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. ABSTRACT

Agricultural drones, Agricultural drone technology is increasingly positioned as a component of future-ready crop production, yet its
future-ready practical contribution depends on more than aerial coverage or sensor sophistication. This narrative review critically
agriculture, synthesizes evidence published mainly between 2012 and July 2026 on unmanned aerial vehicle (UAV) platforms,
precision crop visible, multispectral, thermal, hyperspectral and LiDAR sensing, imagery-to-decision workflows, precision spraying
management, and integration with artificial intelligence (Al) and the Internet of Things (IoT). Applications span crop establishment,
sustainable phenotyping, water and nutrient assessment, weed and disease surveillance and site-specific input delivery. Across
intensification, these applications, the distinction between detecting a spatial anomaly and diagnosing its agronomic cause is
UAV remote fundamental: spectral responses may reflect several interacting stresses, and high classification accuracy does not
sensing necessarily establish treatment value. For spraying, deposition, drift, biological efficacy, label compliance and operator
competence determine performance more directly than coverage speed. The review evaluates practical barriers
Article Info including platform endurance, calibration, algorithm transferability, data governance, fragmented holdings and
uncertain economic returns. India provides an instructive context through its drone regulatory framework and service-
Received: oriented programmes, but institutional support must be complemented by locally tested protocols and independent
18 August 2026 evidence. A decision-centred adopti.on 'framewgrk is proposed that .links the management .question, appropriately
Accepted: selected UAV sy_ste_n}, grouqd Vall_da'uon3 aqtlonable recommendation aqd post-lnter\_/entlon asst;ss_ment. FuFure
26 September 2026 research shoyl.d prioritize multl-locatlon vall.datlon, transparent Al, crop-spe.mﬁc. spray testing and realistic comparison
. ] of custom-hiring, cooperative and ownership models. The central conclusion is that drones can support sustainable

Available Online: crop management when their outputs are agronomically credible, economically justified and responsibly deployed

10 October 2026 ’ ’

Introduction the environmental footprint of production. Conventional

field scouting remains indispensable, but it is time-
Agriculture is becoming increasingly information- consuming and often samples only a small portion of a
intensive. Farmers are expected to manage spatial field. Satellite imagery extends spatial coverage,
variation in crop establishment, soil moisture, nutrient  although cloud cover, revisit intervals and moderate
availability, weeds, pests and diseases while facing rising  spatial resolution can limit its usefulness for rapidly
labour costs, climate uncertainty and pressure to reduce  changing crop conditions. Unmanned aerial vehicles
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(UAVs) occupy an intermediate position: they can collect
centimetre-scale observations on demand and can carry
sensors selected for a particular agronomic question
(Zhang and Kovacs 2012; Maes and Steppe 2019).

The term drone is often used as shorthand for the aircraft,
but a functional unmanned aircraft system includes the
platform, payload, navigation and communication
hardware, ground-control station, operator and data-
processing environment. This distinction matters because
poor decisions are rarely caused by the aircraft alone.
Inadequate calibration, unsuitable flight height, weak
ground reference, inappropriate vegetation indices or the
absence of field verification may compromise an
otherwise technically successful mission. The practical
value of UAVs therefore depends on a chain extending
from mission design to agronomic action (Hunt and
Daughtry 2018; Delavarpour ef al., 2021).

The literature has advanced from basic UAV mapping to
multi-sensor phenotyping, machine-learning-based stress
detection and aerial application. However, reviews that
catalogue these applications do not always distinguish
demonstration-level technical success from
independently validated improvement in farm decisions
(Rejeb et al., 2022; Guebsi et al., 2024; Ategeka and Bai
2025). This review adopts a decision-centred perspective:
it asks what each UAV system measures, how reliably
that measurement represents crop status, whether it
changes management, and whether the resulting benefit
warrants implementation. It places particular emphasis
on the conditions facing future generations of growers
and agricultural service providers, including small
landholdings,  skills ~ development,  cost-sharing,
regulation and data stewardship. Rather than assuming
that technological novelty constitutes agronomic
progress, the synthesis evaluates the chain from
observation to validated outcome (Fig. 1).

Scope and analytical approach

This is a critical narrative review, not a systematic review
or meta-analysis. It synthesizes peer-reviewed
agricultural-engineering, remote-sensing and crop-
science literature together with official Indian policy
documents, principally from 2012 to July 2026. Studies
were considered for their relevance to UAV platform
characteristics, crop sensing, agronomic validation,
spraying performance, Al-assisted interpretation,
adoption economics and governance. Foundational

methodological studies were retained alongside recent
interdisciplinary reviews. The synthesis differentiates (i)
technical feasibility, such as successful image acquisition
or classification, (ii) agronomic validity, such as
agreement with independently measured crop traits or
symptoms, and (iii)) decision value, such as an
appropriately documented improvement in targeting,
input use, yield or cost. Because the underlying literature
varies in study design, crop, sensor, endpoint and
comparator, results are evaluated qualitatively rather than
pooled into a single effect estimate. The selection is
thematic and should not be interpreted as an exhaustive
search of all published studies.

UAY platforms, payloads and data workflow
Platform selection

Platform choice should follow the agronomic task rather
than the popularity of a particular drone model. Fixed-
wing UAVs generate lift through forward motion and
generally cover large areas efficiently, making them
suitable for mapping broad, relatively uniform fields.
Their limitations include the need for launch and
recovery space, less precise hovering and greater
operational complexity. Multirotor UAVs can take off
vertically, hover and fly close to the crop canopy. These
attributes make them suitable for fragmented fields,
orchards, detailed scouting and spraying, although flight
duration and area coverage are usually lower. Hybrid
vertical-take-off-and-landing platforms combine efficient
forward flight with flexible launch and recovery, but
higher cost and maintenance requirements currently
restrict routine agricultural use (Rahman et al, 2021;
Delavarpour et al., 2021).

The comparative synthesis in Fig. 2 highlights the main
operational trade-offs among fixed-wing, multirotor and
hybrid VTOL platforms. The scores are author-assigned
relative values based on the characteristics summarized
in Table 1 and should not be interpreted as field-
measured performance.

Sensors and agronomic information

Red-green-blue (RGB) cameras are inexpensive, light
and well suited to photogrammetry, stand counting,
canopy cover, crop height and visible symptom mapping.
Multispectral sensors add narrow bands, commonly
including red-edge and near-infrared wavelengths, that
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support vegetation indices and assessment of crop vigour.
Hyperspectral sensors collect many contiguous bands and
can separate subtle biochemical or disease-related
signals, but they create large datasets and require careful
calibration, illumination control and advanced analysis.
Thermal cameras estimate canopy temperature and are
useful for irrigation and water-stress assessment,
provided atmospheric conditions and reference
temperatures are considered. Light detection and ranging
(LiDAR) directly measures three-dimensional structure
and is valuable in orchards and complex canopies, but
cost and payload requirements remain high (Sankaran et
al., 2015; Maes and Steppe 2019).

Sensor output is not synonymous with agronomic
diagnosis. A low vegetation-index value may reflect
nutrient deficiency, water stress, disease, sparse plant
density, soil background or shadow. Similarly, canopy
temperature is affected by air temperature, wind,
radiation, canopy architecture and time of observation.
Reliable interpretation requires calibration panels or
reference targets, accurate georeferencing, suitable
ground-control or real-time kinematic positioning, and
field measurements that link image features to crop
condition. Multisensor fusion can reduce ambiguity, but
it also increases cost and analytical complexity
(Candiago et al., 2015; Gago et al., 2015).

From imagery to
decisions

validated management

A defensible UAV workflow begins with a management
question, not with image collection. Flight altitude,
image overlap, ground sampling distance and time of
acquisition should be selected according to the size of the
target feature and the intended decision. Images are then
georeferenced and processed into orthomosaics, digital
surface models or calibrated reflectance and temperature
products. Feature extraction may involve vegetation
indices, texture, canopy height, object detection or
machine-learning models.

The resulting map must be interpreted with field
observations and converted into an action such as
targeted scouting, irrigation adjustment, variable-rate
application or prioritization of breeding plots. Validation
after the intervention is essential because it reveals
whether the map improved the decision rather than
merely describing spatial variation. The complete
sequence and its feedback loop are illustrated in Fig. 3.

Applications in crop production

Crop establishment, growth monitoring and
phenotyping

RGB imagery and structure-from-motion
photogrammetry can quantify plant number, fractional
canopy cover, crop height, lodging and within-field
growth variability. These measurements are particularly
useful after emergence, when missed rows, poor
establishment or waterlogging can still influence
replanting or management decisions. In breeding
programmes, repeated low-altitude imaging allows large
numbers of plots to be screened for emergence, vigour,
height and stress response, thereby complementing
manual phenotyping. UAV-based phenotyping has been
demonstrated in wheat and other field crops, but
repeatable results depend on consistent flight conditions,
plot segmentation and wvalidation against ground
measurements (Sankaran et al., 2015; Haghighattalab et
al., 2016).

Three-dimensional crop-surface models are especially
useful where plant height is associated with biomass or
lodging risk. However, errors occur when the ground
surface is poorly represented, crop rows create gaps, or
wind moves the canopy during image capture. The
strongest applications are therefore those in which UAV-
derived traits are used as screening indicators rather than
treated as direct substitutes for all field measurements.

Water-stress and irrigation management

Thermal imagery can reveal spatial differences in canopy
temperature before severe wilting is visible. When
stomata close under water deficit, evaporative cooling
decreases and canopy temperature often rises. UAVs can
map these differences at a resolution suitable for
identifying blocked emitters, irrigation non-uniformity or
water-stressed zones in orchards and field crops. Studies
in commercial orchards demonstrated that high-
resolution thermal imagery can describe variability
among tree species and management zones, while
broader reviews show the potential of combining
thermal, multispectral and meteorological information for
irrigation decisions (Gonzalez-Dugo et al., 2013; Gago et
al., 2015).

Thermal maps require cautious interpretation. Soil pixels,
sunlit and shaded leaves, changing wind and the time
elapsed after irrigation may alter apparent canopy
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temperature. A single flight cannot reliably represent
seasonal water demand. Repeated measurements at
standardized times, supported by soil-moisture or plant-
water-status observations, are more useful than isolated
temperature maps.

Nutrient assessment and variable management

Multispectral imagery has been widely used to map crop
vigour and to develop proxies for chlorophyll or nitrogen
status. Red-edge bands are often more responsive than
conventional normalized difference vegetation index
values in dense canopies, where index saturation can
occur. High-resolution maps can direct tissue sampling
and help divide fields into management zones, reducing
the number of ground observations required. Yet spectral
response is rarely nutrient-specific. Water stress, disease,
cultivar, soil background and canopy structure can
produce similar patterns. Nutrient recommendations
should therefore integrate UAV observations with soil
tests, plant analysis, crop stage and yield goals rather
than rely on a universal index threshold (Candiago et al.,
2015; Hunt and Daughtry 2018).

Weed, pest and disease surveillance

UAVs are well suited to locating spatially clustered
problems. Object-based and  machine-learning
approaches have been used to distinguish weeds from
crop rows, map gaps and identify visible or spectral
symptoms. Early-season weed mapping in maize
illustrated the advantage of centimetre-scale imagery for
recognizing patches that may be missed by coarser
satellite data (Pefia er al., 2013). More recent studies
have applied deep learning to object detection, although
model accuracy often declines when transferred to new
cultivars, growth stages, soils or illumination conditions.
Weed-detection reviews similarly conclude that robust
classification requires diverse training data and clear
links between detection maps and treatment equipment
(Mohidem et al., 2021).

Disease and pest detection is more difficult because
symptoms can be non-specific and may occur below the
canopy. Drones are most effective as screening tools that
identify anomalous zones for close inspection.
Confirmatory diagnosis remains necessary before
pesticide application, particularly where visual symptoms
resemble nutrient or water stress. This distinction reduces
false positives and discourages unnecessary spraying.
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Precision spraying and input delivery

Spraying UAVs can operate above wet soil, tall crops or
terrain that restricts ground equipment. They may reduce
direct operator exposure and use lower carrier volumes
than conventional knapsack or tractor-mounted systems.
Multirotor downwash can assist droplet penetration, but
it also creates complex airflow that affects deposition and
drift. Application quality depends on nozzle type, droplet
spectrum, spray height, speed, swath width, rotor
configuration, wind, canopy density and product
formulation. A drone that completes a field rapidly is not
necessarily applying the correct dose or achieving
adequate biological control (Chen et al., 2021).

The central risk is treating spraying as an aviation task
rather than a plant-protection operation. Product
registration, label directions, weather limits, buffer zones,
operator protection, calibration, record keeping and post-
application cleaning remain essential. Small droplets
improve coverage but are more vulnerable to drift and
evaporation; larger droplets reduce drift but may lower
canopy coverage. Crop-specific standard operating
procedures and deposition studies are therefore more
valuable than generic claims of efficiency. The Indian
agricultural SOP for drone application explicitly
addresses statutory compliance, operator responsibilities
and safe application practices (Ministry of Agriculture
and Farmers Welfare 2021).

Artificial intelligence, IoT and interoperable
decision support

Artificial intelligence (AI) can automate plant counting,
weed recognition, disease-symptom classification and the
extraction of canopy traits. Edge computing may process
selected data during or immediately after flight, reducing
dependence on high-bandwidth cloud services.
Integration with wireless sensor networks and the
Internet of Things (IoT) can combine UAV observations
with weather, soil-moisture or irrigation-system data,
while prescription maps can guide variable-rate ground
equipment or spraying drones (Boursianis et al., 2022;
Radoglou-Grammatikis et al., 2020).

These integrations are promising but can create false
confidence. A model trained on one location may fail
under a new background, crop stage or camera. Accuracy
metrics reported on randomly divided image datasets
may  overestimate field performance  because
neighbouring images are highly similar. Operational



Int.J.Curr.Microbiol. App.Sci (2026) 15(10): 248-259

systems should be tested across seasons and locations,
report uncertainty, preserve traceability from raw data to
recommendation, and allow agronomists to review
questionable outputs. Interoperability is also important:
farmers should not be locked into a platform that stores
maps in inaccessible formats or prevents transfer to other
equipment.

Potential benefits, operational constraints and
strength of evidence

The strongest advantage of UAVs is temporal and spatial
flexibility. Flights can be scheduled around crop stage,
weather and management urgency, and the resulting
imagery can reveal within-field patterns that are difficult
to perceive from the ground. Drones also reduce the time
required for initial scouting and can support safer
observation of tall crops or difficult terrain. For spraying,
avoiding repeated traffic may reduce soil compaction and
crop damage. These benefits are real, but their magnitude
depends on the farm, crop, decision and service model.

Technical constraints include limited battery endurance,
reduced performance under wind or rain, payload
restrictions, communication failure, image distortion and
substantial data-processing requirements. Agronomic
constraints include non-specific spectral signals,
insufficient ground truth, uncertain treatment thresholds
and a shortage of studies that link image-derived maps to
yield, input savings or profit.

Economic constraints are particularly important for small
farms: equipment purchase, batteries, maintenance,
software, insurance, training and replacement costs may
exceed the value of occasional use. Bibliometric and
systematic reviews repeatedly identify a shortage of
rigorous feasibility and return-on-investment studies
across farm sizes (Rejeb e al., 2022; Ategeka and Bai
2025).

Social and ethical concerns include privacy, ownership of
farm imagery, unequal access to digital services and the
possibility that automated recommendations shift
responsibility without adequate transparency. Farmers
need clarity regarding who stores the data, how long it is
retained, whether it is used to train commercial models
and whether results can be exported. These
considerations should be addressed in contracts and
extension guidance rather than left to default software
settings.

Indian regulatory and institutional context

India has created a comparatively enabling framework
for civilian drone operations through the Drone Rules,
2021 and subsequent amendments. The rules classify
unmanned aircraft, establish registration and certification
requirements, and use the DigitalSky system for airspace
and regulatory services (Ministry of Civil Aviation
2021). Agricultural operations must also comply with
laws governing pesticides and fertilizers, product labels,
operator safety and environmental protection. The
Ministry of Agriculture and Farmers Welfare issued a
dedicated standard operating procedure for drone
application of pesticides and crop nutrients, emphasizing
permissions, training, calibration, weather conditions,
record keeping and emergency measures (Ministry of
Agriculture and Farmers Welfare 2021).

Policy support has increasingly favoured service-based
access rather than expecting every farmer to purchase a
drone. Financial assistance has been directed toward

institutions, farmer-producer organizations, custom-
hiring centres, agricultural graduates and eligible
farmers.

The Namo Drone Didi initiative further links agricultural
services with women self-help groups. Official
information released in February 2026 reported that
1,094 drones had been distributed to trained women
operators through fertilizer-company and scheme
channels, including 500 under the central scheme (Press
Information Bureau 2026).

These programmes can lower the ownership barrier, but
their long-term success will depend on reliable demand,
trained support staff, maintenance, transparent service
pricing and agronomic quality assurance.

Regulation should be viewed as a component of good
agronomy rather than an obstacle. Permission to fly does
not establish that a pesticide use is approved or that
deposition will be adequate. Service providers should
maintain flight and application records, verify chemical
compatibility, calibrate equipment for each operational
setup and refuse operations under unsafe weather.
Extension agencies and state agricultural universities can
strengthen adoption by developing crop- and region-
specific protocols, independent performance testing and
practical training that includes data interpretation, not
only piloting.
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Fig.1 Conceptual overview linking UAV sensors with crop assessment, targeted application and farm-
management outcomes
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Fig.3 Data-to-decision workflow for responsible UAV use in crop production, including spatial accuracy,
agronomic validity and management-value checks
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Table.1 Comparison of UAV platforms for crop-production applications

Platform

Fixed-wing

Multirotor

Principal strengths

Long endurance and
efficient coverage of

large areas

Vertical take-off,
hovering, precise

low-altitude operation

Hybrid VTOL

and payload
flexibility
Combines vertical

take-off with efficient

Sensor

RGB camera

Multispectral

Thermal infrared

Hyperspectral

LiDAR

forward flight

Main limitations

Requires forward
movement and
suitable
launch/recovery;
cannot hover

Shorter endurance;
lower area
coverage;

sensitivity to
payload weight
Greater cost,
system complexity
and maintenance
demand

Typical crop uses

Broad-area
mapping, crop
inventory,
drainage and
topographic
surveys
Crop scouting,
phenotyping,
orchard inspection
and spraying

Large-area
mapping where
landing space is

limited

Table.2 Common UAV sensors and their agronomic uses

Primary
information
Visible colour,
texture and three-
dimensional
surface models

Reflectance in
selected  visible,
red-edge and near-
infrared bands

Canopy-surface
temperature

Fine
signatures
many bands

spectral
across

Direct three-
dimensional point
clouds

Representative
uses
Emergence,
counting, canopy
cover, lodging,
crop height and
visible damage

plant

Vegetation
indices, crop
vigour, nitrogen-

status proxies and
stress zoning

Water stress,
irrigation
uniformity and

stomatal-response
proxies
Early
disease
discrimination and
biochemical traits

stress,

Canopy
architecture, tree
volume, height
and terrain
mapping
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Major source of

uncertainty
Illumination,
shadows, soil
background and
symptom non-
specificity
Radiometric
calibration, sensor
angle and
saturation in dense
canopies
Weather, time of
day, emissivity
and mixed soil-
canopy pixels
High cost, large
data volume,
atmospheric  and
illumination
effects

Payload, cost and
complex
processing

Selection
consideration
Best where field
size justifies
longer setup and
flight planning

Often most
practical for small
or fragmented
fields

Useful only when
operational scale
offsets added
complexity

Practical
implication
Strong entry-level
option when
paired with ground
observations

Useful
repeated
monitoring but
thresholds must be
locally validated
Flights should be
standardized and
compared with
field
measurements
Primarily
research-oriented
unless analysis is
automated

for

Most valuable in
orchards and
structurally
complex crops
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Table.3 Application-level benefits, limitations and priority research needs

Application

Crop scouting and
stand assessment

Potential contribution

Rapid location of
emergence failure, lodging
and damaged zones

Critical limitation

Detection does not
identify the underlying
cause

Priority for research
and validation
Multi-season validation
and decision thresholds
linked to field action

Water and nutrient | Spatial targeting of

monitoring irrigation checks,
sampling and management
zones

Weed, pest and Earlier and more focused

disease surveillance | field inspection

Spraying and | Fast access to difficult
nutrient application | fields and reduced
operator proximity
Al-enabled decision Automated feature
support extraction and
prioritization
Smallholder services | Shared access without

individual ownership

Future-generation adoption: access, skills and
service models

Individual ownership may be reasonable for large farms,
research institutions or businesses with regular
workloads, but it is rarely the first option for small and
marginal farmers. Custom-hiring centres, farmer-
producer organizations, cooperatives and women self-
help groups can aggregate demand across villages and
spread capital and maintenance costs. A viable service
cluster requires more than a drone: it needs a licensed
operator, trained assistant, transport, charged batteries,
spare parts, safe chemical handling, weather information,
booking and record systems, and access to agronomic
advice. Seasonal utilization should be assessed before
purchase because a machine used only during a few
short spray windows may not recover its cost.

Younger rural entrepreneurs may be attracted by the
combination of aviation, digital mapping and crop
advisory services. However, presenting drones as a
substitute for agronomic knowledge would be
counterproductive. Training should combine flight safety

Thermal and spectral | Sensor fusion with soil,
responses are influenced | plant and  weather
by several stresses measurements

Model transferability = Independent testing

and hidden symptoms
below the canopy

across cultivars, stages
and environments

Drift, deposition | Crop-specific
variability, payload | deposition, efficacy,
limits and label | residue and
compliance environmental studies
Opaque models, biased Explainable models,
training data and uncertainty  reporting
uncertain generalization = and interoperable
standards
Irregular demand, travel | Service-cluster
time and weak after- | economics, scheduling
sales support and local maintenance
networks

with crop identification, pest and disease diagnosis,
spray stewardship, calibration, data management and
communication with farmers. Certification pathways can
create skilled employment, while locally available
maintenance and repair services reduce downtime and
dependence on distant vendors.

Trust is built when farmers can see how a map or
application recommendation was produced and whether
it improved the crop. Demonstrations should therefore
compare drone-assisted decisions with existing practice,
record costs and outcomes, and discuss cases in which
the technology is not justified. This evidence-based
approach is more persuasive than promotional claims
and protects farmers from investing in services that do
not address a genuine management problem. These
interdependent conditions are summarized in Fig. 4.

Economic adoption thresholds. Field studies should
record annual treated or monitored area, machine
utilization, operator and assistant time, battery cycling,
travel, consumables, repairs and software costs.
Ownership and contracting should be compared at
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realistic workload levels; a favourable result for a large
contiguous field should not be extrapolated uncritically
to fragmented smallholdings.

Practical performance metrics. Crop-monitoring
evaluations should describe ground sampling distance,
radiometric and geometric calibration, field reference
measurements, spatially separated validation and error or
uncertainty. Classification studies should report class
prevalence, confusion matrices and external-site testing
rather than overall accuracy alone. Spraying trials should
specify crop and canopy condition, approved product

and application context, deposition and drift
measurements, efficacy, weather and suitable
comparators.

Decision-focused evidence interpretation. Evidence
should be classified by the outcome actually assessed.
Image sharpness, mapping completeness and model
classification metrics establish technical performance;
independent comparison with field samples establishes
agronomic validity; documented changes in action and
measured consequences establish management value.
Studies should not infer yield enhancement or pesticide
savings solely from high-resolution maps.

Priority and
standards

research questions reporting

Agronomic validation across environments. Models
and thresholds should be tested across cultivars, crop
stages, soils, seasons and sensor configurations. Studies
should report both detection accuracy and the effect of
the resulting management decision.

Economic evidence at operational scale. Costing
should include equipment depreciation, batteries,
software, transport, maintenance, training, insurance,
data processing and periods of low demand.
Comparisons are needed among ownership, custom
hiring and cooperative service models.

Safe and effective low-volume application. Research
should quantify deposition, canopy penetration, drift,
biological efficacy and residues under crop-specific
conditions. Standardized test methods would improve
comparison among platforms and nozzles.

Interoperability and data governance. Open data
formats, metadata standards and clear ownership rules
are needed so that maps can move between sensors,
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analytics platforms and application equipment without
loss of information or farmer control.

Transparent artificial intelligence. Models should
report uncertainty, document training data and allow
independent validation. Explainable outputs are
particularly important when recommendations involve
pesticide application or substantial financial cost.

Energy and operational resilience. Improved batteries,
rapid charging, modular payloads, weather-tolerant
platforms and reliable local repair networks would
increase field availability. Autonomous functions should
retain safe manual override and robust fail-safe
behaviour.

Future outlook

Drone technology can make crop monitoring more
spatially detailed and timely, but the decisive innovation
is not the aerial platform itself: it is the validated
translation of remotely sensed information into
appropriate field action. RGB and multispectral imaging
can help prioritize crop inspections and phenotyping;
thermal sensing can indicate irrigation heterogeneity;
and spraying UAVs can access sites that are difficult for
ground machinery. Each use case nevertheless demands
context-specific = measurement, confirmation and
economic appraisal. Spectral anomalies should not be
equated with unique diagnoses, and speed of spraying
should not be equated with deposition quality or crop
protection efficacy. For future generations of farmers,
technicians and rural entrepreneurs, sustainable adoption
therefore requires both technological literacy and
agronomic competence. In India, shared-service
arrangements may reduce capital barriers, but viable
operations require reliable maintenance, transparent
pricing, safety compliance and verifiable outcomes. The
strongest research agenda is comparative and decision-
oriented: test UAV-assisted recommendations against
current best practice across crops, locations and seasons,
report failures as well as successes, and evaluate effects
on input use, crop outcomes and costs. Under these
conditions, drones can develop from appealing
demonstration tools into accountable components of
precision and sustainable agriculture.

For India and other regions dominated by small
holdings, shared service models are likely to be more
inclusive than widespread individual ownership. Policy
support should therefore be accompanied by quality
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assurance, local maintenance, transparent pricing and
extension-led protocols. The next phase of agricultural-
drone development should move beyond demonstrations
toward independently validated, economically defensible
and environmentally responsible systems. Drones will be
most effective not as replacements for farmers or

agronomists, but as instruments that make field
knowledge more timely, spatially explicit and
actionable.
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