reduced unnecessary machinery passes. By minimizing
overlapping field operations, GNSS-guided machinery can reduce fuel consumption and
improve operational efficiency. Precision guidance and controlled traffic are also recognized
as technologies that can contribute to reducing soil degradation and compaction (Al-
Sammarraie & Kaplan, 2025).

Geographic Information Systems: GIS provides the spatial framework required to integrate
information from soil sampling, sensors, satellites, UAVs and yield monitors. GIS can be
used to develop maps of:

soil pH, soil organic carbon, electrical conductivity, available nutrients, soil moisture,
topography, crop vigour, weed distribution, yield, and erosion risk.

Remote sensing: Remote sensing enables repeated monitoring of agricultural fields without
requiring physical sampling at every location. Satellite and airborne sensors can provide
information related to:

crop vigour, biomass, crop stress, vegetation cover, crop residues, water stress, soil
characteristics, and crop development.
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Recent research has highlighted remote sensing as an important tool for monitoring
conservation practices and crop/residue conditions (Lawrence et al., 2024).

UAYV and drone technology: UAVs provide high-resolution imagery at field scale and can
be equipped with RGB, multispectral or thermal sensors. Potential applications include:
crop-health monitoring; nutrient-stress detection; weed mapping; disease detection; residue
assessment; crop population estimation; water-stress assessment; and targeted spraying.
Recent PA research indicates that UAVS, spectral imaging and machine-learning methods are
increasingly being used for real-time crop monitoring and targeted crop-protection decisions
(2025).

Soil sensors: Soil sensors can provide spatial and temporal information about soil conditions.
Important parameters include:

soil moisture; soil temperature; electrical conductivity; pH; salinity; and nutrient-related
indicators. Sensor-based soil mapping can reduce the dependence on uniform field
assumptions and support more representative sampling and site-specific nutrient
management.

Crop sensors: Crop sensors measure characteristics such as canopy reflectance, biomass and
vegetation vigour. Optical sensors can help assess crop nitrogen status and identify areas with
different nutrient requirements. This can support real-time nitrogen management and reduce
the risk of applying nitrogen beyond crop demand.

Variable Rate Technology: Variable Rate Technology (VRT) allows agricultural inputs to
be applied at different rates across a field.

Applications include:

fertilizer; seed; irrigation; pesticides; lime; and other soil amendments.

Recent systematic evidence indicates that VRT has some of the strongest field-based
evidence for reducing fertilizer use within PA systems, particularly in grain production
(Ruder et al., 2026).

Applications of Precision Agriculture in Conservation Agriculture

Precision nutrient management: Nutrient management represents one of the most important
areas for PA—CA integration. CA influences nutrient cycling through residue retention,
reduced soil disturbance and crop diversification. However, nutrient availability can vary
spatially because of differences in soil properties, residue distribution, topography and crop
removal.

Precision nutrient management involves:

Soil sampling — Nutrient mapping — Crop-demand assessment — Management zones —
Prescription map — Variable-rate application — Crop monitoring

Precision fertilizer management can reduce unnecessary fertilizer application and improve
nutrient-use efficiency (Getahun et al., 2024).

Precision water management CA can improve soil-water conservation through residue
retention and reduced soil disturbance, while PA can improve the timing and spatial
allocation of irrigation. Important technologies include:

soil-moisture sensors; automated weather stations; remote sensing; evapotranspiration
estimation; 10T systems; and automated irrigation controllers.

loT-based sensors can provide continuous information about soil moisture and environmental
conditions, supporting timely irrigation decisions (Getahun et al., 2024).

Precision seeding: Precision seeding is highly relevant to CA because reduced soil
disturbance requires accurate placement of seed into relatively undisturbed soil. Precision
seeders can control:

seed depth; seed spacing; row spacing; seed rate; and field coverage.

GNSS-guided equipment can reduce overlapping and improve operational efficiency.
Precision weed management: Weed management is one of the major challenges associated
with some CA systems because reduced soil disturbance can alter weed emergence patterns.
Precision technologies can support:
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weed mapping; UAV-based weed detection; machine-vision systems, Al-based classification;
spot spraying; and site-specific herbicide application.

Residue and cover-crop monitoring: Permanent soil cover is a fundamental CA principle.
Remote sensing can help quantify residue and vegetation cover across agricultural
landscapes.

Applications include:

residue-cover assessment; cover-crop monitoring; exposed-soil detection; erosion-risk
assessment; and monitoring CA adoption.

Remote sensing therefore provides a non-destructive method for assessing one of the most
important indicators of CA implementation (Lawrence et al., 2024).

Yield mapping

Yield mapping provides spatial information about crop productivity. When combined with
soil, terrain and remote-sensing data, yield maps can identify:

consistently high-yielding areas; consistently low-yielding areas; nutrient-limited areas;
water-limited areas; and areas requiring further investigation.

Effects on Soil Health

Soil health is a central component of sustainable agriculture and an important point of
convergence between CA and PA. CA contributes to soil-health improvement by reducing
physical disturbance, retaining residues and increasing crop diversity. These practices can
improve soil aggregation, organic carbon, water retention and microbial activity (Sadiq et al.,
2025). PA contributes through spatial measurement and site-specific management. Precision
technologies including soil sensors, GIS and VRT have increasingly been applied to soil-
health assessment and management (Al-Sammarraie & Kaplan, 2025).

Nutrient-Use Efficiency and Resource Conservation

Improving nutrient-use efficiency is a major objective of sustainable agriculture. Uniform
fertilizer application assumes relatively uniform nutrient requirements, whereas actual
nutrient demand can vary considerably within fields. Precision nutrient management allows
fertilizer rates to be adjusted according to soil nutrient supply and crop demand. Potential
outcomes include:

reduced fertilizer wastage; improved nutrient recovery; reduced nutrient losses; lower
production costs; and reduced environmental pollution.

Recent systematic evidence indicates that PA technologies can improve nutrient-use
efficiency and reduce fertilizer-related environmental impacts, although outcomes depend on
technology and management conditions (2025; Ruder et al., 2026).

Water-Use Efficiency

Water scarcity is becoming an increasingly important constraint to agricultural production.
CA can reduce evaporation and improve soil-water storage through residue retention and
improved soil structure. PA can further improve water management by monitoring soil
moisture and crop water demand. Remote sensing, soil sensors and loT systems can support:
irrigation scheduling; identification of water-stressed areas; variable-rate irrigation; and
estimation of crop water requirements.

The integration of these technologies can improve water-use efficiency while reducing
unnecessary irrigation.

Climate-Change Mitigation and Adaptation

Agriculture both contributes to and is affected by climate change. CA can contribute to
climate adaptation by improving soil-water relationships and increasing system resilience to
drought and rainfall variability. It may also contribute to climate mitigation through reduced
fuel use and changes in soil carbon dynamics (Sadiq et al., 2025). PA can complement these
benefits by improving: fertilizer-use efficiency; irrigation efficiency; machinery efficiency;
pesticide targeting; and field-operation planning. The 2026 systematic review found

oQg'ci o@cticleb ISSN: 2582-9882 Pa.g.e 177

Ear e e de v e Ae de v e e Lo e O e Lo D O e Ao e O e e e e Ae Ao v e e de v O e Le de e O e e Ae de e D v de Ao dp e v O O



Earde de de de de Ao de de Ao Ao e Ae Ae e Ae e e A A A A A e i e U O O Or dr dv dv dv dv G de de de Ae 1o e e dr Ov G de de de Ae Ae e e Or |

Kumar et al. (2026) Agri Articles, 06(05): 174-181 (SEP-OCT, 2026)

environmental benefits in many PA field trials but also emphasized the limited number and
relatively short duration of rigorous studies (Ruder et al., 2026).

Environmental Benefits

Integration of PA and CA can potentially:

Reduces soil erosion, Reduces nutrient losses, Reduces pesticide use, Improves water quality,
Reduced fuel consumption, Improved soil quality. A 2026 systematic review found field
evidence for reduced fertilizer, pesticide, water and fuel use and improvements in soil or
water quality in a substantial proportion of the PA studies that met its inclusion criteria
(Ruder et al., 2026).

Economic Benefits

The economic value of PA—CA integration depends on the balance between technology costs
and savings in inputs, labour and machinery operations. Potential benefits include: reduced
fertilizer costs; reduced pesticide expenditure; reduced fuel consumption; reduced water use;
improved machinery efficiency; reduced labour requirements; improved vyield stability; and
better decision-making. However, PA technologies may require substantial initial investment.
The economic return is therefore strongly influenced by farm size, crop value, input prices
and the degree of within-field variability (Mgendi, 2024).

Strategies for Adoption
Custom Hiring Centres: Farmer Producer Organisations, Affordable technologies ,Capacity
building ,Public and institutional support, Farmer-centred development

Relevance to Indian and South Asian Agriculture

The integration of PA and CA has considerable potential in Indian agriculture because of
diverse soil types, cropping systems, climatic conditions and farm sizes. Rice-based systems
are particularly important because they face challenges related to water use, residue
management, nutrient losses and soil degradation. Potential applications include:

precision nitrogen management;

satellite-based crop monitoring;

drone-based crop assessment;

precision irrigation; direct-seeded rice; residue management ;zero-tillage systems; digital
soil mapping; and Al-based crop advisories.

Proposed Framework for Sustainable PA—CA Integration

A practical framework for integrating PA and CA can be organized into eight stages.

Stage 1: Establish Conservation Agriculture

Implement: minimum soil disturbance; permanent soil cover; and crop diversification.

Stage 2: Characterize field variability

Use: soil sampling; sensors; satellite imagery; UAVs; and GIS.

Stage 3: Develop management zones: Integrate soil, crop, terrain and yield information.
Stage 4: Develop prescriptions

Determine site-specific requirements for: fertilizer; seed; irrigation; pesticides; and soil
amendments.

Stage 5: Implement precision operations

Use: GNSS; VRT; precision seeders; targeted spraying; and automated irrigation.

Stage 6: Monitor crop and soil conditions: Use sensors, UAVSs, satellite imagery and field
observations.

Stage 7: Evaluate outcomes

Measure: yield; nutrient-use efficiency; water productivity; soil health; greenhouse-gas
emissions; and economic returns.

Stage 8: Feedback and adaptation: Use results to improve management during subsequent
seasons. This framework converts PA-CA integration from collection of individual
technologies into an adaptive, data-driven and conservation-oriented farming system.
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Integration of Precision Agriculture Technologies in Conservation Agriculture for Sustainable Farming
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Integration of Precision Agriculture Technologies with Conservation Agriculture leads to site-specific, resource-efficient,

climate-resilient and sustainable farming systems.

Conclusion

The integration of Precision Agriculture with Conservation Agriculture offers a promising
approach for sustainable farming. Technologies such as remote sensing, GIS, sensors, UAVS,
IoT and variable-rate technology can improve the site-specific management of nutrients,
water and crops while supporting the principles of Conservation Agriculture. This integration
can enhance soil health, resource-use efficiency, productivity and climate resilience while
reducing unnecessary input use and environmental losses (Getahun et al., 2024; Sadiq et al.,
2025; Ruder et al., 2026). However, affordable technologies, farmer training, digital
infrastructure and supportive policies are essential for wider adoption.

1.Soil moisture sensor in a crop fleld Use as: Figure: Soil m0|sture sensor for real tlme

monitoring of soil water status in precision agriculture

2. Soil nutrient/NPK sensor; Use as: Figure: Soil nutrient sensor for site-specific nutrient
management.
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3. loT-based agricultural sensor station; Use as: Figure: loT-enabled sensor system for

continuous monitoring of field conditions.

4. Crop/plant sensor
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