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Highlights

e An S-N-O framework maps spatial decisions, nano-enabled deployment,
and outcomes.

e  Conceptual convergence dominated the evidence base.

e  Two studies reached partial S-N or S-O convergence; none demonstrated S-N-O.

e Secondary claims sometimes exceeded the maturity of the supporting

primary evidence.

e  Field-scale closed-loop studies are needed to validate operational double precision.

Abstract

Nano-enabled fertilizers and precision agriculture are increasingly framed as complemen-
tary strategies to enhance nutrient-use efficiency and reduce environmental footprints.
However, their operational integration remains unclear because precision denotes either
spatial field management or targeted nano-enabled release. This scoping review evaluated
whether nanofertilizers have been operationally integrated into spatially explicit nutrient-
management systems. Systematic searches in Scopus and Web of Science, complemented
by citation tracing, identified 60 reports representing 59 unique evidence units. An opera-
tional framework disaggregated integration into spatial decision-making (S), differential
nano-enabled deployment (N), and spatially resolved outcome validation (O), with val-
idation maturity coded from VO to V6. Of the 59 evidence units, 52 (88.1%) represented
conceptual convergence, five (8.5%) technological proximity without operational coupling,
and only two (3.4%) advanced partial integration. The review did not identify a fully
assessed study that demonstrated the complete S-N-O sequence. The two most advanced
cases followed complementary pathways: S-N without spatial outcome validation, and S-O
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with uniform nano-input application. Citation tracing also revealed that secondary claims
often overstate operational maturity relative to primary evidence. Closing this gap requires
establishing field-scale S-N-O workflows that explicitly link spatial diagnosis, differential
nano-actuation, and multi-zone agronomic and environmental validation.

Keywords: site-specific nutrient management; nano-enabled delivery; variable-rate fertiliza-
tion; spatial decision support; nutrient-use efficiency; evidence mapping; technology readiness

1. Introduction

Efficient nutrient management remains a central challenge for sustainable crop pro-
duction because fertilizer requirements are rarely uniform within agricultural fields. Soil
properties, nutrient availability, crop growth, water status, and yield potential can vary sub-
stantially over space and time, while conventional management frequently applies fertilizers
at uniform rates. Precision agriculture addresses this heterogeneity by combining sensing,
positioning, information systems, and application technologies to adjust management ac-
cording to field variability [1,2]. In nutrient management, this principle is implemented
through approaches such as soil and crop sensing, management-zone delineation, prescrip-
tion mapping, and variable-rate fertilization, in which fertilizer application can be modified
according to spatially resolved information [3,4].

In parallel, agricultural nanotechnology has developed nutrient-delivery systems in-
tended to improve the efficiency and functionality of fertilizers. Nano-enabled fertilizers
have been investigated for their ability to modify nutrient release, availability, uptake,
transport, and interaction with the soil-plant system. Their proposed advantages include
controlled or sustained release, improved nutrient-use efficiency, reduced nutrient losses,
and more effective delivery of macro- and micronutrients [5-7]. Nanomaterial properties
can also be engineered to influence nutrient release and biological interactions, creating
opportunities for delivery systems whose behavior differs substantially from that of con-
ventional fertilizer formulations [8]. At the same time, these potential benefits must be
considered together with questions regarding dose, transformation, environmental fate,
non-target effects, and realistic field performance [5,9].

The growing sophistication of both technological domains has stimulated increas-
ing interest in their convergence. Nanotechnology and artificial intelligence have been
proposed as complementary tools for sustainable and precision agriculture, with sensing,
crop modeling, digital decision support, and nano-enabled delivery potentially operating
within increasingly integrated management architectures [10]. Zain et al. [11] similarly
positioned nanofertilizers, nanosensors, GIS, GPS, and remote sensing within a broader
precision-agriculture framework. More recent perspectives extend this concept toward
Al-assisted nano-enabled systems and potentially autonomous or closed-loop nutrient
management [12,13]. Meanwhile, advances in nano-enabled precision delivery increasingly
emphasize control over transport, release, uptake, and biological targeting rather than
fertilizer composition alone [9].

However, this apparent convergence is complicated by a fundamental ambiguity in the
meaning of precision. Within precision agriculture, precision commonly refers to manage-
ment of spatial or temporal variability using information that differentiates interventions
among locations. Variable-rate systems, for example, translate soil or crop information into
changes in fertilizer rate or placement across a field [2,4]. Within nanotechnology, precision
may instead describe controlled release, stimulus responsiveness, enhanced transport, or tar-
geting of active compounds toward specific plant tissues or physiological compartments [9].
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These forms of precision are complementary, but they operate at different scales and should
not be treated as equivalent.

This distinction has important implications for how nano-enabled precision fertiliza-
tion is defined. A nanofertilizer with sophisticated controlled-release behavior may achieve
high functional precision while still being applied uniformly across an entire field. Con-
versely, a variable-rate fertilizer prescription may achieve high spatial precision while using
a conventional fertilizer. Likewise, the inclusion of a UAV, sensor, artificial-intelligence algo-
rithm, or digital model does not by itself demonstrate that spatial information has altered
nano-enabled fertilizer deployment. UAV remote sensing, for example, can characterize
crop nutrient status at high spatial resolution, whereas variable-rate application requires an
additional decision and actuation step linking that information to differentiated fertilizer
management [2,3].

The emerging field can therefore be interpreted in terms of double precision. The
first dimension, spatial precision, determines where nutrient management should differ
according to variation in soil or crop conditions. The second, functional precision, deter-
mines how the nutrient-delivery system behaves through characteristics such as controlled
release, enhanced uptake, transport, responsiveness, or biological targeting. Nanofertilizer
research has extensively developed the latter dimension [6,7], whereas precision-agriculture
research has established increasingly sophisticated approaches for spatial diagnosis and
variable-rate nutrient management [1,4]. Full nano-enabled precision fertilization would
require these dimensions to become operationally connected rather than merely coexist
within the same technological landscape.

In this review, functional precision is used as a conceptual descriptor of the capac-
ity of nano-enabled fertilizers to modify nutrient release, protection, availability, uptake,
transport, responsiveness, or biological targeting. It is not treated as a separate quantitative
performance score because these functions are reported using highly heterogeneous ma-
terials, characterization methods, crops, application routes, and experimental conditions.
The systematic evidence map instead examines whether nano-enabled nutrient delivery, as
reported and defined in the original studies, has been operationally connected to spatially
explicit nutrient-management decisions. Accordingly, the S-N-O framework evaluates
operational coupling with spatial precision rather than comparatively ranking the degree
of functional precision achieved by individual nano-enabled formulations.

What remains insufficiently resolved is how far this operational connection has actually
progressed in the published literature. Reviews and perspectives increasingly describe
nanofertilizers together with sensing technologies, artificial intelligence, UAVs, digital agri-
culture, and precision-management systems [10,11]. Nevertheless, conceptual compatibility
between technologies does not establish that spatial diagnosis has been used to control
differentiated nano-enabled fertilizer application, nor that such differentiated deployment
has subsequently been validated through spatially resolved agronomic, environmental,
or economic outcomes. The recent literature itself continues to identify field translation,
large-scale validation, system integration, and environmental assessment as important
challenges for nano-enabled agricultural technologies [9,12,13].

This distinction is also relevant for technology-readiness assessment. A field-tested
nanofertilizer may have substantial agronomic validation while remaining spatially uniform,
whereas a digital prototype may demonstrate targeted nano-enabled actuation without
establishing crop-level or environmental benefits under field conditions. Consequently,
operational integration and validation maturity represent different dimensions and should
be evaluated separately. Treating fixed-rate drone spraying, post-treatment UAV monitor-
ing, conceptual Al-nano architectures, and genuinely site-specific nano-enabled nutrient
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management as equivalent forms of precision would obscure the specific interfaces that
remain unresolved.

Accordingly, the present study conducted a critical scoping review with systematic
evidence mapping focused specifically on the intersection between nano-enabled fertilizer
delivery and spatially explicit or site-specific nutrient management. Rather than reviewing
the complete nanofertilizer and precision-agriculture literatures independently, the analysis
evaluates whether their convergence has progressed from conceptual association toward
operational implementation. Three components were examined: S, an explicit spatial
decision layer; N, differential nano-enabled fertilizer deployment governed by that decision;
and O, spatially resolved outcome validation. Integration level was evaluated independently
from experimental validation maturity. The primary research question was: to what extent,
and in what forms, have nano-enabled fertilizers been operationally integrated into spatially
explicit or site-specific nutrient-management systems?

More specifically, the review examined (i) which empirical studies link spatial nutrient-
management decisions to nano-enabled fertilizer deployment; (ii) which S-N-O compo-
nents have been directly demonstrated within the same system; (iii) how far the available
evidence has progressed from conceptual development to field and operational validation;
and (iv) which missing interfaces currently prevent complete operational convergence.

2. Materials and Methods
2.1. Review Design and Scope

This study was conducted as a critical scoping review with systematic evidence map-
ping, following methodological guidance for scoping reviews developed by the Joanna
Briggs Institute (JBI) [14]. Reporting was informed by the PRISMA extension for scoping
reviews (PRISMA-ScR) [15] and the PRISMA 2020 framework for transparent reporting of
study identification and selection [16]. This design was selected because the literature at
the intersection of nanotechnology and precision nutrient management is heterogeneous,
encompassing conceptual reviews, technological frameworks, controlled experiments, field
studies, and prototype-level systems rather than a homogeneous set of interventions suitable
for meta-analysis. The purpose of this review was therefore not to estimate the compara-
tive agronomic effectiveness of integrated systems or to determine whether nano-enabled
precision fertilization is ready for routine implementation. Rather, consistent with the
purposes of scoping reviews and systematic evidence mapping, the analysis was designed
to characterize the types and maturity of available evidence, clarify the operational mean-
ing of convergence, identify where the S-N-O sequence remains incomplete, and define
research priorities for an emerging interdisciplinary field. The scarcity of empirical studies
was treated as a finding regarding the current maturity of the evidence base, while the
conclusions were restricted to questions of evidence distribution, operational coupling, and
validation status.

The review focused specifically on the operational convergence between nano-enabled
fertilizer delivery and spatially explicit or site-specific nutrient management. Accordingly,
it was not intended to exhaustively review either the complete nanofertilizer literature or
the broader precision-fertilization literature independently. Instead, these two established
research domains were treated as the technological foundations from which evidence of
convergence was identified and evaluated. Foundational Type I nanofertilizer studies were
therefore used to establish the material and agronomic context, but they were not auto-
matically eligible for the convergence evidence map unless they also contained an explicit
spatial, site-specific, sensing, decision-support, or differential-application component. This
boundary was necessary to prevent the much larger standalone nanofertilizer literature from
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obscuring the review question, which concerns operational coupling between nano-enabled
nutrient delivery and spatial nutrient management.

For eligibility purposes, a fertilizer was classified as nano-enabled when the original
report described the nutrient itself as nanoscale or indicated that the nutrient was incorpo-
rated into a nano-enabled carrier, coating, composite, or delivery system. This classification
identified the nano-enabled component reported by the original authors and did not con-
stitute independent verification of particle size, formulation quality, controlled-release
performance, or commercial product claims.

The review further examined which components required for operational convergence
were present or absent in the available evidence, and the level of experimental or field vali-
dation achieved by the identified systems. This distinction allowed conceptual convergence,
technological proximity, and operational integration to be evaluated separately rather than
treating all studies using terms such as precision, smart, targeted, or nano-enabled as equivalent
evidence of integration.

2.2. Search Strategy and Study Selection

A systematic literature search was conducted in Scopus and the Web of Science Core
Collection (WoSCC). Scopus was searched on 19 August 2026, and WoSCC on 25 August
2026. No restrictions were applied regarding publication year, geographical region, subject
category, document type, or open-access status. Search procedures were documented in
accordance with PRISMA-S recommendations to facilitate transparency and reproducibil-
ity [17]. Scopus and WoSCC were selected as the primary information sources because they
provide broad multidisciplinary coverage spanning agricultural science, nanotechnology,
materials science, environmental science, and engineering, while supporting reproducible
field-based search strings, structured export, and transparent deduplication. ScienceDi-
rect was not treated as a separate bibliographic database because it is a publisher-specific
full-text platform, and Google Scholar was not used as a primary systematic-search source
because its dynamic ranking, limited query control, and restricted export reduce search
reproducibility. To mitigate dependence on database indexing and terminology alone, the
database searches were complemented by structured backward and forward citation search-
ing, as described in Section 2.4 [14-17]. Nevertheless, the search should not be interpreted
as exhaustive across all agricultural information sources.

Two complementary search strategies were developed. Search 1 (S1) targeted ex-
plicit convergence between nano-enabled fertilizers and precision or site-specific nutrient
management, including terms related to variable-rate fertilization, management zones, pre-
scription mapping, and spatially differentiated nutrient application. Search 2 (52) served
as an operational-geospatial supplementary strategy and incorporated terms related to
GIS, georeferencing, remote sensing, UAVs/drones, soil mapping, real-time sensing, and
sensor-based or variable-rate application. This complementary strategy was used because
potentially relevant studies may describe spatial or operational components of precision
nutrient management without explicitly using the term precision agriculture. Complete
database-specific search strings, search dates, retrieval counts, and within-database overlaps
are provided in Supplementary Data S1, Table S1.

Records retrieved through both search strategies were combined into a master screening
dataset. Within- and cross-database duplicates were removed primarily by DOI matching,
complemented by normalized title matching when DOI information was unavailable or
inconsistent. Title and abstract screening were subsequently conducted using predefined
eligibility criteria. Records with insufficient information to determine eligibility were
retained for full-text assessment to minimize premature exclusion.
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Reports were eligible when they explicitly addressed nano-enabled fertilizers or nano-
enabled nutrient-delivery systems in relation to spatially explicit, site-specific, sensor-
guided, georeferenced, variable-rate, or digitally supported nutrient management. Concep-
tual and secondary publications were eligible when they explicitly proposed or evaluated
convergence between these domains. Empirical studies were eligible when they combined
a nano-enabled fertilizer component with at least one spatial, sensing, decision-support,
modeling, UAV, or differential-application component relevant to nutrient management.
Reports were excluded when nanofertilizers and precision-management approaches were
discussed only as unrelated topics, when the nano-enabled component was not associated
with nutrient delivery, or when no substantive relationship with spatial or site-specific
nutrient management could be established.

Reports for which a full text could not be obtained were recorded as “not retrieved”
rather than excluded on substantive eligibility grounds. These reports were not assigned an
integration type or validation level because the presence of the S, N, and O components could
not be verified reliably from titles and abstracts alone. Consequently, statements concerning
the absence of Type IV evidence refer specifically to the included and fully assessed corpus
and should not be interpreted as proof that no qualifying study exists outside that corpus.
Full-text exclusions were based on the presence of separate precision-management and
nanofertilizer treatment arms without operational coupling, conceptual co-mention without
an operational relationship, or the absence of an eligible nano-enabled fertilizer component.
The complete numerical results of identification, deduplication, screening, retrieval, and
eligibility assessment are presented in Section 3.1 and summarized in the PRISMA flow
diagram (Figure 1), following the PRISMA 2020 reporting framework [16].

of studies via Identification of studies via other methods
e Records identified in Scopus Records identified in ‘
2 (Aug 19, 2026) Web of Science Core Collection Additional records identified
S1=227 (Aug 25, 2026) | through citation searching and

3 S2=59 s1=112 | reference tracking

3 Total = 258 S2=24 | (n=22)

& Total = 125 |

l T

— v

(Scopus + WoS)
(n = 383)

]

Duplicate records removed
(n=111)

‘ Records identified from databases

=3
£ —1
£ ‘
Records screened (itle and abstract) Records excluded Reports sought / checked | Report not retrieved
(n=272) (n=176) (n=22) (n=1)
Reports sought for retrieval Reports not retrieved | Reuorts asssssed Reports excluded / not core
(n=96) (n=135) St (n=15)
for eligibility
— n=21) Did not meet operational
| (¢ convergence criteria
— — - or were duplicates of
Reports excluded after fulltext | | included evidence
Reports assessed for eligibility review (n = 7) L —
2 (full text)
= Separate arms (precision and nano)
a (n=61) (=3
=
o Conceptual co-mention without
operational coupling (n = 3)
— No nano-enabled fertiizer
— component (n = 1) |
Reports kickaded 5o Reports included from
citation searching
database searches | ¥
3 (n=54) =9
2 Unique studies added = 5
= (one study already included
from database search)
=) T
[
| Reports included in the review
(n = 60)*
’ Unique studies / evidence units
(n =59)**

Figure 1. PRISMA 2020 flow diagram of study identification, screening, eligibility assessment, and
inclusion. S1, core convergence search; 52, supplementary operational-geospatial search; WoSCC,
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Web of Science Core Collection. Sixty included reports corresponded to 59 unique studies/evidence
units because two companion publications originated from the same experimental system. * n = 60;
**n =59.

2.3. Operational Convergence Framework and Evidence Classification

A central methodological challenge in this review was distinguishing spatial precision
in nutrient management from the broader use of precision to describe controlled, targeted,
or responsive nano-enabled delivery. The literature increasingly links nanotechnology
with precision agriculture and digital decision support [10], while nano-enabled precision
delivery may also refer to targeting nutrients or active compounds to specific tissues, cells,
or physiological compartments within plants [9]. To prevent these different meanings from
being treated as equivalent evidence of operational integration, an S—-N-O convergence
framework was developed for the present review (Figure 2).

e > ( 0 b y DOES NOT QUALIFY

: AS FULL CONVERGENCE
SPATIAL DECISION DIFFERENTIAL NANO- SPATIALLY RESOLVED
(Spatial decision layer) ENABLED DEPLOYMENT OUTCOMES X TAT  Droness

(Differential nano-enabled 3 AR applicator only
fertilizer deployment) (Spatially resolved outcome) | sl

|
UAV used only for
Management zones v ¥ X o
g ' 0 Rete m Agronciic 7ﬂl \ post-treatment
» monitoring
Prescripti aj i i i
rescription maps Formulation ’ Physiological X @ Same nano dose
across zones
Georeferenced
diagnosis @ Timing 0 Environmental
LCC/ SPAD
without spatial

Spatial sensor / ‘ = x g o
remote-sensing | Placement / location % Economic differentiation

decision | SR

#DEE

x Overall treatment
Fertilizer management is guided by Deployment of the nano-enabled Outcomes are evaluated in a ll " means only
an explicitly spatial or site-specific | fertilizer is modified according spatially differentiated manner (no spatial
decision process. | to the spatial decision. across zones or locations. resolution)
T N T T
H H H H Precision | Nano | Precision and nano
] 1 1 ' treatment treatment  treatments as
B am —aames T 3 || S e ames 8
i 1 separate arms.
H H
TYPE llI-C TYPE IV
Partial operational convergence Full operational convergence
(Any two components verified) (S+N+0)

Note. S = spatial decision layer; N = differential nano-enabled fertilizer deployment; O = spatially resolved outcome;
LCC = leaf color chart; SPAD = Soil Plant Analysis Development.

Figure 2. S-N-O operational convergence framework for nano-enabled precision fertilization.

The S-N-O framework was designed to assess operational integration, not to score the
intrinsic functional performance of nano-enabled fertilizer formulations. Thus, the presence
of a nano-enabled fertilizer component did not by itself demonstrate spatial precision, while
the S-N-O classification did not establish that one nanoformulation provided superior
controlled release, responsiveness, uptake, or biological targeting relative to another. Func-
tional nano-enabled delivery and spatial nutrient management were treated as the two
parent domains, whereas S—-N-O was used to determine whether and how those domains
became connected within the same management workflow.

The framework evaluates three sequential components: S, spatial decision layer; N,
differential nano-enabled fertilizer deployment; and O, spatially resolved outcome. S was
considered present when nutrient management was guided by an explicitly spatial or site-
specific decision, including management zones, prescription maps, georeferenced soil or
crop diagnosis, spatial remote-sensing information, or sensor-derived information used
to differentiate management among locations. The presence of a drone, UAV, sensor, or
GIS component alone was insufficient when the technology served only for application,
monitoring, or post-treatment assessment.

N was considered present when the spatial decision directly modified deployment of
the nano-enabled fertilizer. Differentiation could involve fertilizer rate, formulation, timing,
placement, or application location. Thus, a fixed nanofertilizer treatment applied uniformly
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across management zones did not satisfy N, even when a spatial decision layer was present
elsewhere in the study.

O was considered present when agronomic, physiological, environmental, nutrient-
use, or economic outcomes retained explicit spatial differentiation among management
zones, locations, or other spatial management units. Overall treatment means without
spatial resolution were considered insufficient to close the operational loop.

Within this framework, S — N represents operational coupling because the spatial
decision directly governs nano-enabled deployment, whereas O provides outcome-based
closure by linking the consequences of that deployment to the spatial management unit.
Type IV therefore represents fully validated operational convergence rather than techno-
logical actuation alone. Accordingly, full operational convergence (Type IV) required
simultaneous verification of all three components: Type IV =5 + N + O.

This definition deliberately distinguishes operational integration from technologi-
cal co-occurrence. For example, drone-based application of a fixed nanofertilizer rate,
UAV monitoring following uniform nanofertilizer application, crop-status-triggered ap-
plication without spatial differentiation, or experiments comparing precision-nutrient-
management and nanofertilizer treatments as independent arms were not considered evi-
dence of full convergence.

Evidence was subsequently organized according to the classification framework shown
in Table 1. Type I represents the functional nano-enabled nutrient-delivery domain without
spatially explicit nutrient management, whereas Type Il represents spatially differentiated
nutrient management using conventional or non-nano fertilizers. These categories define
the two parent technological domains and provide the conceptual basis for evaluating
their operational convergence. The Type I designation identifies the presence of a reported
nano-enabled nutrient function but does not constitute a comparative rating of material
performance or evidence quality. Direct evidence of convergence was classified as Type
ITI-A (conceptual convergence), Type III-B (technological or empirical proximity without
verified operational coupling), Type III-C (advanced partial operational convergence), or
Type IV (full operational convergence). Type III-C required direct verification of two of the
three S-N-O components, whereas Type IV required the complete S-N-O sequence within
the same operational workflow.

Table 1. Evidence classification framework for nano-enabled precision fertilization.

Type Definition Operational Characteristics Typical Evidence
- . ntrolled or r nsive nutrient
Nano-enabled nutrient innovation Controlled o esponsive e
. . L release, nutrient protection,
involving modified release, o 111
. - modified availability or uptake,
Nano-enabled nutrient availability, uptake, transport,
I N . , nano-enabled transport or
functionality protection, responsiveness, or . .
: . . . targeting, and nanoformulations
targeting, without spatially explicit ; . ;
) applied without spatially
nutrient management . :
differentiated management
Spatially differentiated nutrient i
. . . . . Management zones, prescription
I Spatial nutrient precision =~ management using conventional or . e
. maps, variable-rate fertilization
non-nano inputs
Explicit conceptual linkage between Reviews. perspectives. frameworks
II-A Conceptual convergence nano-enabled fertilization and » PEISP ’ ’

L : " : roadmaps
precision/site-specific agriculture P
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Table 1. Cont.
Type Definition Operational Characteristics Typical Evidence
Nano-enabled fertilizer combined
Technolowical or empirical with sensing, UAVs, drones, Fixed-rate drone spraying; UAV
III-B ‘(’; oximi P models, or digital tools, but without monitoring following nanofertilizer
P ty verified spatial decision-controlled application
nano deployment
-C Advanced partial Two of the three SN-O S-N without O, or $-O without N
operational convergence components are directly verified
Spatial decision controls
v Full operational differentiated nanp—enabled SLN+O
convergence deployment and spatially resolved

outcomes are demonstrated

Integration level was evaluated independently from validation maturity, since the
degree of technological integration and the scale at which a system has been experimentally
validated represent distinct dimensions. Validation was coded from V0, representing
conceptual evidence, to V6, representing operational or commercial-farm implementation.
Detailed S-N-O coding rules, predefined boundary cases, and definitions of validation
levels VO-V6 are provided in Supplementary Data S1, Table S2.

2.4. Data Extraction, Citation Searching, and Evidence Synthesis

For each eligible study, data were extracted into a structured evidence matrix con-
taining bibliographic information, publication year, document type, study design, nano-
enabled fertilizer characteristics, spatial or site-specific management component, S-N-O
coding, integration type, validation level, discovery route, full-text status, and study-family
membership. Reviewer notes were retained to document classification decisions and
potentially ambiguous cases. The complete study-level evidence matrix is provided in
Supplementary Data S1, Table S3. S-N-O coding, integration type, and validation maturity
were initially assigned by one reviewer and independently verified by a second reviewer
for all empirical evidence units considered potentially eligible for Type III-B, Type 1II-C, or
Type IV classification.

Following full-text assessment of the database-derived corpus, backward and forward
citation searching was used as a supplementary retrieval method. This step was consid-
ered particularly relevant because terminology at the intersection of nanofertilizers and
precision agriculture was inconsistent, and potentially relevant operational studies could
therefore be poorly captured by text-based database searches. Citation searching followed
the terminology and general reporting principles of the TARCIS statement, which recom-
mends backward and forward citation searching as complementary approaches when topics
are difficult to retrieve using terminology alone [18]. Seed references comprised studies
showing the closest empirical proximity to operational convergence, together with influ-
ential reviews and frameworks making explicit claims about site-specific, sensor-guided,
Al-assisted, variable-rate, or targeted nano-enabled nutrient management.

Citation searching was progressively focused on combinations capable of satisfy-
ing the operational criteria defined in Section 2.3, including site-specific, management
zone, prescription map, variable rate, targeted yield, sensor-based, GreenSeeker, LCC,
UAV, and drone in association with nano-enabled fertilizers. The procedure identified
22 additional candidate reports outside the original database corpus. Twenty-one were
assessed for eligibility, one could not be retrieved, and six eligible reports representing
five unique studies/evidence units were incorporated through citation searching. These
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records were maintained separately from the Scopus/WoSCC search arm and are reported
under “other methods” in the PRISMA flow diagram, consistent with the PRISMA 2020
reporting structure [16]. A detailed audit of the citation-searching process is provided in
Supplementary Data S1, Table 54.

When multiple publications originated from the same experimental system, they were
grouped into a single study family to avoid double counting. Integration classifications
and validation levels were assigned at the study/evidence-unit level rather than according
to publication count. Full bibliographic details for all 60 included reports are provided in
Supplementary Data S1, Supplementary References.

For secondary sources making strong claims regarding site-specific nano-delivery,
Al-controlled fertilizer application, closed-loop management, or quantified reductions in
fertilizer inputs, the cited evidence was additionally traced to its underlying source when-
ever possible. This claim-level traceability check was used to distinguish direct empirical
support from statements propagated through reviews or conceptual papers. Cases in
which the operational strength of a secondary claim exceeded that demonstrated by the
cited primary evidence were retained as conceptual evidence but were not treated as proof
of operational convergence. The corresponding citation-traceability audit is provided in
Supplementary Data S1, Table S5.

Evidence synthesis was descriptive and mapping-based rather than statistical. No
meta-analysis was performed because the included literature comprised heterogeneous
evidence types, crops, nano-enabled nutrient systems, sensing technologies, decision archi-
tectures, spatial scales, and validation levels. The primary synthesis therefore examined
the distribution of evidence across integration Types III-A to IV, the presence or absence of
individual S-N-O components, and validation maturity from V0 to V6.

3. Results
3.1. Study Selection and Characteristics of the Evidence Base

The database searches identified 383 records, comprising 258 records from Scopus and
125 from the Web of Science Core Collection. After removal of 111 duplicates, 272 unique
records underwent title and abstract screening. Of these, 176 were excluded and 96 reports
were sought for full-text assessment. Thirty-five reports could not be retrieved, leaving
61 reports for full-text eligibility assessment. Seven reports were excluded following full-text
examination, resulting in 54 reports included from the database-search arm. The complete
selection process is presented in Figure 1.

Directed backward and forward citation searching subsequently identified 22 addi-
tional candidate reports that were not present in the original database corpus. Twenty-one
were assessed, of which six reports representing five unique studies/evidence units satisfied
the convergence eligibility criteria. After accounting for companion publications arising
from the same experimental system, the final evidence base therefore comprised 60 reports
corresponding to 59 unique studies or evidence units. The complete study-level dataset is
provided in Supplementary Data S1, Table S3, while the citation-searching audit is reported
in Supplementary Data S1, Table S4. Complete bibliographic details for all 60 included
reports are provided in Supplementary Data S1, Supplementary References.

The evidence base was strongly dominated by conceptual convergence. Of the
59 unique included studies/evidence units, 52 (88.1%) were classified as Type III-A, reflect-
ing reviews, perspectives, frameworks, or other studies that explicitly connected nanotech-
nology with precision or site-specific agriculture without demonstrating an operational
S-N-O workflow. Only five studies (8.5%) were classified as Type III-B, indicating techno-
logical or empirical proximity to integration, and two studies (3.4%) reached Type III-C,
representing advanced but incomplete operational convergence. No study within the in-
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cluded and fully assessed evidence base fulfilled the complete Type IV criterion (S + N +
O). These percentages describe the composition of the mapped evidence base and should
not be interpreted as equivalent proportions of experimental evidence. Type III-A consisted
predominantly of the conceptual or secondary literature, whereas the seven Type III-B and
Type III-C evidence units represented the empirical or technological subset used to assess
the current boundary of operational integration.

This distribution reveals a pronounced narrowing of the evidence base as increasingly
stringent operational requirements are applied: 52 Type III-A — 5 Type III-B — 2 Type III-C
— 0 Type IV. Thus, although convergence between nano-enabled fertilization and precision
agriculture is well established at the conceptual level, empirically verified operational
integration remains scarce. This distribution is summarized in Figure 3.
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Figure 3. Distribution of included evidence across operational integration levels.

3.2. From Conceptual Convergence to Technological Proximity

The evidence map showed that convergence between nano-enabled fertilization and
precision agriculture has developed predominantly at the conceptual rather than operational
level. As shown in Section 3.1, the evidence base was dominated by Type III-A literature.
These publications commonly described nanofertilizers, nanosensors, artificial intelligence
(AI), remote sensing, Internet of Things (IoT') platforms, and precision-agriculture tech-
nologies as mutually reinforcing components of future nutrient-management systems, but
did not demonstrate their integration within a complete spatially differentiated workflow.

Several influential reviews illustrate this pattern. Zhang et al. [10] proposed the
convergence of nanotechnology and Al as an enabling pathway for sustainable precision
agriculture, including the potential integration of crop and nutrient models with nanoinfor-
matics. Similarly, Zain et al. [11] explicitly framed nanotechnology and precision agriculture
as complementary approaches and discussed nanofertilizers, nanosensors, GIS, GPS, and
remote sensing within the same technological landscape. However, the examples reviewed
largely represented parallel developments in nano-enabled nutrient delivery and precision-
agriculture sensing rather than field implementations in which a spatial prescription directly
controlled differential nanofertilizer application.

The more recent literature extends this conceptual architecture toward Al-assisted and
potentially closed-loop systems. Sun et al. [13], for example, proposed Al-assisted nanofer-
tilizer customization based on soil characteristics and described a progressive pathway
toward intelligent nutrient delivery, while Ma et al. [12] positioned nano-enabled precision
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agriculture within a future closed-loop system incorporating sensors, intelligent algorithms,
and advanced nano-inputs. In both cases, however, field-scale operational integration was
identified as an outstanding translational challenge rather than as an already validated
technology [12,13].

Only five studies (8.5%) progressed to Type III-B, where nano-enabled fertilization was
empirically associated with technologies conventionally linked to precision agriculture, but
the connection stopped short of a verified spatial decision-to-deployment workflow. These
studies followed three recurring configurations: UAV-based crop monitoring following
nanofertilizer treatments, drone-assisted application of fixed nanofertilizer rates, and digital
or modeling tools used alongside rather than to control nano-enabled nutrient application.

Sinde-Gonzalez et al. [19], for instance, combined nanofertilizer treatments in Lupinus
mutabilis with field spectroscopy, active crop sensing, and UAV multispectral imagery. The
study generated vegetation indices and demonstrated the capacity of remote sensing to char-
acterize crop responses, but nanofertilizer application was not spatially modified according
to UAV-derived information. The sensing component therefore functioned primarily as an
outcome-monitoring layer rather than a prescriptive spatial decision layer.

A second Type III-B configuration involved drones as application platforms. Kumar
et al. [20] evaluated nano-urea applied by a knapsack sprayer and drone in Indian mustard
over two growing seasons, while Kashyap et al. [21] evaluated drone- and sprayer-assisted
nano-NPK application in wheat. Both studies demonstrated agronomic benefits associated
with nano-enabled nutrient treatments and showed the practical feasibility of UAV-based
foliar application. However, the nano-input rates and application timings were prede-
fined experimental treatments rather than outputs of a spatial diagnosis or prescription
process [20,21].

The same distinction was evident in maize. Sahni et al. [22] compared drone and tractor-
operated gun spraying of nano-urea and reported comparable NDVI, SPAD, and grain-yield
responses, together with substantial operational advantages of the drone platform, including
reduced water use. Nevertheless, both application systems delivered predetermined nano-
urea treatments; no within-field spatial diagnosis modified the nanofertilizer rate or place-
ment. Thus, the study demonstrated precision of application technology, but not spatially
differentiated nano-enabled nutrient management as defined by the S-N-O framework.

A related pattern occurred when modeling and nano-enabled fertilization coexisted
within the same agronomic system. Ashwini etal. [23] used DSSAT to evaluate rice yield and
resource-use responses under conventional and alternate wetting and drying management,
with drone-applied nano-urea forming part of the field-management system. Although the
model incorporated detailed soil, meteorological, crop, and management information, the
modeling output did not generate a spatial prescription governing differentiated nano-urea
deployment. The study therefore remained technologically close to convergence without
establishing the operational S — N link required for Type III-C or Type IV.

Taken together, the Type III-B evidence indicates that the principal technological build-
ing blocks of nano-enabled precision fertilization—nano-inputs, UAVs, crop sensors, spectral
monitoring, modeling, and automated application platforms—have already been combined
experimentally. However, in these studies, digital or spatial technologies primarily mea-
sured crop responses, improved application logistics, or supported broader management
analysis, rather than directly controlling spatial differentiation of the nano-enabled fertilizer
itself. The complete study-level classification underlying these findings is provided in
Supplementary Data S1, Table S3.
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3.3. Advanced Partial Operational Convergence: Two Complementary Type 11I-C Pathways

Only two of the 59 unique studies/evidence units (3.4%) reached Type III-C, indicating
advanced but incomplete operational convergence. Importantly, these studies did not fail
at the same stage of the S-N-O sequence. Instead, they represented two complementary
pathways toward full integration: one demonstrated a spatial decision linked to targeted
nano-enabled deployment but lacked spatially resolved outcome validation (S-N, O ab-
sent), whereas the other demonstrated site-specific nutrient prescription and differentiated
field outcomes but retained uniform nano-enabled fertilizer application (S-O, N absent)
(Figure 4).
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Figure 4. Complementary pathways toward operational convergence identified among Type III-C
studies. The technology-oriented pathway demonstrated spatial decision and differential nano-
enabled deployment without spatial outcome validation (S-N), whereas the agronomy-oriented
pathway demonstrated spatial decision and field-resolved outcomes but retained uniform nano-
enabled fertilizer deployment (S-O). Neither pathway fulfilled the complete S-N-O criterion required
for Type IV [24,25]. For visual clarity, Pathway A (highlighted in blue) emphasizes the technology-
application orientation, while Pathway B (highlighted in green) emphasizes the agriculture and
environmental application orientation.

The first pathway was represented by Jayanthi et al. [24], who developed an intelligent
agricultural-drone system combining image-based crop assessment, artificial intelligence,
georeferenced identification of target areas, and nanofertilizer dispensing. The system used
an Al-supported decision architecture to identify crop conditions and direct nano-enabled
inputs toward selected areas rather than treating the drone exclusively as a uniform spraying
platform. On the basis of the predefined framework, this configuration satisfied S, because
a spatially differentiated decision preceded application, and N, because nanofertilizer
deployment was linked to the identified target locations. The study therefore represented
a substantially closer approximation to operational nano-enabled precision fertilization
than studies in which drones simply delivered a predetermined rate uniformly across an
experimental area [24].

However, the experimental evidence did not close the outcome component of the
workflow. Validation focused predominantly on the technological functionality of the
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prototype—specifically, image processing, classification accuracy, target positioning, and
dispensing actuation—rather than on spatially resolved agronomic, environmental, or
economic consequences across the treated area. The study was therefore coded as Type
MI-C/V1, indicating that operational coupling between spatial diagnosis and nanofertilizer
deployment was demonstrated at the prototype level, but outcome closure under field
conditions was not achieved: spatial decision (S) — differential nano-enabled deployment
(N) — spatial outcome not verified (O—).

The second pathway was represented by Nagendrachari et al. [25], who integrated
nano-DAP into a Soil Test Crop Response (STCR) targeted-yield framework for maize in
Alfisols of Karnataka. Their experimental design incorporated fertility-gradient develop-
ment, soil-test-based fertilizer prescription equations, targeted maize yields, and verification
trials across low-, medium-, and high-fertility environments. The STCR approach explic-
itly adjusted conventional nutrient requirements according to soil-test values and yield
targets, while agronomic performance, nutrient uptake, nutrient-use-efficiency indices, and
economic responses were evaluated across contrasting fertility conditions [25].

This study therefore provided strong evidence for S, through soil-specific nutrient
prescription, and O, through field validation across differentiated soil-fertility environments.
Nevertheless, examination of the application protocol showed that nano-DAP itself was
applied at a fixed concentration of 4 mL L~! at 30 and 60 days after sowing and sprayed
uniformly using a knapsack sprayer. Thus, although the conventional fertilizer component
responded to soil-test and targeted-yield information, the nano-enabled component did not
change spatially according to that decision.

Accordingly, the nanofertilizer deployment criterion N was not satisfied. The study was
classified as Type III-C/V4, reflecting comparatively mature field validation but incomplete
operational coupling: spatial decision (S) — uniform nano-enabled deployment (N—) —
spatially differentiated field outcomes (O).

The contrast between these two Type III-C studies is particularly informative. Jayanthi
et al. [24] approached convergence from the digital-engineering and robotics perspective,
establishing the S — N link at the prototype level but omitting spatial field validation. In
contrast, Nagendrachari et al. [25] approached convergence from the agronomic prescrip-
tion side, demonstrating site-specific decision making and mature field validation while
leaving the nano-enabled component spatially invariant. The two studies therefore occupied
complementary positions immediately below Type IV rather than representing different
degrees of the same implementation pathway.

Neither study simultaneously demonstrated a spatial decision layer, differential nano-
enabled fertilizer deployment governed by that decision, and spatially resolved outcome
validation. Thus, no verified Type IV study was identified in the final evidence base. The
complete S-N-O classifications and validation levels are reported in Supplementary Data S1,
Table S3.

3.4. Validation Maturity and the Absence of Type IV Evidence

The distribution of validation levels revealed a strong imbalance between the conceptual
maturity of the field and the empirical maturity of operational integration. Of the 59 unique
studies/evidence units, 52 studies (88.1%) were classified as V0, corresponding to reviews,
perspectives, conceptual frameworks, or other forms of non-empirical evidence. No included
study was classified as V2, V5, or V6. Empirical evidence was therefore concentrated in a
small number of prototype- and field-level studies.

Among the five Type III-B studies, two were classified as V3 and three as V4, indi-
cating that several technological combinations of nano-enabled fertilization with UAVs,
drones, remote sensing, or digital decision-support tools have already progressed to field
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experimentation and, in some cases, multi-season validation. However, greater validation
maturity did not necessarily correspond to greater operational integration. Field-tested
systems frequently retained fixed nanofertilizer treatments, used spatial technologies pri-
marily for monitoring, or evaluated precision-management and nano-enabled strategies
without directly coupling the decision and deployment components.

This distinction became particularly clear in the two Type III-C studies. The technology-
oriented system developed by Jayanthi et al. [24] reached only V1, because its principal
validation consisted of laboratory or controlled prototype testing.

By contrast, Nagendrachari et al. [25] reached V4 through replicated field experimen-
tation involving soil-test-based nutrient prescription, contrasting fertility environments,
agronomic responses, nutrient-use indicators, and economic evaluation. Despite this sub-
stantially higher validation maturity, the nano-DAP component remained uniformly applied
and therefore did not satisfy N. The study consequently demonstrated S-O rather than
complete S-N-O integration.

Thus, the evidence map shows that validation maturity and operational convergence
are not interchangeable. A system may reach field-scale or multi-season validation with-
out spatially differentiating the nano-enabled input, whereas a technologically advanced
decision—-actuation system may demonstrate operational coupling at prototype level without
closing the agronomic outcome loop.

This relationship is summarized in Figure 5, which maps integration class against
validation maturity. The evidence is highly concentrated at III-A/V0, while the small
empirical tail extends toward III-B/V3-V4 and two distinct III-C positions: III-C/V1 and
III-C/V4. No evidence occupied the Type IV column at any validation level.
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Figure 5. Distribution of the included evidence across operational integration levels and validation
maturity. Circle size represents the number of unique studies/evidence units within each integration—
validation combination. Integration level and validation maturity were coded independently. The
two Type III-C studies occupied distinct maturity levels (V1 and V4), whereas no study reached Type
IV at any validation level [24,25]. Specifically, the numerical values within the bubbles denote the
exact count of publications mapping to each intersection, illustrating a heavy concentration of the
literature in conceptual frameworks (52 studies at ITI-A/V0). Conversely, a restricted transition toward
empirical testing is observed, with few works advancing to single-site field testing (2 studies at III-
B/V3), replicated field validation (3 studies at III-B/V4), or advanced partial operational integration
(represented by single studies at III-C/V1 and III-C/V4).
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The absence of Type IV evidence is therefore not attributable solely to insufficient field
validation. Rather, it reflects a more specific structural gap: studies that have advanced
toward field maturity have generally not differentiated the nano-enabled fertilizer according
to the spatial decision, while studies that have approached automated differential nano
deployment have not yet demonstrated spatially resolved agronomic, environmental, or
economic outcomes. No included study simultaneously verified S, N, and O, and no
operational or commercial-farm implementation (V6) of such a closed-loop system was
identified. The complete study-level integration and validation coding is provided in
Supplementary Data S1, Table S3.

3.5. Evidence-Translation and Citation-Traceability Gap

Claim-level citation tracing revealed an additional pattern within the convergence
literature: the operational maturity implied by some secondary-source statements was
not always matched by the evidence supporting those statements. Ten claims involving
site-specific nano-delivery, Al-assisted fertilization, closed-loop management, or quantified
resource-use benefits were therefore examined in greater detail. The complete audit is
provided in Supplementary Data S1, Table S5.

One of the clearest examples was found in the review by Sharma et al. [26]. The
abstract states that integration of nanosensors and smart delivery systems within precision
agriculture can reduce water use by 20-30%, decrease chemical fertilizer application by
15-25%, and increase crop yields by 10-15%. These values create the impression that the
performance of an integrated nano-enabled precision-management system has already been
quantitatively demonstrated. However, citation-level examination did not identify a corre-
sponding primary field study in which a spatial decision layer, differential nano-enabled
fertilizer deployment, and spatially resolved outcomes were simultaneously evaluated.
Instead, the review synthesizes evidence on nano-input performance, sensing technologies,
and precision-agriculture concepts across separate evidence streams [26].

A similar pattern was observed in the more recent Al-nanofertilizer literature. Sadiq
et al. [27] stated that Al-driven decision-support systems combined with nanofertilizer
programs had reduced fertilizer use by 15-20% while sustaining yield. The statement is
explicitly presented as an example of emerging Al-nano integration. However, tracing the
references supporting this quantitative claim did not resolve to a primary field experiment
demonstrating the complete S-N-O sequence. Rather, the supporting literature represented
broader Al-based fertilizer optimization and nanotechnology-related evidence. The same
article subsequently frames Al-nanotechnology convergence as a future trajectory requiring
further field validation, illustrating the distinction between prospective system architecture
and demonstrated operational performance [27].

Evidence amplification was also apparent when prototype studies were subsequently
cited by broader reviews. Zaman et al. [28] stated that drones equipped with nanomaterial
delivery systems can apply fertilizers and other inputs “precisely where needed” and cited
the intelligent agricultural-drone system of Jayanthi et al. [24] as supporting evidence.
As shown in Section 3.3, however, the underlying study demonstrated a promising S-N
prototype-level configuration (III-C/V1) but did not provide spatially resolved agronomic,
environmental, or economic outcome validation. Thus, the secondary statement represents
a broader interpretation of a system whose operational closure remains incomplete.

These examples were not treated as evidence of poor scientific quality; rather, they
reveal an evidence-translation gap that becomes important in a rapidly emerging interdis-
ciplinary field. Terms such as precision delivery, targeted application, Al-driven fertiliza-
tion, and closed-loop management can refer to substantially different levels of technolog-
ical integration. In particular, a claim may be scientifically reasonable as a technological
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projection while remaining unsupported as evidence of an already validated field-scale
S5-N-O system.

Accordingly, secondary-source claims were retained as conceptual convergence evi-
dence when they contributed to the development of the field, but quantitative or operational
statements were not used to establish Type III-C or Type IV unless their underlying evi-
dence independently satisfied the predefined criteria. This verification step helped prevent
conceptual architectures, prototype systems, and independent technology streams from
being interpreted as completed operational integration.

Taken together with the integration and validation maps, the citation-traceability
analysis indicates that the apparent convergence of nanofertilizers, sensing, Al, and precision
agriculture is more mature at the level of scientific discourse and system conceptualization
than at the level of empirically closed field implementation.

4. Discussion
4.1. Conceptual Convergence Has Outpaced Operational Integration

The central finding of this review is that the convergence between nano-enabled fer-
tilization and precision agriculture is substantially more advanced at the conceptual level
than at the operational level. Although the literature increasingly presents nanofertilizers,
nanosensors, artificial intelligence, remote sensing, UAVs, and digital decision-support
systems as components of a common precision-agriculture architecture, the evidence map
showed a pronounced concentration at Type III-A and a progressive collapse in the number
of studies as stricter operational requirements were applied. Of the 59 unique studies/evi-
dence units, 52 were conceptual, five demonstrated technological or empirical proximity,
only two reached advanced partial operational convergence, and none verified the complete
5-N-O sequence.

This pattern is consistent with the direction proposed in several influential reviews.
Zhang et al. [10] positioned the convergence of nanotechnology and artificial intelligence as
a pathway toward more sustainable and precise agricultural systems, while Zain et al. [11]
similarly described nanotechnology as a potentially transformative component of precision
agriculture. In both cases, the conceptual architecture is compelling: spatial sensing and
digital decision support can identify crop or soil heterogeneity, while nano-enabled carriers
could theoretically deliver nutrients with improved efficiency, controlled release, or greater
physiological specificity. However, the present review indicates that these two technological
streams have largely developed in parallel rather than as a closed operational system.

Within nanotechnology, precision often refers to controlled release, improved nutrient
targeting, stimulus responsiveness, or delivery to particular plant tissues or physiological
compartments. Lowry et al. [9], for example, use the concept of nano-enabled precision
delivery primarily in relation to the transport of active agents within plants. In preci-
sion agriculture, by contrast, precision generally refers to managing spatial and temporal
variability using georeferenced information, sensing, prescription maps, management
zones, or variable-rate technologies. These forms of precision are complementary but are
not equivalent.

As established in the conceptual framework, functional and spatial precision operate at
different scales and should not be treated as equivalent. Functional precision concerns the
behavior of the nano-enabled nutrient-delivery system, whereas spatial precision concerns
the management of field variability through spatially resolved information and differen-
tiated intervention. The evidence map shows that the principal unresolved challenge is
not the conceptual compatibility of these dimensions, but the establishment of a causal
management chain in which spatial diagnosis generates a prescription, that prescription
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modifies nano-enabled fertilizer deployment, and the resulting effects are evaluated at an
appropriate spatial resolution. This sequence is formalized by the S-N-O framework.

The absence of Type IV studies does not imply that either parent technology is imma-
ture. On the contrary, conventional precision nutrient management has already progressed
through management-zone delineation, sensor-based diagnosis, geospatial soil mapping,
and variable-rate fertilization, while nano-enabled fertilizers have advanced from material
synthesis and controlled-release characterization to replicated agronomic field trials [2,4,7,9].
The unresolved problem is the operational bridge between these domains.

This interpretation is reinforced by recent reviews that increasingly describe closed-
loop or Al-assisted nanoagriculture as a desirable next stage while simultaneously ac-
knowledging that large-scale field validation remains limited. Sun et al. [13], for instance,
proposed an Al-assisted plant-nanotechnology framework progressing from decision sup-
port toward semi-automation and ultimately closed-loop automation. Ma et al. [12] likewise
discussed future integration of nanotechnology, sensors, autonomous decision algorithms,
and precision-agriculture infrastructure, while emphasizing the gap between controlled
efficacy and field-scale implementation. These studies suggest that the scientific community
has already articulated the architecture of the integrated system, but the experimental
literature has not yet demonstrated its full operational closure.

The evidence therefore supports a more nuanced interpretation than simply stating
that nano-enabled precision fertilization is “emerging.” The field appears to be in a tran-
sitional stage characterized by extensive conceptual convergence, partial technological
assembly, and very limited operational closure. The two Type III-C evidence units never-
theless indicate that partial operational coupling is emerging through complementary but
incomplete pathways.

From this perspective, the main bottleneck is no longer conceptual feasibility. Rather,
it is the development and validation of systems capable of connecting spatial diagnosis,
differential nano-enabled actuation, and spatially resolved response assessment within the
same experimental workflow.

4.2. Why Current Systems Stop Short of Type IV: The Missing Operational Links

The absence of Type IV evidence can be understood more precisely by examining
where the S-N-O sequence breaks down. Across the empirical literature, the limiting factor
was rarely the absence of technological capability in general. Instead, current systems
tended to fail at one of two interfaces: translating spatial information into differential nano-
enabled actuation (S — N) or linking that actuation to spatially resolved agronomic and
environmental validation (N — O).

The first bottleneck concerns the S — N transition. Precision-agriculture technologies
can already identify spatial heterogeneity through remote sensing, management zones,
georeferenced soil information, or crop-sensing platforms, but this information is not yet
routinely converted into spatially differentiated nanofertilizer prescriptions. For example,
Sinde-Gonzélez et al. [19] demonstrated that UAV multispectral imagery and spectral
sensing could discriminate crop responses under nanofertilizer treatments, yet the sensing
system was used primarily to characterize plant response rather than to generate a variable
nanofertilizer prescription. Likewise, Sahni et al. [22] showed that drone-based nano-
urea spraying can substantially reduce water use and provide agronomic performance
comparable to conventional spraying, but both application systems delivered predetermined
nutrient inputs rather than a spatially varying nano-urea dose. In these cases, sensing and
automated application are technically available, but the prescriptive link between diagnosis
and nano-enabled deployment remains absent.
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The Nagendrachari et al. [25] study provides an even clearer illustration of this bottle-
neck. Their STCR-based framework generated soil-test- and target-yield-specific nutrient
prescriptions and validated performance across contrasting fertility environments, thereby
demonstrating a mature spatial/agronomic decision architecture. However, the nano-DAP
component itself remained uniformly applied. This indicates that integrating a nanofer-
tilizer into a site-specific nutrient-management experiment is not sufficient to achieve op-
erational convergence; the nano-enabled component must itself become responsive to the
spatial prescription.

The second bottleneck lies in the N — O transition. Prototype-level systems can increas-
ingly connect sensing or Al-supported decisions with targeted nano-enabled application,
but agronomic validation of those differentiated interventions remains limited. The Jayanthi
et al. [24] system represents this pathway: spatially identified target areas were linked to
nanofertilizer dispensing, but the study did not demonstrate spatially resolved nutrient-use,
yield, environmental, or economic outcomes. Consequently, the technological actuation
loop was more advanced than the biological and agronomic validation loop.

This asymmetry between digital actuation and field validation is consistent with
broader assessments of nano-enabled agriculture. Recent reviews emphasize that nano-
enabled precision systems still face substantial challenges in translating laboratory or pro-
totype performance into realistic field conditions, including environmental heterogeneity,
variable canopy structure, spray interception, wind and rainfall effects, soil complexity, and
uncertainty regarding environmental fate and non-target impacts [9,12]. Lowry et al. [9],
for instance, emphasize that nano-enabled precision delivery still faces major scientific
and societal barriers, while Ma et al. [12] explicitly highlight the discrepancy between
experimental efficacy and actual field exposure conditions.

A further barrier is system interoperability. Full Type IV implementation requires
spatial diagnosis, decision algorithms, fertilizer formulation, actuation hardware, and
outcome monitoring to operate as one coordinated system. Yet these components are
typically developed in separate disciplinary domains. Agronomic sensing platforms are
optimized to diagnose crop variability, drone systems are optimized for efficient application,
and nanofertilizer research is often focused on formulation, release kinetics, uptake, or
physiological response. Connecting these systems requires compatible data structures,
prescription algorithms, application hardware capable of variable nano-input delivery,
and agronomic rules that define how spatial information should alter nanofertilizer rate,
formulation, timing, or placement.

This issue is especially important because precision of application is not equivalent
to precision of nutrient decision. UAV spraying can improve coverage, reduce labor, lower
water consumption, and automate application while still applying the same fertilizer rate
across the entire field. Sahni et al. [22], for example, demonstrated strong operational
advantages of drone-based nano-urea application, including markedly reduced water use,
but the experiment was intentionally designed to compare two delivery platforms under
identical nano-urea inputs. Such studies represent important progress in application tech-
nology, but they do not yet establish the spatial decision-controlled actuation required
for Type IV.

A final limitation concerns the type of outcome evidence used to validate integration.
Many nano-enabled fertilizer studies focus on yield, nutrient uptake, chlorophyll indices,
or biomass averaged across experimental treatments. These outcomes are valuable for es-
tablishing agronomic efficacy, but full operational convergence requires demonstrating that
spatial differentiation produced a meaningful spatial response. This may include yield or
nutrient-use efficiency by management zone, spatial reductions in nutrient loss, differential
environmental exposure, or economic returns linked to the prescription unit. Without
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this resolution, the response cannot be causally connected to the spatially differentiated
nano-enabled intervention.

The immediate challenge is therefore to connect spatial diagnosis, nano-enabled actu-
ation, and spatially resolved validation within the same experimental workflow. Future
studies should move beyond demonstrations in which nanofertilizers, sensors, Al, and
UAVs merely coexist and instead test complete workflows in which spatial diagnosis —
prescription — differential nano-enabled application — spatially resolved validation are
implemented and evaluated within the same field experiment.

The contribution of this evidence map therefore extends beyond documenting the ab-
sence of a Type IV study within the assessed corpus. First, it establishes explicit operational
criteria that distinguish spatial diagnosis, differential nano-enabled actuation, and spatial
outcome validation from the broader co-occurrence of nanofertilizers, sensors, models,
or UAVs. Second, it separates operational integration from validation maturity, showing
that field testing does not necessarily imply decision-controlled nano-enabled deployment.
Third, the two Type III-C configurations reveal complementary translational pathways: one
closes the S-N interface without closing the outcome loop, whereas the other provides
spatial decision making and field-resolved outcomes while leaving the nano-enabled input
spatially uniform. Finally, the citation-traceability analysis identifies how prospective or
component-level evidence can be interpreted as complete operational integration. Together,
these findings convert a general statement of limited integration into a set of explicit, testable
interfaces for future research.

4.3. From Double Precision to Closed-Loop Nano-Enabled Nutrient Management

The findings of this review support the use of double precision as a conceptual lens
for distinguishing the technological roles of nano-enabled nutrient delivery and spatial
nutrient management. Spatial precision concerns where, when, and how much nutrients
should be supplied according to spatial or temporally resolved variability in soil and crop
requirements. Functional precision concerns how the nutrient-delivery system behaves
after application, including controlled or stimulus-responsive release, nutrient protection,
modified availability, enhanced uptake, transport, or biological targeting. These dimen-
sions are complementary but operate at different scales and have often been grouped
under the broad terminology of precision agriculture without demonstrating that they are
operationally connected.

Functional precision has historically been one of the principal rationales for agricultural
nanotechnology. Raliya et al. [7] highlighted controlled release and targeted delivery as
potential mechanisms through which nanofertilizers could contribute to sustainable and
precision agriculture. More recently, Lowry et al. [9] substantially refined this concept by
emphasizing how nanocarrier properties can be designed to influence transport, uptake,
transformation, release, and delivery to specific locations within plants. In this sense,
nanotechnology provides a means of engineering the behavior of the nutrient-delivery
system itself.

Representative primary studies illustrate the substantial development of this material
foundation. Early work incorporated NPK nutrients into chitosan nanoparticles, while nano-
hydroxyapatite was investigated as a phosphorus source for soybean. Urea—hydroxyapatite
nanohybrids subsequently demonstrated a controlled-release route for nitrogen delivery.
However, results obtained under agriculturally realistic conditions have not always repro-
duced the expected agronomic benefits of nano-hydroxyapatite, underscoring the impor-
tance of formulation, dose, matrix, and exposure conditions. More recent field experiments
with a chitosan-based NPK nanostructure further indicate progression from formulation
development toward multi-season agronomic evaluation. These studies establish important
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Type I material and agronomic foundations, but they do not by themselves demonstrate
spatially differentiated nano-enabled fertilization; operational convergence additionally
requires the S-N-O links defined in this review [5-8,29-33].

Spatial precision operates at a different scale. It requires recognition of heterogeneity
across the field and conversion of that heterogeneity into differentiated management deci-
sions. Sensors, proximal and remote sensing, geospatial information, management zones,
prescription maps, variable-rate technologies, and increasingly Al-based decision systems
provide the technical basis for this dimension. Zhang et al. [10] anticipated the potential
value of combining such precision-agriculture capabilities with nanotechnology and Al,
including the coupling of nutrient and crop models with nanoinformatics to optimize the
behavior and targeting of nanoscale agricultural inputs.

The key implication of the present evidence map is that neither form of preci-
sion alone constitutes nano-enabled precision fertilization in the operational sense. A
highly sophisticated controlled-release nanofertilizer applied uniformly to an entire field
achieves functional precision but not spatial precision. Conversely, a detailed prescrip-
tion map used to vary conventional fertilizer rates achieves spatial precision without
exploiting the functional properties of nano-enabled nutrient delivery. Even applying the
same nanofertilizer uniformly across spatial management zones does not fully combine
the two dimensions because the nano-enabled component remains disconnected from
the spatial prescription.

Under the double-precision concept, full convergence therefore requires the two
forms of precision to become causally coupled. Spatial information should determine
not only whether fertilizer is required, but also how the nano-enabled input should
be deployed. Depending on the system, this may involve spatial adjustment of the
nanofertilizer rate, formulation, carrier characteristics, release profile, timing, placement,
or combinations thereof. The functional advantages of the nano-enabled material would
consequently be deployed in response to spatially diagnosed nutrient requirements rather
than applied uniformly.

Beyond this initial operational convergence, a subsequent developmental stage would
involve closed-loop nano-enabled nutrient management rather than the simultaneous use
of nanofertilizers and digital technologies alone. In its minimal form, such a closed-loop
system would comprise four connected functions: sense and map — decide and prescribe
— differentially deploy — verify and update.

The first stage characterizes spatial variability in crop or soil nutrient status. The
second transforms that information into a spatial prescription. The third executes the
prescription through differential nano-enabled deployment. The fourth quantifies spatial
agronomic, environmental, and economic responses and feeds those observations back
into subsequent decisions. This feedback component is especially important because nu-
trient demand, environmental conditions, and nano-soil-plant interactions are dynamic
rather than fixed.

Such a closed-loop architecture is consistent with the broader convergence anticipated
by Zhang et al. [10], who argued that combining nanotechnology, informatics, and Al could
enable more sustainable and precise agricultural management. However, our evidence map
indicates that the literature has so far developed the individual components considerably
further than their operational coupling. The distinction is important: a conceptual closed
loop should not be interpreted as an experimentally validated closed loop.

The double-precision perspective also implies that future research should move beyond
asking whether nanofertilizers outperform conventional fertilizers under uniform experi-
mental treatments. That question remains relevant for material efficacy and safety, but it
does not test the added value of operational convergence. A more informative experimental
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question is whether spatially differentiated nano-enabled fertilization produces measurable
advantages over both uniform nanofertilizer application and conventional site-specific nu-
trient management. Such comparisons would allow the contribution of spatial precision,
functional precision, and their interaction to be separated experimentally.

An appropriate field design could therefore include at least four management strate-
gies: conventional uniform fertilization, spatially differentiated conventional fertilization,
uniform nano-enabled fertilization, and spatially differentiated nano-enabled fertilization.
The fourth treatment is the crucial Type IV condition. Spatially resolved yield, nutrient-use
efficiency, nutrient losses, environmental exposure, operational costs, and economic returns
could then determine whether combining spatial and functional precision generates an
advantage greater than either strategy independently.

This requirement is particularly relevant because nano-enabled delivery introduces
additional variables that conventional variable-rate fertilizer systems do not normally ad-
dress. Particle or carrier characteristics, concentration, suspension stability, release kinet-
ics, interaction with water quality, sprayability, nozzle compatibility, foliar retention, soil
transformation, and environmental fate may all interact with the prescription and appli-
cation system. Lowry et al. [9] emphasize that nanocarrier behavior depends strongly on
both material properties and biological/environmental conditions, reinforcing the need
to integrate material design with realistic deployment contexts rather than optimize these
dimensions independently.

The conceptual progression identified in this review can therefore be summarized as:

functional precision + spatial precision — operational double precision — closed-loop validation.

This formulation shifts the focus from technological accumulation toward system inte-
gration. The critical scientific question is no longer whether nanotechnology, sensors, drones,
Al, and variable-rate management can individually contribute to precision agriculture; sub-
stantial evidence already supports those individual capabilities. The unresolved question is
whether they can be connected in a reproducible, agronomically effective, environmentally
responsible, and economically viable nutrient-management workflow.

4.4. Research Roadmap for Achieving Type IV Operational Convergence

The identified S-N and N-O discontinuities define an eight-part research roadmap for
progression toward Type IV operational convergence: (i) conversion of spatial diagnosis
into an explicit nano-enabled fertilizer prescription; (ii) reliable differential deployment
of the nano-enabled input; (iii) engineering compatibility between nanoformulations and
variable-rate application systems; (iv) spatially matched agronomic, environmental, and
economic outcome validation; (v) experimental controls that separate the effects of spa-
tial and functional precision; (vi) feedback-based updating of subsequent prescriptions;
(vii) multi-season and multi-location validation under operationally relevant conditions;
and (viii) explicit assessment of economic and operational viability [7,9,12]. These re-
quirements are interdependent, because progress in one component cannot compensate
for the absence of another within the same workflow. The following paragraphs define the
minimum experimental requirements associated with this roadmap, which are summarized
in Table 2.
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Table 2. Research priorities for progressing from partial to full operational convergence.

— Current Evidence Minimum Requirement Relevant S-N-O Expected
Research Priority .
Gap for Future Studies Component Advancement
Spatial sensin Convert georeferenced
Spatial diagnosis and P 5 soil/crop information into Establish a causal
- frequently remains L S .
prescription - explicit nano-enabled decision layer
descriptive s .
fertilizer prescriptions
. . . Vary nano rate,
Differential Nano-inputs . formulation, timing, ClosetheS - N
nano-enabled commonly remain . N .
, placement, or location interface
deployment fixed across zones :
according to S
Validate suspension
Nano formulations 1 P
. . stability, flow, nozzle Ensure that
Application-system and variable-rate qs -
g compatibility, dose N prescriptions can be
compatibility hardware are rarely : )
accuracy, and spatial executed reliably
evaluated together .
actuation
Measure agronomic,
Outcomes are environmental
Spatial outcome . . ! Close the N - O
1. commonly reported physiological, and /or @) A
validation . interface
as treatment means economic responses by
spatial management unit
Spatial and Compare uniform
Appropriate P . conventional, spatial Quantify the added
) functional precision ) :
experimental conventional, uniform S-N-O value of double
effects cannot be . -
controls nano, and spatial nano precision
separated
treatments
Feedback and . Use .pOSt application Progress toward
. Most systems remain sensing/outcomes to
adaptive 5-N-O closed-loop
open-loop update subsequent
management L management
prescriptions
Multi Season and No Type IV evidence Replicate integrated Test robustness and
multi-location systems across seasons, 5-N-O 1
1o at V5-V6 ; . transferability
validation soils, crops, and locations
Local exposure and Quantify spatial fate,
. long-term nano-fate nutrient losses, Demonstrate
Environmental fate . - : .
remain insufficiently persistence, non-target @) environmental
and safety . . o
integrated with exposure, and sustainability
precision trials repeated-use effects
Technical .
. . Include machinery, .
Economic and performance is rarely . 7 Determine
: . sensing, data, application, .
operational evaluated against @) commercial
1 e1s . . labor, energy, water, and o
feasibility total implementation o : feasibility
profitability metrics
cost
Report S, N, O and
Operational CPoTt o . Improve
. . validation level explicitly o
Reporting and terminology may A . comparability and
2. and distinguish Cross-cutting .
traceability exceed demonstrated prevent evidence
demonstrated from

evidence

proposed integration

inflation
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Progress toward Type IV convergence should not be understood as depending on
a single disruptive nanofertilizer formulation. The material challenge is instead to de-
velop application-ready nano-enabled nutrient systems whose nutrient loading, release
behavior, colloidal stability, dose-response relationship, and environmental safety remain
reproducible under realistic soil, water, canopy, and climatic conditions. For nitrogen, phos-
phorus, and potassium delivery, this requires formulation-specific optimization together
with compatibility testing for variable-rate equipment, including suspension stability, flow
behavior, nozzle passage, deposition uniformity, and dose accuracy. Accordingly, future
breakthroughs should be evaluated not only by their novelty at the nanoscale, but also
by whether the formulation can be manufactured consistently, spatially prescribed, differ-
entially applied, and agronomically and environmentally validated within the complete
S-N-O workflow.

A first priority is to strengthen the S — N interface. Spatial variability detected through
soil mapping, remote sensing, crop sensors, management zones, or Al-assisted diagnosis
should be translated into explicit nanofertilizer prescriptions. The prescription should
specify how the nano-enabled input changes among spatial units rather than merely indi-
cating whether fertilization is required. Depending on the formulation, this differentiation
may involve application rate, concentration, timing, carrier type, release characteristics,
placement, or combinations of these variables. The potential value of combining nanoin-
formatics, artificial intelligence, and precision-agriculture decision systems has already
been recognized conceptually [10], but the present evidence indicates that this connection
remains largely untested under operational field conditions.

A second priority concerns the technical execution of differential nano-enabled ap-
plication. Conventional variable-rate fertilizer systems have mainly been developed for
granular, liquid, or soluble products and cannot automatically be assumed to perform equiv-
alently with nano-enabled formulations. Suspension stability, aggregation, concentration-
dependent viscosity, nozzle compatibility, spray-droplet characteristics, foliar retention,
carrier transformations, and interactions with irrigation or spray water may influence
whether a spatial prescription can actually be delivered accurately. Lowry et al. [9] em-
phasize that the environmental and biological behavior of nano-enabled delivery systems
depends strongly on material properties and exposure conditions. Therefore, application
engineering should be incorporated into future precision-nanofertilizer studies rather than
treated as a downstream implementation issue.

Third, the N — O interface requires substantially stronger validation. Future stud-
ies should evaluate whether spatial differentiation of the nano-enabled input generates
outcomes that are measurable at the same spatial resolution at which the prescription
was applied. Relevant outcomes should extend beyond crop yield to include nutrient-use
efficiency, nutrient recovery, residual soil fertility, nitrate or phosphate losses, greenhouse-
gas emissions where relevant, nano-enabled material fate, non-target exposure, water use,
energy demand, and economic return. Without spatially resolved outcome assessment, it
remains impossible to determine whether differentiated nano-enabled deployment provides
a meaningful advantage over uniform application.

A particularly important experimental requirement is the use of comparators capa-
ble of separating spatial and functional precision effects. Many existing nanofertilizer
studies compare nano-enabled products with conventional fertilization under uniform
treatment conditions. Such designs can assess product efficacy but cannot determine
whether nano-enabled precision management provides an additional systems-level advan-
tage. A stronger field design should include, where agronomically appropriate, at least
four reference strategies: (1) uniform conventional fertilization; (2) spatially differenti-
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ated conventional fertilization; (3) uniform nano-enabled fertilization; and (4) spatially
differentiated nano-enabled fertilization.

This factorial logic would permit the effects of spatial precision, nano-enabled nutrient
functionality, and their interaction to be distinguished. The fourth strategy represents the
operational condition most closely aligned with Type IV.

Longer-term and multi-location validation is also essential. The evidence map con-
tained no Type IV study and no V5 or V6 example of full operational convergence. Yet both
spatial nutrient variability and nano—soil-plant interactions are strongly context-dependent.
Soil texture, pH, organic matter, mineralogy, crop genotype, weather, irrigation regime, and
management history may alter both nutrient demand and nanomaterial behavior. Field eval-
uation across multiple seasons and environments is therefore necessary before integrated
systems can be considered robust or transferable [9,12].

A fifth priority is the development of closed-loop decision systems rather than one-way
prescriptions. Initial Type IV experiments do not necessarily require full autonomy, but they
should include a feedback mechanism capable of testing whether the spatial intervention
produced the expected response. In practice, this means connecting post-application sens-
ing and outcome assessment to subsequent nutrient-management decisions. The staged
transition from decision support to semi-automation and ultimately closed-loop manage-
ment proposed in recent Al-nanotechnology frameworks provides a useful developmental
trajectory [13]. Importantly, however, each stage should be validated empirically before
being described as an operationally integrated system.

Environmental and regulatory evaluation should be embedded within this develop-
ment pathway rather than added only after agronomic efficacy has been demonstrated.
Nano-enabled fertilizers may reduce total nutrient application or improve uptake efficiency,
but spatially differentiated application also changes local exposure patterns. Consequently,
environmental assessment should consider not only total application rate but also where
the nano-enabled material accumulates, transforms, moves, or persists. Long-term fate,
repeated application, effects on soil microbial communities, off-target transport, and crop-
residue implications remain particularly relevant for any transition toward routine field
deployment [9,12].

Finally, economic and operational viability must be evaluated explicitly. A techni-
cally successful Type IV system may still be impractical if the costs of sensing, prescription
generation, nano-formulation, variable-rate application, data processing, and equipment
adaptation exceed the agronomic or environmental benefits. Economic assessment should
therefore extend beyond fertilizer cost alone and incorporate labor, energy, water, equip-
ment depreciation, sensing and analytics costs, application efficiency, yield variability, and
potential savings from reduced nutrient losses. This will be particularly important when
evaluating whether integrated systems can progress from replicated field trials toward V5
multi-location validation and V6 operational-farm implementation.

These priorities are summarized in Table 2. Collectively, they indicate that the next
generation of research should be designed around system closure rather than technology
accumulation. A study should not be considered a demonstration of nano-enabled precision
fertilization merely because it includes a nanofertilizer, a sensor, and a drone. The decisive
test is whether spatial information changes nano-enabled deployment and whether that
differentiated intervention produces spatially verified agronomic, environmental, and
economic outcomes.
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4.5. Implications of the Evidence-Translation Gap

The citation-traceability analysis identified a second challenge for the development of
nano-enabled precision fertilization: the language used to describe technological conver-
gence sometimes advances faster than the primary evidence demonstrating that convergence.
This does not necessarily reflect inaccurate scholarship. Rather, it appears to arise from the
rapid interaction of several research domains—nanotechnology, remote sensing, artificial
intelligence, robotics, and precision nutrient management—whose individual advances can
readily be assembled into plausible integrated architectures before those architectures have
been tested as complete systems.

This distinction is particularly important for terms such as precision delivery, targeted
fertilization, smart application, Al-guided nutrient management, and closed-loop agricul-
ture. These expressions can describe substantially different levels of evidence. For example,
targeted delivery may refer to controlled release or biological targeting at the material
or plant level, whereas site-specific application implies that georeferenced variability has
altered the field-scale management decision. Similarly, a drone may deliver a nano-enabled
fertilizer accurately along a predefined flight path without performing variable-rate fertil-
ization, and post-treatment UAV imagery may provide highly resolved crop information
without having contributed to the fertilizer prescription.

The S-N-O classification therefore provides not only a framework for organizing
the literature but also a means of improving claim precision. Statements of operational
integration should ideally identify which components have actually been demonstrated.
Evidence of spatial diagnosis alone supports S; evidence that this diagnosis altered the nano-
enabled treatment supports N; and evidence that the resulting intervention was evaluated
at an appropriate spatial resolution supports O. Only demonstration of all three components
supports a claim of complete operational convergence.

The claim-level examples presented in Section 3.5 reveal two recurrent mechanisms of
evidence amplification: prototype capabilities being described as complete operational sys-
tems, and quantitative benefits derived from parallel nano-enabled and precision-agriculture
evidence being attributed to their untested integration. These mechanisms can inflate per-
ceived technology readiness and obscure whether S, N, and O were demonstrated within
the same study.

The implications extend beyond terminology. Evidence inflation can affect technology-
readiness assessment. If conceptual frameworks, prototypes, fixed-rate drone applications,
and fully closed spatial decision—actuation systems are described using the same operational
vocabulary, it becomes difficult to determine which technologies are genuinely ready for
field scaling. This may obscure the specific engineering or agronomic barriers that remain
unresolved and can lead to overly optimistic interpretations of deployment readiness.

A second implication concerns the design of future reviews. In rapidly converging
fields, conventional article-level inclusion alone may be insufficient when strong opera-
tional or quantitative claims form the basis of major conclusions. Targeted citation verifica-
tion, as used in the present review and supported methodologically by citation-searching
guidance such as TARCIS [18], provides an additional means of distinguishing evidence
that is directly demonstrated from evidence that is extrapolated, synthesized, or pro-
posed. This is particularly valuable when terminology is evolving faster than standardized
reporting practices.

A third implication is the need for explicit reporting of integration status in primary
studies. Future work could improve transparency by stating whether sensing data were
used for diagnosis only or directly informed application; whether nano-enabled fertilizer
deployment was uniform or spatially differentiated; whether spatial outcomes were mea-
sured; and at what validation scale the system was tested. Reporting these features would
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make it substantially easier to compare studies and would reduce ambiguity in subsequent
reviews and technology assessments.

The evidence-translation gap should not be interpreted as indicating that nano-enabled
precision fertilization is technically implausible. Rather, it shows that conceptual architec-
ture, component demonstration, operational coupling, field validation, and commercial
implementation represent distinct stages that should not be treated as interchangeable.
The absence of verified Type IV studies is therefore consistent with an emerging field in
which compatible enabling technologies exist, but their complete operational coupling
remains unverified.

4.6. Limitations of the Review

Several limitations should be considered when interpreting the findings of this review.
First, the structured database search was limited to Scopus and WoSCC. Although these
multidisciplinary databases cover the principal subject areas relevant to this review and
were complemented by backward and forward citation searching, they do not provide
exhaustive coverage of all the agricultural, regional, conference, or non-journal literature.
In particular, the absence of an agriculture-specific database such as CAB Abstracts may
have reduced retrieval of records indexed primarily within specialist agricultural sources.
ScienceDirect and Google Scholar could also identify additional records through full-text or
broad web-based discovery, although they differ from structured bibliographic databases
in coverage, search functionality, and reproducibility [34]. Consequently, some relevant
reports may not have been captured, and the evidence map and Type IV absence finding
should be interpreted as applying to the sources, search methods, and fully assessed cor-
pus defined in this review. Future updates should consider adding CAB Abstracts and
other complementary sources while preserving transparent, source-specific search docu-
mentation. This limitation is particularly relevant because highly applied work involving
agricultural robotics, UAVs, embedded systems, and prototype development may appear
first in engineering conference proceedings rather than conventional agronomic journals.

Second, 35 of the 96 reports sought for full-text assessment (36.5%) could not be re-
trieved. These records were not excluded following a substantive assessment of the full text;
instead, they remained unclassified because titles and abstracts did not provide sufficient
information to verify the S, N, and O components, the relationship between spatial diagnosis
and nano-enabled deployment, or the spatial resolution of the reported outcomes. Their
non-retrieval introduces potential availability bias and limits the completeness and represen-
tativeness of the evidence map. It remains possible that one or more non-retrieved reports
contained additional evidence of partial or complete operational convergence. Accordingly,
the absence finding is restricted to the included and fully assessed corpus and should not
be interpreted as definitive proof that no Type IV study existed in the broader literature at
the time of the search.

Third, the search strategy necessarily operated within an evolving and inconsistent
terminology. Nano-enabled fertilizers may be described using terms such as nanofertilizer,
nano-urea, nano-DAP, nano-NPK, nanoformulation, or nano-enabled nutrient delivery, whereas
spatial nutrient management is reported using terms including precision agriculture, site-
specific management, variable-rate application, smart farming, digital agriculture, and UAV-based
application. Conversely, terms such as precision delivery or targeted fertilization are also used
in nanotechnology to describe controlled release or physiological targeting without any
geospatial management component. No search strategy can completely resolve this se-
mantic overlap. The two complementary search sets and subsequent citation searching
were designed to reduce this problem, but some relevant studies may remain outside the
captured corpus.
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Fourth, citation searching was targeted rather than exhaustive across every included
reference list and citing network. Backward and forward citation searches were concentrated
on studies positioned closest to operational convergence and on reviews or frameworks
containing strong claims about integrated nano-enabled precision systems. This approach
was appropriate for identifying potential bridge studies that terminology-based database
searches might miss and was reported separately from the database arm, consistent with
transparent citation-searching principles [18]. However, it should not be interpreted as a
complete citation-network census of the two parent literatures.

A fifth limitation arises from the composition of the evidence base itself. Fifty-two
of the 59 included unique studies/evidence units were classified as III-A/V0, meaning
that the synthesis was dominated by the conceptual or review-level literature. Only seven
evidence units provided empirical validation beyond V0. This asymmetry limits the extent
to which quantitative comparisons can be made among integrated systems and explains
why meta-analysis was neither appropriate nor attempted. The central conclusions are
therefore based primarily on evidence mapping and verification of operational components,
rather than pooled estimates of agronomic effectiveness. Relatedly, the review did not
apply a conventional intervention-level risk-of-bias instrument across the entire corpus.
Such tools are poorly suited to an evidence base combining reviews, conceptual frame-
works, engineering prototypes, field experiments, remote-sensing studies, and agronomic
trials. Consistent with the purpose of a critical scoping review, the principal analytical
question was not whether a specific fertilizer treatment produced a pooled effect size,
but whether the published evidence demonstrated the predefined components of opera-
tional convergence. Accordingly, methodological appraisal focused on claim verification,
S-N-O traceability, evidence role, and validation maturity rather than a single standardized
risk-of-bias score [14,15].

The limited empirical corpus also constrains the inferences that can be drawn from the
identified configurations. In particular, the two Type III-C studies do not provide a sufficient
basis for estimating comparative agronomic effectiveness, environmental performance,
scalability, or commercial feasibility. The S-N and N-O discontinuities identified in this
review should therefore be interpreted as documented gaps in the available operational
evidence and as candidate translational bottlenecks, rather than as statistically established
causal determinants of implementation failure. Their value lies in defining the interfaces
that future studies must test directly.

The S-N-O framework itself also imposes a deliberately stringent definition of conver-
gence. Studies using temporally responsive tools such as SPAD- or leaf-colour-chart-guided
fertilization, fixed-rate drone application, or post-treatment UAV sensing were not con-
sidered spatially integrated unless the technology generated or implemented a spatially
differentiated nano-enabled prescription. A broader definition of “precision” would there-
fore produce a larger number of apparently integrated studies. However, relaxing this
requirement would undermine the central distinction between functional precision, appli-
cation automation, and spatially explicit nutrient management. The strict criterion was
therefore considered necessary to avoid classifying technological co-occurrence as opera-
tional coupling.

Finally, the review represents the evidence available up to the database searches con-
ducted in August 2026. The field is developing rapidly, particularly at the intersection of
Al, autonomous platforms, nano-enabled delivery, and digital agriculture. The absence of
verified Type IV evidence should consequently be interpreted as a state-of-the-evidence
conclusion for the reviewed period, not as evidence that such systems are technically im-
possible or will remain absent. Indeed, the identification of two complementary Type
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II-C pathways suggests that some of the components required for full convergence are
already emerging.

Taken together, these limitations qualify but do not invalidate the principal finding
within the assessed evidence base. Even after complementary database searches, full-text
assessment of all retrievable records, targeted citation searching, study-family consolida-
tion, and claim-level traceability assessment, none of the included studies simultaneously
demonstrated a spatial decision layer, differentiated nano-enabled fertilizer deployment,
and spatially resolved outcome validation. The available evidence therefore indicates
that full operational closure remains unverified within the reviewed corpus, while also
defining the components that future studies would need to demonstrate to satisfy the
Type IV criterion.

5. Conclusions

This critical scoping review examined whether nano-enabled fertilizers have moved
beyond conceptual association with precision agriculture toward operational integration
in spatially explicit nutrient-management systems. The evidence shows a clear progres-
sion, but also a marked contraction as stricter integration criteria are applied. Among the
59 unique studies/evidence units, 52 were classified as conceptual convergence (III-A),
five as technological or empirical proximity (III-B), two as advanced partial operational
convergence (III-C), and none as full operational convergence (Type IV).

The principal finding is not that nano-enabled precision fertilization lacks technological
foundations, but that its enabling components remain insufficiently coupled within the
same field-management workflow. The two Type III-C evidence units followed complemen-
tary but incomplete pathways, indicating that individual components of convergence are
emerging while complete S-N-O closure remained unverified within the included and fully
assessed corpus. Because the empirical corpus was small and heterogeneous, these findings
do not establish the comparative agronomic effectiveness, environmental performance,
scalability, or commercial feasibility of fully integrated systems.

These findings support double precision as a useful conceptual framework for dis-
tinguishing spatial nutrient management from the functional behavior of nano-enabled
nutrient-delivery systems. The present S-N-O framework does not comparatively rank
the degree of functional precision achieved by individual formulations; rather, it evaluates
whether a reported nano-enabled fertilizer component becomes operationally connected to
spatially differentiated nutrient management. Spatial precision determines where nutrient
management should differ, whereas nano-enabled nutrient functionality determines how
the nutrient-delivery system behaves. Full nano-enabled precision fertilization requires
these dimensions to be causally connected rather than simply present within the same
experiment. Future Type IV studies should therefore test complete workflows in which
spatial diagnosis generates a prescription, the prescription directly alters nano-enabled
fertilizer rate, formulation, timing, or placement, and the resulting intervention is evaluated
using spatially resolved agronomic, environmental, and economic outcomes.

The review also identified an evidence-translation gap between the increasingly inte-
grated language used in the secondary literature and the more fragmented primary evidence
supporting some operational claims. This reinforces the need to distinguish clearly among
conceptual convergence, technological co-occurrence, partial operational coupling, and
fully validated integration.

Overall, the literature reflects extensive conceptual convergence but limited opera-
tional closure. The next advance will depend less on adding new technologies to already
complex systems and more on experimentally closing the interfaces between spatial diag-
nosis, nano-enabled actuation, and outcome verification. Until complete S-N-O workflows
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are demonstrated and validated across seasons, locations, and operational farm condi-
tions, nano-enabled precision fertilization should be regarded as a promising research
direction whose comparative agronomic, environmental, and economic value remains to
be established.
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