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Abstract

Millet-based farming systems are central to food and livelihood security in semi-arid regions facing increasing climate variability. Climate-
smart agriculture (CSA) has gained prominence as a strategic approach to enhance productivity, strengthen adaptive capacity and improve
environmental sustainability in these systems. This review synthesises evidence from 80 peer-reviewed studies (2015-25), including 58 works
cited directly to support key findings. A systematic review was conducted following PRISMA guidelines, supported by bibliometric and
thematic analyses. The findings show that CSA interventions particularly soil-water conservation, nutrient management, improved varieties
and crop diversification consistently enhance yield stability, water-use efficiency and drought resilience. Integrated CSA approaches
demonstrate more robust and consistent outcomes than single interventions. Nonetheless, mitigation effects remain insufficiently quantified
across the literature. Adoption of CSA practices is shaped by access to inputs, extension services, market linkages and institutional support,
which continue to constrain large-scale implementation. The results indicate that while agronomic technologies are effective, their broader
impact is limited by systemic barriers related to institutions and value chains. The study underscores the need for integrated strategies that
combine technological, institutional and market interventions to improve the sustainability and scalability of millet-based CSA systems.
Overall, this review provides a comprehensive synthesis of existing evidence and identifies key research and policy priorities for advancing
climate-resilient millet agriculture.
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Introduction resilient “nutri-cereals” capable of addressing food security, nutritional
deficiencies and climate adaptation challenges simultaneously (12-

Millet-based agro-ecosystems underpin the food security and 14)

livelihoods of millions of smallholder farmers across semi-arid
regions of South Asia and sub-Saharan Africa, These regions are Within  this context, climate-smart agricutture (CSA) has
characterised by erratic rainfall, low soil fertility and high climatic ~emerged as a framework aimed at enhancing productivity,
variability (1-3). Millets, including pearl millet, finger millet and other strengthening adaptation and improving environmental sustainability
small millets like foxtail millets, kodo millet, barmyard millet, are (15, 16). The CSAis a context-specific, systems-based approach that
inherently adapted to these stress-prone environments due to their integrates agronomic practices, institutional arrangements and farmer
C4 photosynthetic pathway, short growing duration and tolerance to decision-making (17, 18). Millet-based systems are particularly relevant
drought and marginal soils (4-7). These traits position millets as within this framework, as they are predominantly rainfed, resource-
critical crops for climate-resilient agriculture under increasing ~ constrainedand highly exposedto climatic risks (3, 19).
climate variability (8-10). From a biophysical perspective, millet systems exhibit strong
Despite these ecological advantages, millets experienced a alignment with CSA objectives. Advances in stress-tolerant varietal
prolonged period of neglect during the Green Revolution, which development, including genomics-driven breeding and trait-based
prioritised irrigated cereals such as rice and wheat (10, 11). This shift ~ Selection, have enhanced adaptive capacity under drought and heat
resulted in reduced research investment, weak value chains and ~ Stress (4, 20, 21). Agronomic interventions such as conservation
declining cultivation of millets in several regions (2, 8). However, agriculture, residue retention, fertiliser microdosing and integrated

renewed global attention, particularly through initiatives such as the nutri.e?nt management have Qemonstrated improyemgnts .in yield
International Year of Millets, has repositioned millets as climate- ~Stability and resource-use efficiency (22-24). Crop diversification and
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intercropping systems, particularly millet-legume combinations,
further contribute to productivity enhancement, soil fertility
improvement and risk reduction (24, 25). In addition, process-based
crop modelling approaches, including Decision Support System for
Agrotechnology Transfer (DSSAT) and AquaCrop, have improved
understanding of millet performance under varying climatic and
management scenarios (26-28).

However, the effectiveness of CSA interventions in millet
systems remains highly context-dependent and often depends on
combinations of practices rather than isolated technologies. Recent
studies increasingly emphasise integrated CSA bundles combining
varietal improvement, nutrient management and water
conservation, as these approaches tend to produce more stable
outcomes than isolated interventions (14, 22, 29). However,
evidence remains fragmented across agronomic, institutional and
adoption dimensions. At the same time, important trade-offs persist,
as increased productivity does not always translate into higher net
income due to rising input costs and labour requirements (2, 30).

Beyond biophysical performance, adoption of CSA practices
in millet systems is strongly influenced by socio-economic and
institutional factors. Access to inputs, credit, extension services and
markets plays a critical role in shaping farmer decision-making
(9, 31). Empirical studies show that education, farm size, climate-risk
perception and institutional access are key drivers of adoption, while
labour constraints, financial limitations and weak value chains act as
major barriers (18, 32-35). These constraints limit the scalability of
otherwise effective CSA technologies and highlight the need to
analyse millet systems as integrated socio-ecological systems rather
than purely agronomic units (3).

Despite a growing body of literature, research remains
fragmented across disciplinary silos, limiting integrative
understanding of cross-scale interactions between technology,
behaviour and institutions (15). Most studies focus on individual
technologies or specific outcomes, with limited integration across
productivity, adaptation, mitigaton and adoption dimensions.
Furthermore, millet-specific analyses are often embedded within
broader cereal studies, obscuring their distinct ecological and
institutional characteristics (8, 11). As a result, there is a lack of system-
level synthesis that captures interactions between technological
performance, farmer behaviour and institutional structures.

This fragmentation suggests that constraints in millet-based
CSA systems arise less from technological limitations and more from
coordination failures across biophysical, institutional and market
domains. Addressing these challenges requires an integrated
analytical approach that links technological, socio-economic and
policy dimensions within a unified framework.

Table 1. Inclusion and exclusion criteria

2

To address this gap, the present review applies a combined
theory, context, characteristics and methodology (TCCM) framework
and water-smart, nutrient-smart, carbon-smart, weather-smart,
knowledge-smart and related categories (SMART) functional
classification to systematically synthesise evidence on CSA in millet-
based agro-ecosystems. The TCCM framework enables structured
analysis of how research is conceptualised, contextualised and
methodologjcally executed, while the SMART classification categorises
CSA practices based on their functional roles in productivity,
adaptation and mitigation (16). By integrating these approaches, this
study aims to provide a system-level understanding of millet-based
CSA.

Based on a synthesis of 80 empirical studies published
between 2015 and 2025, the objectives of this review are to: (1) analyse
the evolution and structure of millet-CSA research; (2) classify CSA
practices and evaluate their impacts on yield, income, resilience and
environmental outcomes and (3) identify key socio-economic,
institutional and methodologjcal constraints influencing the transition
towards climate-resilient millet-based agro-ecosystems.

Materials and Methods
Literature search and study selection

A systematic literature search was conducted following the PRISMA
2020 guidelines to identify peer-reviewed empirical studies on CSAin
millet-based production systems (36). Four major databases-
Scopus, ScienceDirect, Springer Nature and Google Scholar were
searched to ensure broad disciplinary coverage across agronomy,
environmental sciences and socio-economic research domains. The
review period was restricted to 2015-25 to capture the
contemporary phase of CSA research in millet systems.

Search strings combined CSA-related terms (“climate-smart
agriculture”,  “climate-resilient  agriculture”,  “sustainable
intensification”, “conservation agriculture”) with millet-specific
keywords (“millet”, “pearl millet”, “finger millet”, “foxtail millet”,
“small millets”, “sorghum”) and outcome indicators (“yield”,
“income”, “productivity”, “adoption”, “resilience”, “water-use
efficiency”) (Table 1). Full database-specific search strings are
provided in Supplementary Table 1.

An initial search identified 1252 records (Fig. 1). After
removing duplicates (n = 178), 1074 titles and abstracts were
screened, resulting in the exclusion of 656 records. A total of 418 fulk
text articles were assessed for eligibility, of which 338 were excluded
due to lack of CSA focus, absence of millet-specific analysis, non-
empirical design or incomplete outcome reporting. The final dataset
comprised 80 empirical studies for qualitative synthesis. A subset of

Inclusion criteria

Exclusion criteria

eEmpirical studies explicitly addressing CSA technologies or practices

eStudies conducted on millet or millet-based systems

eStudies reporting at least one productivity, income, resilience or
environmental outcome

eArticles published in peer-reviewed journals (2015-25)

oField experiments, farm surveys, modelling studies or mixed-methods
research

®Non-CSA or generic climate studies

eStudies not focused on millets

®Reviews, editorials, commentaries and conceptual papers without
empirical results

eStudies lacking yield, income, resilience or impact metrics

CSA: climate smart agriculture.
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{Identiﬂcation of studies via databases and registers J

Records identified from:
Databases (n=1252) Records removed
Registers (n=0) before screening:
Database: Scopus, Duplicate records
ScienceDirect, Springer (n=178)
Nature, Google Scholar

Records screened (title & Records excluded
abstract) (n = 1074) fri=638)
Records sought for
retrieval/ full- text
articles assessed for ”l  Articles excluded
eligibility (n = 418) (n = 338)
Reasons for
exclusion:
Records sought for Not focused on CSA
retrieval (n = 418) (n = 180)
Not millet focused
(n=72)

No yield/ income
outcome (n = 54)
Not empirical (n = 22)

Stuiiies‘included ir.\ Full text not
qualitative synthesis accessible ( n = 10)
(n =80)

Studies included in
bibliometric analysis
(Scopus subset) (n = 50)

Fig. 1. Flowchart of article selection process using PRISMA protocol.
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50 Scopus-indexed studies was used for bibliometric analysis. Of the
80 studies included in the final dataset, 58 are directly cited in the
manuscript to support key arguments, while the remaining studies
are incorporated within the broader synthesis.

To ensure consistency and minimise selection bias, two
independent reviewers validated study inclusion, quality screening
and thematic coding decisions. Disagreements were resolved
through discussion and consensus.

Data extraction and coding

A structured data extraction framework comprising 33 variables was
developed to systematically capture bibliographic information, agro-
ecological context, millet species, CSA practices, outcome indicators,
analytical methods and key findings for each study. Additional
variables were incorporated to align with the TCCM framework,
enabling classification of studies across TCCM dimensions.

The Scopus-indexed subset (n=50) was separately coded for
bibliometric variables, including author affiliations, keyword
frequency, citation patterns and collaboration networks. Extracted
data were cross-verified for consistency and completeness prior to
analysis. The complete coding structure and variable classification
framework are presented in Supplementary Table 2.

Bibliometric and visual analysis

Bibliometric analysis was conducted on the Scopus-indexed subset
(n = 50) to characterise research trends, thematic evolution and
collaboration patterns in millet-based CSA research. Descriptive
statistics were generated using Microsoft Excel, while VOS viewer
software was used to construct co-authorship, keyword co-
occurrence and country collaboration networks based on
association-strength normalisation.

4

Temporal trends were analysed using R and alluvial
diagrams were generated using Python-based visualisation tools to
examine thematic transitions across CSA domains and TCCM
dimensions. These analyses were used to complement the narrative
synthesis by providing structural insights into the evolution of the
research field.

Theory, context, characteristics and methodology framework
application

To enable system-level analysis, the TCCM framework was applied
to classify and interpret the included studies. The framework allows
examination of how research is conceptually grounded (theory),
where it is conducted (context), what types of interventions are
studied (characteristics) and how evidence is generated
(methodology).

The integration of TCCM within millet-based CSA systems is
conceptualised as a coupled socio-ecological structure linking
biophysical processes, farmer decision-making and institutional
dynamics. The integrated TCCM-SMART analytical framework (Fig. 2)
conceptually illustrates the interactions between biophysical
processes, institutional structures and farmer decision-making in
millet-based CSA systems and forms the analytical basis of this
study.

SMART classification of climate smart agriculture practices

Climate smart agriculture (CSA) practices identified in the reviewed
studies were classified using a SMART functional framework,
which categorises interventions based on their roles in
productivity, adaptation and mitigation. Practices were grouped
into domains such as water-smart, nutrient-smart, carbon-smart,
weather-smart, genetic-smart, knowledge-smart and system-
smartinterventions.

THEORY
U Adoption theory
U Systems & resilience
theory
U Diffusion & livelihoods

|" FARM HOUSEHOLDS |

e -

v Yield
v Income
v Risk
n v" Labour
\_¥ Gender roles/}

CONTEXT
0 Agro-ecology
O Region (Asia-Africa) | ..
U Rainfed drylands
U Climate variability

CHARACTERISTICS
O CSA practices

O Millet species

O Farm scale

Q Input intensity

//f-)’ %‘\\ /’/
Productivity

Crop-smart

~
Adapta\ttgn

Ly
Varietal-smart
Water-smart \\‘r—m

7 Yield Nﬁtrnent—smart \
¥ Resource-use /Jf-—“ ¥ Drought tolefance
efficiency -~ | .. ¥ Yieldsta bilit{t
v Profitability, Knowledge—%mar’c ¥ Risk bufferip g
v Heat tole
/ Svsten{ art \ /
[ /? \

s

\ 'lI
/ "-\. |
mandr— = ““‘—"IT

s
Adoptio Carbon-smart

& feedback .\

5 N

v Soil carbon
v Emission intensity

Price signals &

profitability incentjves

—

Mltlgatlon _,z/ Inputs, extension,

METHODOLOGY
U Experiments

4 Surveys

O Modelling

U Mixed methods

} e shocks & policy
%uments

I N

|/CL|MATE POLICY & FINANCE'l

v" Subsidies

¥ MSP / procurement
v" Climate insurance
v" Carbon finance

\ )

MARKETS & VALUE CHAINS
Pracurement

INSTITUTIONS &
EXTENSION
ICT &Climate advisories

2

Y -—

Fig. 2. Integrated theory, context, characteristics and methodology (TCCM) -SMART analytical framework for millet-based climate-smart

agricultural systems.
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This classification enabled cross-comparison of CSA
practices across functional roles and facilitated mapping of
interactions between agronomic performance, resilience outcomes
and environmental impacts.

Synthesis approach and analytical limitations

Given the substantial heterogeneity in agro-ecological conditions,
experimental designs, outcome indicators and reporting formats
across studies, a narrative-thematic synthesis approach was
adopted. Evidence was synthesised through thematic grouping of
CSA practices, semi-quantitative comparison of reported yield and
income responses and cross-context interpretation of resilience
and environmental outcomes.

A formal meta-analysis was not conducted due to
inconsistent reporting of variance measures, lack of standardised
experimental designs and limited comparability of effect sizes
across studies. Conducting statistical pooling under such
conditions would risk creating a false sense of precision and violate
assumptions required for quantitative synthesis.

Instead, reported outcome ranges are presented as indicative
performance patterns derived from individual studies and should
not be interpreted as statistically pooled or meta-analytical
estimates. Variability in reported outcomes reflects differences in
agro-ecological conditions, management practices and study
contexts.

This approach enables integration of agronomic, socio-
economic, institutional and modelling evidence within a unified
analytical framework while maintaining methodological
transparency. This approach aligns with best-practice guidance for
synthesis under high heterogeneity, prioritising interpretive validity
over statistical aggregation.

Quality assessment and risk-of-bias considerations

Given the heterogeneity of study designs included in this review, a
formal quantitative risk-of-bias scoring tool was not applied.
Instead, study quality was assessed using predefined screening
criteria related to methodological clarity, relevance to CSA in millet
systems, transparency of outcome reporting and adequacy of
empirical evidence. Studies lacking clear methodological

description, outcome indicators or millet-specific relevance were
excluded during full-text screening. Additional consideration was
given to sample adequacy, consistency of reported findings and
appropriateness of analytical methods. This qualitative appraisal
approach was adopted to ensure interpretive reliability while
accommodating the diversity of agronomic, socio-economic and
modelling studies included in the review.

Findings

Bibliometric landscape and thematic positioning of millet-climate
smart agriculture research

To contextualise the system-level synthesis, a bibliometric
assessment was conducted on a subset of 50 Scopus-indexed
studies drawn from the final dataset of 80 articles. The analysis
aims to characterise structural evolution, thematic orientation and
collaboration patterns in millet-based CSA research, rather than to
serve as a standalone bibliometric analysis.

Publication trends

The annual publication trend indicates a marked increase in millet
focused CSA research after 2020 (Fig. 3), reflecting growing global
attention to climate resilience, dryland agriculture and nutrition-
sensitive food systems. This acceleration corresponds with
increased policy emphasis on CSA and the global recognition of
millets as resilient crops, suggesting that recent growth in the
literature is driven largely by institutional and policy priorities
rather than purely academic expansion (2, 11-13). Fig. 3 illustrates
this upward trend, highlighting a sharp increase in publications
after 2020. The trend reflects growing global interest in climate-
resilient agriculture, dryland systems and milletbased food
security strategies.

International collaboration patterns

The international collaboration network reveals a strong
concentration of research activity within the Global South. India
emerges as a central node, exhibiting extensive collaboration with
countries such as Ethiopia, Mali, the United States and Japan. West
African countries including Mali, Niger and Ghana form a closely
connected cluster, reflecting shared agro-ecological conditions
and development priorities.

[
Lh

10

NUMBER OF STUDIES

Lh

2014 2016 2018

Trend of climate smart agriculture millet studies (2015-25)

2020
YEAR

2022 2024 2026

Fig. 3. Annual publication trend of millet-based climate-smart agriculture studies (2015-25).
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In contrast, countries such as the United States and China
contribute primarily through modelling, simulation and analytical
research, while European countries demonstrate relatively limited
but consistent collaborative engagement. This pattern indicates
an asymmetric but complementary structure, where empirically
rich dryland regions interact with methodologically specialised
research systems and Fig. 4 highlights the central role of India and
strong collaboration among African dryland regions. (Fig. 4).

Thematic orientation and keyword structure

The keyword co-occurrence network indicates that millet-based
CSA research is strongly centred on drought stress, crop
productivity and water-use efficiency. High-frequency keywords
include “drought”, “yield”, “adaptation” and “pearl millet”,
reflecting a dominant focus on agronomic performance under
climate variability (Fig. 5).

Keywords related to food security and nutrition appear as
secondary clusters, while mitigation-related and institutional
keywords remain comparatively peripheral. Climate-system
concepts such as “climate change” and “climate-smart agriculture”
function as bridging nodes connecting multiple thematic clusters.

These patterns indicate that the current evidence base is
heavily oriented toward productivity and adaptation outcomes,
with relatively limited integration of mitigation and institutional
dimensions.

Temporal shift toward integrated climate smart agriculture
approaches

Atemporal interpretation of thematic patterns indicates a gradual
transition from single-practice interventions toward integrated
CSA approaches. Early studies (2015-18) predominantly focused
on individual technologies such as stress-tolerant varieties, soil
moisture conservation and nutrient management. In contrast,
post-2020 studies increasingly evaluate bundled interventions that
combine varietal improvement, nutrient optimisation and water
management.

This shift reflects growing recognition that CSA outcomes
in millet systems are shaped by interactions among multiple
practices rather than isolated interventions. However, empirical
integration of institutional coordination, policy alignment and
scaling mechanisms remains limited due to the lack of multi-scale,
longitudinal and cross-institutional studies, indicating a persistent
gap in system-level understanding.

Climate smart agriculture pillar and thematic distribution in
millet systems

Distribution of studies across climate smart agriculture pillars

The distribution of studies across CSA pillars indicates a clear
dominance of productivity-adaptation combinations, reflecting
the empirical prioritisation of short-term risk buffering and yield
stabilisation in millet-based systems. Relatively fewer studies
explicitly address mitigation outcomes, which remain weakly
quantified and often indirectly inferred through soil carbon or
emission-intensity indicators (21, 34).

Fig. 6 illustrates the relative frequency of studies addressing
different CSA pillar combinations. Productivity adaptation dominates
the evidence base, while mitigation-focused studies remain limited.

Thematic distribution of climate smart agriculture practices across
pillars

Millet-based CSA research is strongly concentrated around
agronomic interventions aimed at improving yield and drought
resilience. Soil-water conservation, nutrient management and
varietal improvement form the core of productivity-oriented
strategies, while diversification and agroforestry contribute to
adaptation and mitigation linkages.

The heatmap illustrates the concentration of CSA practices
across productivity, adaptation and mitigation domains,
highlighting the dominance of agronomic interventions and the
relatively limited representation of mitigation-oriented practices
(Fig. 7). Table 2 summarises key CSA mechanisms, indicators and
representative practices identified in the reviewed studies.
Practices are categorised based on their dominant functional roles
within CSA pillars, supported by representative empirical evidence.

Outcome patterns and indicative performance ranges

Yield and resource-use responses to CSA practices in millet
systems show substantial variability across studies, reflecting
differences in agro-ecological conditions, management practices
and experimental designs. Soilwater conservation, nutrient
optimisation and improved varieties consistently demonstrate
the most robust and widely reported productivity gains, while
diversification and integrated CSA bundles contribute to system
resilience and income stability.
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Fig. 4. International collaboration network of millet-based climate-smart agriculture research.

https://plantsciencetoday.online


https://plantsciencetoday.online

pearijmillet

agriciiture
adapgation
water usgefficiency
food sgcurity
crofifield :
dra@ight clima *’a“ge climate-smafp agriculture
rrilllet
" agricultural@danagement
6%3 VOSviewer & ®anag

Fig. 5. Keyword co-occurrence network of millet-based climate-smart agriculture research.

Number of studies

Distribution of studies by CSA pillar and theme

40
30 A
20 4
10 A
o .
o™ 0% e | ao®™ . ga0o®
™ e o™ L "
e it 5002
S o g
o™

CSA pillar category

Theme / theory used - CSA-AGR (Climate-smart agriculture — agronomic practices) & MOD (Modelling and simulation)

- CSA-V (Climate-smart agriculture — varieties and crops) - POL (Policy and institutional analysis)

NA (Not applicable / cross-cutting / unspecified) . SES (Socic-economic and behavioural studies)

Fig. 6. Distribution of millet-based climate smart agriculture studies across productivity, adaptation and mitigation pillars.

CSA themes vs pillars in millet research Frequency
o Jb 2 3 2 ST 9
o 4 1 1 O D 1
8 N B =
= 4 1 1 3 3 1 20
e 0 0 0 1 7 1
0 0 0 1 1 0
2 1 0 0 5 4 0 10
= 5 3 2 I3 2
2 0 0 2 3 1
\6\‘0‘\ 6\\00 d\\‘.\@ \(}\oo é>°° 6\‘6\ 0
& & & & & &
¥ © Q€ ¥ b ©
© Qo o
a & S &
v Q«0 ,b\* €
R
&

CSA pillar category

Fig. 7. Them

atic distribution of climate smart agriculture (CSA) practices across CSA pillars in millet-based systems.

Plant Science Today, ISSN 2348-1900 (online)




JUNOETAL

Table 2. Classification of millet-based climate-smart agriculture practices across productivity, adaptation and mitigation pillars

CSA pillar Core mechanisms

Typicalindicators used in

Representative practices Key supporting references

studies
Soil-water conservation, risk - . Zaipits; contour/tied bunds;
buffering, improved V\{:ltgrs'tfl’;l?tﬁ'?ée\/qFZéZledE)’ rainwater harvesting;
Adaptation microclimate, phenological gstablishmer%/t survival ratg' transplanting; staggered (14, 16)
adjustment, integration of adaptation index: sowin /’ planting; FMNR; drought- ’
local/indigenous knowledge lapntin date res onseg tolerant / early-maturing
(ITK). P & P : varieties; mulching.
Resource-use efficiency Micro-dosing; split N; INM (FYM
(nutrient, water, light); Grain vi : + RDF); high-density sowing;
i 1.6 D rain yield; NUE; biomass; ecT i
L agronomic intensification; - X > SRI/SCI; seed priming;
Productivity optimised nutrient regimes; ha?éiiftigﬂg)f(i’tgrgiisg (fgf'icrjgln, improved millet varieties; (1,16,17)
improved varietal " integrated nutrient
performance. management.
Carbon_sequestration, residue Soil carbon stocks; NZQ/§H4/ glgbl’%f:)r.e;it;)éé;??g;élﬂg
Mitigation retention, reduced N losses, CO, fluxes; GWP; emission retention; reduced tillage; (16, 34)

improved soil organic carbon,

reduced emission intensity. yield).

intensity (kg CO,-eq per unit

neem-coated urea; organic
amendments.

FMNR: farmer-managed natural regeneration; NUE: nutrient use efficiency; N: nitrogen; INM: integrated nutrient management; FYM: farmyard
manure; RDF: recommended dose of fertilisers; SRI: system of rice intensification; SCI: system of crop intensification; N,O: nitrous oxide; CH,:

methane; CO,: carbon dioxide; GWP: global warming potential.

Reported ranges represent synthesised central tendencies
from individual studies and are presented for comparative
interpretation only. Due to heterogeneity in study design, agro-
ecological conditions and absence of consistent variance reporting,
these values should not be interpreted as pooled or meta-analytical
estimates.

Although Table 3 provides indicative performance ranges
across CSA practices, outcome variability is strongly influenced
by contextual factors such as soil type, rainfall variability, agro-
ecological conditions and regional management practices. Due
to inconsistent reporting across studies, stratified comparison
based on these contextual variables was not uniformly feasible
within the present synthesis.

Mechanistic pathways across climate smart agriculture pillars

Mechanistic linkages across CSA pillars indicate that adaptation
outcomes are primarily driven by soil-water conservation
practices such as mulching, contour bunding and rainwater
harvesting, along with microclimate regulation and phenological
adjustment. Productivity gains are associated with improved
resource-use efficiency, nutrient optimisation and varietal
performance, while mitigation effects are largely indirect and

remain under-represented in empirical studies. These pathways
highlight the interdependence of CSA pillars, where productivity
and adaptation outcomes are strongly coupled, while mitigation
remains weakly integrated within milletbased systems. For
example, water-smart interventions such as mulching, contour
bunding and ridge-furrow systems improve infiltration, reduce
evapotranspiration losses and enhance soil-moisture retention,
thereby contributing to both adaptation and productivity
outcomes. Similarly, nutrient-smart practices improve nutrient-
use efficiency and biomass accumulation, while stress-tolerant
varieties stabilise yield under rainfall variability. However,
quantitative linkage analysis across CSA pillars remains limited
due to inconsistent reporting of process-level indicators and lack
of standardised measurements across studies.

SMART-climate smart agriculture functional alignment

The SMART classification reveals that watersmart and nutrient-
smart practices dominate the millet-CSA evidence base, consistent
with the strong emphasis on productivity and adaptation outcomes.
Carbon-smart and energy-smart practices are comparatively less
represented, while knowledge- and system-smart interventions are
often assessed using qualitative or semi-quantitative indicators.

Table 3. Outcome patterns and indicative performance ranges of climate smart agriculture practices in millet-based systems

CSA theme Dominant pillar(s)

Yield / Outcome effect (Range; n studies) Key references

Soil-water conservation practices Productivity; adaptation
Nutrient optimisation (INM,
microdosing, organics, nano-
inputs)

Productivity; mitigation

Crop diversification and
intercropping

Improved varieties and stress-
tolerant genotypes

Mulching and ridge-Furrow
Systems

Climate-smart intensification (
SRl analogues)

Biofertilizers and microbial
inoculants

Productivity; adaptation
Productivity; adaptation

Productivity; adaptation

Productivity; mitigation

Modelling, forecasting and

geospatial targeting Productivity; adaptation

Integrated CSA bundles

scl/ Productivity; adaptation; mitigation

Productivity; adaptation; mitigation

Yield +8-70 % (n = 15); RWUE +24-55 % (n = 9);

soil moisture +27-37 % (n=6) (22,23,34)
Yield +20-108 % (n =18); NUE +17-33% (n=7) (22,23, 34)
LER 1.27-1.65 (n = 9); Yield +27-38 % (n = 6) (25, 26)
Yield +25.8-112 % (n = 14); Income +26-30.3 %
(n=4); yield CV < 9.4 % (n = 5) (4,20,21,31)
Yield +27-42.8 % (n = 8); WUE +24-27.3% (n=5) (23, 34)
Yield +20-100 % (n = 7); WUE +20-70 % (n = 6);
seed saving up to 80 % (n =3) (1,11,14,29)
Yield +16-65.4 % (n = 10); quality traits +16-20 % (21,23)
(n=4) ’
Yield deviation reduced 15-35 % (n = 9); model (18,27, 28)

accuracy R>=0.85-0.97 (n=6)

Yield +24-200 % (n = 11); Income +10-26 % (n =

6) (14, 22, 29, 30)

CSA: climate smart agriculture; RWUE: rainwater use efficiency; INM: integrated nutrient management; NUE: nutrient use efficiency; LER: land
equivalent ratio; CV: coefficient of variation; WUE: water use efficiency; SRI: system of rice intensification; SCI: system of crop intensification.
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Table 4 categorises CSA practices into functional domains
based on their roles in enhancing productivity, adaptation and
mitigation. Representative practices and supporting studies are
presented to illustrate functional alignment within millet agro-
ecosystems. The distribution of evidence across SMART categories
and research domains is further detailed in Supplementary Table 3.

System-level implications of pillar theme patterns

The combined analysis of CSA pillars and thematic distributions
indicates a strong concentration of evidence in agronomic and
varietal domains, while institutional, policy and mitigation
dimensions remain comparatively underdeveloped. High-impact
agronomic practices are well documented, but system-level
integration involving governance, scaling mechanisms and value-
chain development remains limited.

The evidence base remains strongly concentrated in
agronomic and productivity-oriented domains, while institutional,
policy and mitigation dimensions remain comparatively
underrepresented. This imbalance highlights the need for more
integrated system-level research linking technological, socio-
economic and institutional dimensions of millet-based CSA systems.
(9, 18, 31, 32). Addressing these constraints is critical for scaling CSA
and achieving system-level transformation in millet-based agro-
ecosystems.

Theory, context, characteristics and methodology mapping of
millet-climate smart agriculture research

The TCCM framework was applied to examine how millet-based CSA
research is conceptually framed, geographically distributed,
operationalised through specific interventions and methodologically
executed (33). This analysis provides a system-level understanding of
how knowledge on CSA in millet systems is generated and where
critical gaps persist.

Theory orientation of millet- climate smart agricutture studies

The theory dimension reveals that millet-CSA research is
predominantly empirical and practice-driven, with limited explicit

engagement with formal theoretical frameworks. Most agronomic
and varietal studies adopt implicit production-function or treatment
-response approaches without referencing behavioural, systems or
adoption theories (22-24). This pattern is particularly evident in
studies focusing on nutrient management, conservation agriculture
and varietal performance, where outcomes are evaluated primarily
interms of yield and resource-use efficiency (34-37).

Alimited subset of studies explicitly incorporates theoretical
frameworks such as the diffusion of innovation (DOI), sustainable
livelihood framework (SLF) or innovation systems approaches to
analyse adoption behaviour and institutional dynamics (9, 18).
These studies highlight the importance of knowledge dissemination,
institutional access and socio-economic conditions in shaping CSA
uptake, but remain underrepresented within the broader evidence
base.

In contrast, modelling-based studies rely on process-
oriented theoretical structures embedded in crop simulation
models such as DSSAT and AquaCrop, which provide strong
biophysical representation but are rarely integrated with
behavioural or institutional theory (26, 28, 38). This disconnect
indicates that while the biophysical understanding of CSA
interventions is relatively advanced, theoretical integration across
socio-economic and institutional domains remains limited.

Contextual and agro-ecological distribution of millet-climate smart
agriculture research

The contextual dimension shows a strong geographical
concentration of millet-CSA research in Sub-Saharan Africa and
South Asia, which together account for the majority of empirical
studies (11, 18, 29, 31). Within Africa, research is heavily focused on
Sahelian and Sudano-Sahelian regions, where pearl millet
dominates under rainfed conditions characterised by low and
variable rainfall (32, 39, 40). In South Asia, particularly India, studies
are concentrated in semi-arid and dry sub-humid zones where finger
millet and pearl millet are cultivated within mixed farming systems
(3,10,39).

Table 4. SMART classification of climate-smart agriculture practices in millet-based systems

Representative practices

Key supporting

SMART criterion (Millet-based evidence) Description references
Tied-ridge/contour furrows; infiltration pits; - - -
- . . g Improves soil-moisture retention and
Water-SMART plastic/straw mulching; rainwater harvesting; WSE reducing millet drought-period (22,23)
ridge-furrow planting; micro/supplemental ’ stress ’
irrigation. :
FYM, vermicompost, integrated nutrient : — -
Nutrient-SMART management; NPK microdosing; AMF/PSB arfgzsanbciﬁssgluieetlgsultfrﬁgtr ﬁfﬁr?grﬁlsetr;?sls (21-23)
inoculants; split-N; humic acid; INM packages. y :
No-till and residue retention; agroforestry; - - -
- ’ p e ) Builds soil carbon and lowers emission
Carbon-SMART compost; organic amendments; diversified . PO (10, 34)
rotations. intensity in millet agroecosystems.
Optimised sowing windows; transplanting; Aligns millet phenology with rainfall
Weather-SMART high-density planting; early/late maturingor  patterns, reducing exposure to climate (14, 20)

drought-tolerant varieties.
Drought-tolerant lines; biofortified genotypes;
QTL/GWAS-derived traits; stress-screened
cultivars; AMF-enhanced rooting.
Reduced/conservation tillage; draught-animal
traction; low-input agronomy; NPK

Seed/Genetic-SMART

Energy-SMART
microdosing.

Farmer training; participatory trials;
indigenous knowledge; climate calendars;

Knowledge-/Information-SMART
extension prioritisation.

System-SMART

Intercropping (millet-legume); diversification; Improves system resilience and resource
integrated crop-livestock; SCI; CSA bundles.

shocks.

Strengthens genetic resilience and yield
stability across variable climates. (4, 19,20, 27-28)
Lowers labour and fuel requirements
while maintaining millet productivity. (21-22, 30)
Enhances adaptive capacity via farmer-led

learning and climate information access. (9,17, 31, 34)

efficiency in millet-based farming. (1,8,14,24,25,29)

WUE: water use efficiency; FYM: farmyard manure; NPK: nitrogen, phosphorus and potassium; AMF: arbuscular mycorrhizal fungi; PSB:
phosphate-solubilising bacteria; INM: integrated nutrient management; QTL: quantitative trait loci; SWAS: soil and water assessment system;

SClI: system of crop intensification; CSA: climate-smart agriculture.

Plant Science Today, ISSN 2348-1900 (online)



JUNOETAL

Across these regjons, millet-based CSA research is closely
aligned with smallholder production systems, where resource
constraints, climate variability and livelihood vulnerability intersect.
However, cross-regional comparative studies remain limited and
there is relatively weak representation of millet systems in other
dryland regions such as Latin America or parts of East Asia (2, 8).

Agro-ecological variability plays a critical role in shaping CSA
outcomes. Differences in rainfall regimes, soil types and farming
systems influence the performance of interventions such as
microdosing, conservation agriculture and varietal selection,
reinforcing the context-specific nature of CSA effectiveness (22, 23,
41).

Characteristics: typology of climate smart agriculture interventions

The characteristics dimension highlights the dominance of
agronomic and varietal interventions within millet-CSA research.
Soil-water conservation practices, nutrient optimisation strategies,
stress-tolerant varieties and crop diversification represent the
most frequently studied CSA interventions (16, 22-24, 26). These
practices are primarily associated with productivity and
adaptation objectives, reflecting the immediate priorities of
smallholder farming systems under climatic stress.

Low-cost and scalable interventions such as seed priming,
fertiliser microdosing and intercropping are particularly prominent,
as they align with resource constraints and risk-management
strategies of smallholder farmers (22, 24, 25). Integrated CSA bundles
combining multiple practices are increasingly recognised as more
effective than standalone interventions, as they address multiple
constraints simultaneously (14, 32) (Fig. 8).

However, mitigation-oriented practices, including carbon
sequestration, emission reduction and energy-use efficiency,
remain underrepresented. Where mitigation is considered, it is
often indirectly assessed through soil carbon or inferred emission
intensity rather than direct measurement of greenhouse gas fluxes
(34,42, 43).

Methodological approaches and analytical trends

The methodological dimension indicates that millet CSA research
is dominated by field experiments, on-farm trials and survey-based
studies, supplemented by modelling and simulation approaches
(9, 13, 18, 31). Field-based studies provide robust evidence on
agronomic performance and resource-use efficiency, while survey-
based studies contribute insights into adoption behaviour, socio-
economic drivers and institutional constraints (9, 18, 31).

Modelling approaches, including DSSAT, AquaCrop and
hydrological models, are increasingly used to simulate crop
performance under varying climatic and management scenarios
(26, 28, 38) (Fig. 9). While these tools enhance predictive capacity
and support scenario-based analysis, they are often limited by
parameter availability and lack of integration with socio-economic
variables.

A key limitation across the literature is the lack of
methodological integration. Few studies combine biophysical
experimentation, socio-economic analysis and modelling within a
unified framework, resulting in fragmented evidence that limits
system-level interpretation (14). Additionally, inconsistencies in
outcome measurement, lack of standardised indicators and
limited reporting of variance measures constrain comparability
across studies.
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Synthesis: system-level gaps identified through theory-context-
characteristics-methodology

The combined TCCM analysis reveals several critical gaps in millet-
based CSA research. First, there is a clear imbalance between
strong empirical evidence on agronomic performance and limited
theoretical integration of socio-economic and institutional
dynamics. Second, research remains geographically concentrated,
with limited cross-regional comparative analysis. Third, CSA
interventions are predominantly evaluated as isolated practices
rather than components of integrated systems. Finally,
methodological fragmentation limits the ability to generate
comprehensive system-level insights. These findings indicate that
millet-based CSA research remains fragmented across agronomic,
socio-economic and institutional dimensions. Greater integration
of theoretical, contextual and methodological approaches is
needed to support system-level understanding of climate-resilient
millet agro-ecosystems (16, 31).

The CSA technologies operate as niche innovations
influencing farm household decision-making through productivity,
income and learning effects (Fig. 10). Reinforcing feedback loops
(R1, R2) represent productivity income and learning diffusion
dynamics that accelerate CSA adoption, whereas balancing
feedback loops (B1-B4) represent constraints related to credit
limitations, labour burden, gendered access to resources and
market failure that inhibit adoption. Dotted callouts indicate key
institutional leverage points.

Adoption dynamics, constraints and system-level interactions

While the TCCM analysis identified broader structural and
methodological gaps in millet-based CSA research, this section
specifically examines the socio-economic and institutional
factors influencing adoption of CSA practices at the farm and
system levels. Adoption of CSA practices in millet-based systems
is shaped by a complex interaction of socio-economic,
institutional and biophysical factors. Despite strong empirical
evidence on the productivity and resilience benefits of CSA
interventions, adoption rates remain uneven across regions and
farming systems. This reflects the fact that adoption is not
determined solely by technological performance but by access
to resources, information, institutional support and market
opportunities (9, 18, 31).

At the household level, factors such as education, farm size,
income, risk perception and access to extension services
significantly influence adoption decisions. Studies consistently
show that farmers with better access to climate information, credit
and extension support are more likely to adoptimproved varieties,
soil-water conservation practices and nutrient management
strategies (3, 35). Conversely, labour constraints, limited financial
capacity and inadequate input availability act as major barriers,
particularly for resource-poor smallholders operating under
rainfed conditions (9, 44).

Institutional factors play a critical role in shaping
adoption outcomes. Weak extension systems, fragmented policy
implementation and limited coordination among stakeholders
constrain the dissemination and scaling of CSA practices. In
many cases, the absence of effective institutional linkages
between research, extension and market systems limits the
translation of technological innovations into field-level adoption
(18, 45). Furthermore, policy support for millets has historically
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Distribution of analytical approaches used in millet CSA adoption studies (n = 80)
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Fig. 9. Distribution of analytical methods across the millet-based climate smart agriculture (CSA) studies.
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Fig. 10. Climate smart agriculture (CSA) adoption in millet systems as a socio-technical transition shaped by reinforcing and constraining
feedback loops.
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been inconsistent, contributing to underdeveloped value chains
and limited incentives for farmers to invest in improved practices
(11, 12).

Market access and value-chain development are equally
important determinants of adoption. While CSA interventions
may improve productivity and resilience, their economic viability
depends on access to stable markets, price incentives and
processing infrastructure. Studies indicate that weak market
integration and limited value addition reduce the profitability of
millet-based systems, thereby discouraging adoption of
improved technologies (10, 11). In contrast, regions with better
market linkages and institutional support show higher adoption
rates and more sustained transitions toward climate-resilient
practices (6, 30).

Another important dimension is the role of knowledge
systems and farmer perceptions. Adoption of CSA practices is
influenced by farmers’ understanding of climate risks, perceived
benefits of technologies and compatibility with existing farming
systems. Participatory approaches, local knowledge integration
and farmer-to-farmer learning have been shown to enhance
adoption by improving trust and reducing uncertainty associated
with new practices (9, 17). However, such approaches remain
underutilised in many millet-growing regions.

At the system level, adoption patterns reflect interactions
between technological, institutional and market factors. The CSA
practices that are low-cost, labour-efficient and compatible with
existing farming systems such as seed priming, microdosing and
intercropping tend to exhibit higher adoption potential (22, 24). In
contrast, practices requiring higher initial investment or
institutional support show slower uptake despite their potential
benefits (14).

Overall (Fig. 11, Table 5), adoption of CSA practices in millet
systems is shaped by the interaction of household resources,
institutional support, market access and knowledge systems.
These findings highlight the importance of coordinated extension,
policy and value-chain interventions for improving the scalability
and sustainability of climate-smart millet farming systems (16, 18).

13

Results and Discussion

The findings of this review indicate that CSA practices in millet-
based systems are primarily effective in improving productivity
and adaptation outcomes. Soilwater conservation, nutrient
management and improved varieties consistently enhance yield
stability and resource-use efficiency across diverse agro-ecological
conditions. However, the effectiveness of these practices varies
depending on local environmental conditions, management
practices and access to institutional support. While agronomic
benefits are well established, their translation into sustained farm-
level outcomes depends on adoption, which is influenced by
access to inputs, extension services and market opportunities.

Reframing climate smart agriclture in millet systems as a
system level problem

The synthesis shows that CSA in millet-based systems has been
predominantly approached as a set of discrete agronomic
interventions rather than as an integrated socio-ecological system.
While substantial evidence exists on yield enhancement, water-
use efficiency and resilience benefits of individual practices, these
gains do not consistently translate into sustained system-level
outcomes. This gap arises because CSA performance in millet
systems is shaped not only by biophysical responses but also by
interactions among institutional arrangements, market structures
and farmer decision-making processes (14, 16).

The dominance of productivity adaptation pathways
identified in this review reflects the immediate priorities of
smallholder farmers operating under climatic risk. However, the
relatively weak integration of mitigation and institutional
dimensions indicates that current CSA approaches remain
incomplete. Similar imbalances have been noted in broader CSA
assessments, where mitigation outcomes are often secondary and
poorly quantified (34, 43). Addressing this imbalance requires
moving beyond technology-centric  approaches toward
frameworks that explicitly incorporate governance, incentives and
system coordination.

Table 5. Key constraints, underlying causes and intervention strategies in millet-based climate smart agriculture systems

Constraint Underlying cause

Impact on CSA outcomes Suggested intervention

Limited access to inputs

(seeds, fertilisers) costs

Financial constraints and credit
access

Lack of institutional credit; risk
aversion

- High labour requirement of certain
Labour constraints CSA practices
Low extension coverage; poor

Weak extension services knowledge transfer

Market access limitations Poor value chains; price volatility

Policy and institutional

- Lack of coordination across sectors
fragmentation

Limited climate awareness;

Knowledge and perception gaps uncertainty about benefits

Agro-ecological variability Heterogeneous soils and rainfall

High initial costs for integrated

practices Investment barriers

Weak supply chains; high transaction Low adoption of improved varieties Strengthen input delivery systems;

and nutrient practices promote local seed systems

Expand credit schemes; climate risk
insurance; subsidies for initial
adoption

Reduced investment in CSA
technologies

Promote labour-saving
technologies; mechanisation
support

Strengthen extension systems;
digital advisory platforms

Low adoption despite productivity
benefits

Limited awareness and incorrect
implementation

Develop value chains; improve
storage, processing and market
linkages
Integrate policies; strengthen
institutional coordination

Promote participatory approaches;
farmer-to-farmer learning

Develop location-specific
recommendations; climate
advisories

Reduced profitability of millet-
based systems

Poor scaling and sustainability of
CSAinterventions

Hesitation in adopting new
practices

Inconsistent performance of CSA
practices

Provide incentives; phased

Slow uptake of CSA bundles adoption strategies

CSA: climate smart agriculture.
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Drivers and barriers of CSA adoption in millet systems: Evidence from 80 millet-based studies (2015-2025)
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Fig. 11. Drivers and barriers of climate smart agriculture (CSA) adoption in millets.

Explaining the adoption impact gap

A central finding of this review is the persistent gap between
demonstrated agronomic benefits and actual adoption of CSA
practices. Although interventions such as microdosing, intercropping
and stress-tolerant varieties show clear productivity gains, adoption
remains uneven across regions. This divergence reflects structural
constraints including limited access to inputs, weak extension systems
and underdeveloped value chains (9, 18,31).

Economic considerations further complicate adoption
dynamics. In several cases, yield improvements are offset by
increased labour requirements or input costs, reducing net returns
and discouraging adoption by resource-constrained farmers (2, 30).
These findings indicate that adoption decisions are influenced not
only by productivity gains but also by labour requirements, input
costs, perceived risks and institutional support. Consequently, CSA
practices that are economically feasible, labour-efficient and
compatible with existing farming systems are more likely to achieve
sustained adoption (22, 24).

Role of institutions and value chains

The analysis highlights the central role of institutional systems in
mediating CSA outcomes. Weak coordination among research,
extension and market actors limits the diffusion and scaling of
climate-smart practices. In millet systems, this challenge is
compounded by historically limited policy support and fragmented
value chains, which reduce incentives for farmers to adoptimproved
technologies (11, 12).

Strengthening institutional linkages is therefore critical for
translating technological potential into reakworld impact. Effective
extension systems, access to climate information and integration
with market opportunities can significantly enhance adoption and
sustainability of CSA interventions (35, 45, 46). Moreover, value-chain
development including processing, storage and market access plays
akey role inimproving profitability and reducing production risks.

Integrating biophysical and socio-economic evidence

One of the key limitations identified through the TCCM analysis is the
lack of integration between biophysical and socio-economic
research. Agronomic studies provide detailed insights into yield and
resource-use responses, while socio-economic studies focus on
adoption and livelihood outcomes. However, these domains are
rarely combined within a unified analytical framework, resulting in
fragmented understanding of system behaviour (47, 48).

Modelling approaches offer significant potential to bridge
this gap by integrating climate, crop and management variables.
However, current models remain largely biophysical and do not
adequately incorporate socio-economic drivers of adoption and
decision-making (26, 28, 49, 50). Developing integrated models that
capture both biophysical processes and human behaviour is
essential for improving the predictive capacity of CSA research and
supporting evidence-based policy decisions.

Implications for system-level transition

The findings of this review suggest that achieving climate-resilient
millet-based systems requires a transition from technology-
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focused interventions to systems-oriented strategies. This involves
aligning CSA practices with institutional frameworks, market
systems and farmer realities. The combined TCCM-SMART
approach proposed in this study provides a basis for such
integration by linking technological characteristics with contextual
and methodological dimensions.

From a policy perspective, interventions should prioritise:
e strengthening extension and advisory systems

e improving access toinputs and credit

¢ enhancing market linkages and value addition

e promoting integrated CSA bundles tailored to local
conditions

Such measures can help overcome adoption barriers and
enable scaling of climate-smart practices. Importantly, future research
should focus on cross-regional comparative analysis, standardisation of
outcome indicators and development of integrated assessment
frameworks that capture interactions across CSA pillars. This transition
requires coordinated alignment across technological innovation,
institutional capacity and market integration, rather than isolated
improvements in individual components.

Research gaps and future directions

This review identifies several areas for future research. First, there is
a need for greater integration of theoretical frameworks,
particularly those related to adoption behaviour and institutional
dynamics. Second, mitigation outcomes require more rigorous
quantification through direct measurement of greenhouse gas
emissions and carbon dynamics. Third, cross-scale analyses
linking farm-level practices with landscape and policy-level
processes remain limited.

Additionally, improving data comparability across studies
is essential for advancing synthesis research. Standardised
reporting of yield, income and resilience indicators, along with
consistent documentation of experimental conditions, would
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enable more robust comparative analysis. Finally, greater
emphasis on participatory and transdisciplinary approaches can
enhance the relevance and applicability of CSA research in millet
systems (Table 6).

Conclusion

This review shows that climate-smart agriculture (CSA) practices
can substantially improve productivity, resilience and resource-
use efficiency in millet-based farming systems, particularly
through soil-water conservation, nutrient management, crop
diversification and stress-tolerant varieties. The findings also
indicate that integrated CSA approaches generally produce more
stable and consistent outcomes than single interventions,
highlighting the importance of adopting systems-oriented
strategies in climate-resilient millet agriculture.

Despite these benefits, large-scale adoption of CSA
practices remains constrained by weak institutional support,
limited access to extension services, inadequate market linkages
and financial barriers faced by smallholder farmers. Strengthening
extension systems, improving access to quality inputs and credit,
expanding climate advisory services and developing millet value
chains are therefore essential for improving the longterm
sustainability and scalability of CSA interventions.

The review further highlights important research gaps.
Future studies should focus on longterm and multi-scale
assessments that integrate agronomic, socio-economic and
institutional dimensions within a common analytical framework.
Greater attention is also needed for direct measurement of
greenhouse gas emissions, development of standardised CSA
indicators and region-specific evaluation of CSA performance
under different rainfall regimes, soil conditions and farming
contexts. In addition, combining crop modelling approaches with
farmer adoption and institutional analysis could provide more
realistic insights for policy and decision-making.

Table 6. Research gaps and future directions across theory-context-characteristics-methodology dimensions in millet-based climate smart

agriculture research

TCCM dimension Identified gap

Implication

Future research direction Reference

Limited use of behavioural and

Weak understanding of

Integrate DOI, SLF and

Theory institutional theories adoption dynamics innovation systems frameworks (9,18, 35, 46, 51- 53)
Geographic concentration in L . _ni, Expand studies to other dryland B
Context Africa and South Asia Limited global generalisability regions (28, 32, 54-56)
- o . Underestimation of system Evaluate integrated CSA
Characteristics Focus on individual practices interactions bundles (28,57)
Fragmented approaches A ) o Combine experiments, surveys
Methodology (agronomic vs socio-economic) Limited system-level insights and modelling (32,40)
e - Include direct GHG
Mitigation dimension Poor quantification of emissions Incomplete CSA evaluation measurements and carbon (23,47)
and carbon dynamics °
accounting
Adoption research Limited longitudinal studies Weak understanding oflong-  Conduct panel a}nd long-term (21,22, 43)
term adoption studies »ee
- - - Poor comparability across  Develop standard CSA indicator
Indicators Lack of standardised metrics studies frameworks (9,11)
- Limited research on scaling Difficulty in large-scale Study policy, institutional and
Scaling pathways mechanisms implementation market pathways (23,24, 38)
Data integration Weak linkage across datasets Fragmented evidence base Promote integrated data (41, 49, 52)

platforms

DOI: digital object identifier; SLF: sustainable livelihood framework; TCCM: theory, context, characteristics and methodology; CSA: climate

smart agriculture; GHG: greenhouse gas.
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Overall, achieving sustainable and climate-resilient millet-
based systems will require coordinated efforts that link
technological innovation with stronger institutions, better market
systems and locally relevant policy support.
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