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Abstract
Soil health is a fundamental pillar of sustainable agriculture, environmental resilience, and global food security. In recent decades, agronomic-engineered technologies such as conservation agriculture, precision nutrient management, organic amendments, biochar, microbial inoculants, cover cropping, digital diagnostics, and integrated soil–water management have been developed to restore fertility, enhance nutrient cycling, and improve climate resilience. Yet, successful adoption of these technologies depends not only on their availability but also on farmers’ knowledge, skills, and confidence, which are primarily fostered through educational and training programs. This review evaluates extension-based interventions, including farmer field schools, on-farm demonstrations, ICT platforms, workshops, and blended learning approaches, that serve as the interface between scientific innovations and on-farm practices. The synthesis highlights that program effectiveness hinges on contextualization, intensity, follow-up support, and inclusivity of women, youth, and marginalized groups. Outcomes extend from immediate learning gains to medium-term adoption, measurable improvements in soil organic carbon, nutrient balance, and microbial activity, and longer-term productivity, livelihood, and environmental benefits. Barriers such as institutional limitations, financial constraints, and knowledge dilution hinder scaling, while enablers include public–private partnerships, farmer cooperatives, digital platforms, and incentive schemes. Scaling strategies like hub-and-spoke models and participatory approaches are shown to enhance outreach and sustainability. The review concludes that context-sensitive, participatory, and systematically evaluated training programs are essential to transform technological potential into tangible soil health and socio-economic gains.
Keywords: Soil health, agronomic-engineered technologies, agricultural extension, farmer training, conservation agriculture 
1. Introduction
Soil health is the foundation of sustainable food production, environmental integrity, and food security (Kansiime, et al., 2022). Soil health determines nutrient cycling, water holding, crop tolerance, and ecosystem service such as carbon sequestration and biodiversity (Lal, 2016). In the backdrop of climate change, land degradation, and rising global food demand, there is an increased need to conserve and enhance soil function than ever before. In the last couple of decades, a broad range of agronomic-engineered technologies has emerged to promote soil health and sustained productivity (Gamage et al., 2023). 
These include conservation agriculture management (minimum tillage, crop rotation, and residue management), site-specific water and nutrient management, biochar and organic amendment application, microbial inoculants and biostimulants, precision agriculture equipment, and digital decision-support systems to maximize resource use (Meena, et al., 2023). All these technologies, if adopted together, promise not only to enhance soil fertility and physical structure but also to reduce greenhouse gas emissions and improve climate variability resilience (Ejedegba,, 2024).
The availability of technology, however, does not necessarily imply adoption or continuous use. Farmers' attitude, perception, and knowledge determine whether a technology is incorporated into agricultural systems (Meijer, et al 2015). Therefore, the success of agronomic innovations relies significantly on successful educational and training interventions offered through agricultural extension systems. Extension programs (lab to land program) regardless of whether they are implemented through farmer field schools, demonstration plots, digital media, or participatory rural appraisal approaches act as the nexus between scientific research and on-farm action (Prajapati, et al., 2025). They facilitate farmers' knowledge about the scientific underpinning of soil health practices, ensure confidence to use new approaches, and enable peer-to-peer learning (Adamsone-Fiskovica, and Grivins,  2022).
In spite of this, there are still a number of challenges. Educational interventions tend to be developed without adequate contextualization to local farming systems, socio-economic contexts, or gender relationships (Gillespie, S., & van den, 2017). Many programs are not subjected to systematic impact evaluation, so it is hard to quantify outcomes beyond short-term gains in knowledge. Scaling up effective programs is also even more complex: how can effective interventions in a pilot project be scaled up and replicated across different agro-ecological zones and farming communities, with equity, inclusivity, and sustainability (Sinclair, et al., 2019).
2. Scope and Approach
The review takes a narrative synthesis strategy, following insights from extension science, soil science, agronomy, rural development, and implementation research. The emphasis is placed on educational and training interventions conducted at the farm level that are specifically aimed at advancing agronomic-engineered technologies with quantifiable impacts on soil health (Kansiime, et al., 2022). While numerous innovations come from laboratories and research centers, this review stresses interventions that have direct contact with farmers and are integrated into extension and capacity-building mechanisms, with other more general agricultural development programs being discussed only where lessons can be transferred (Moebius-Clune, 2010).
The range includes various program typologies like farmer field schools, farmer-to-farmer networks, participatory learning groups, demonstration plots, on-farm trials, ICT-based platforms like SMS and mobile apps, and hybrid models mixing digital and face-to-face methods (Khatri, et al., 2024). Care is taken to address stakeholders' learning modalities employed in the programs, necessitating changes from experiential and participatory learning to digital and peer-to-peer learning, necessitating changes in farmers' means of gaining knowledge, developing skills, and adjusting practices (Sutherland, and Marchand, 2021).
The review also takes into account the assessment methods used to gauge program efficacy, such as descriptive surveys, knowledge–attitude–practice research, experimental and quasi-experimental methods, participatory monitoring, and mixed-method designs combining qualitative and quantitative information. Concurrently, the assessment looks at the indicators of soil health applied to evaluate outcomes such as soil organic carbon, nutrient balance, microbial activity, water-use efficiency, crop productivity, and livelihood effects (Mapiye, et al., 2023).
Lastly, the review touches on strategies for large-scale scaling up of successful programs, highlighting institutional arrangements, financing models, public–private partnerships, and value-chain linkages conducive to large-scale adoption (Poulton, and Macartney, 2012). Questions of inclusivity and equity, more specifically women's, youth's, and poor people's participation, are also highlighted as important in determining sustainable and socially equitable outcomes (Lily, and Sharma, 2025). Thus, the review brings forward that technology itself and technology monitoring frameworks are no more important than educational design and institutional support in bringing about sustainable improvements in soil health (Anadon, et al., 2016).
3. Agronomic-Engineered Technologies for Soil Health
There is a great variety of agronomic-engineered technologies that have been created and disseminated through extension and training initiatives to combat soil degradation, reclaim fertility, and increase resilience. Such technologies differ in their complexity, cost, and versatility, and consequently affect farmers' perception and adoption.
Conservation Agriculture (CA): CA includes reduced or no-tillage, crop residue retention, and the use of crop rotation or cover crops (Cárceles Rodríguez et al., 2022). These methods combined enhance the physical structure of the soil, organic matter levels, retain soil moisture, and minimize erosion. In the long run, CA enhances soil biodiversity and carbon storage. Thus, the benefits are experienced across several seasons and necessitate long-term farmer commitment, hence training and ongoing support are essential (Francaviglia, et al., 2023).
Precision Nutrient Management (PNM): This approach stresses the site-specific application of nutrients using soil testing, nutrient omission plots, and digital decision-support tools (Nayak, et al., 2024). By targeting fertilizer application to crop and soil needs, PNM reduces losses of nutrients, input costs, and improves efficiency. Both environmental advantage and profitability are promoted by extension programs to gain acceptance. Extension of training to farmers to apply soil test kits, fertilizer calculators, and advisory systems using mobile apps is crucial for scaling up this approach (Kumar, et al., 2025).
Organic Amendments and Biochar: Organic materials like farmyard manure, compost, and biochar are extensively advocated to construct soil organic carbon, increase nutrient availability, and increase water-holding capacity (Liu, et al., 2022).  Biochar, of late, has been recognized as it can sequester carbon and enhance cation exchange capacity. Though organic amendments are well known to farmers, training is essential to maximize preparation procedures, rate of application, and combination with mineral fertilizers to accomplish the intended effects (Hu, et al., 2023).
Microbial Inoculants and Biostimulants: Application of useful microorganisms like rhizobia, mycorrhizal fungi, and plant growth-promoting rhizobacteria (PGPR) is a newly emerging technology that increases nutrient acquisition, soil structure, and plant stress tolerance (Kumari, et al., 2022). Other biostimulants like seaweed extracts and microbial consortia are also being launched to enhance soil and plant well-being. Because such inputs are new and usually unknown to farmers, extension activities emphasize proof of efficacy, proper application, and economic benefits (Sible, et al., 2025).
Cover Cropping and Green Manures: Cover crops and green manure crops are encouraged as low-input methods to fix nitrogen, control weeds, reduce erosion, and enhance organic matter input (Stein, et al., 2023). They give several ecosystem services, though their advantages are not instant, since they may take a further season or resource designation. Training schemes consequently focus on long-term soil fertility enhancement and integration into existing cropping systems without losing food security (Prajapati, et al., 2023).
Soil Health Diagnostics and Digital Tools: Increasingly, rapid diagnostic kits, on-farm soil sensors, remote sensing information, and mobile advisory programs are employed to monitor soil fertility and inform decision-making (Khanna, et al., 2022). All these technologies provide real-time feedback and site-specific advice, enhancing resource use efficiency. Extension and training such as empower farmers with knowledge, skills, and confidence to use modern data-driven tools and scientific findings for better decision-making, leading to improved productivity, sustainability, and profitability in agriculture and adopt recommendations into management include as mobile apps, SMS alerts, or AI-based platforms (Adak, et al., 2023).
Integrated Soil–Water Management: Because water availability and soil health are complementary, integrated methods like mulching, contour bunding, zero-energy water harvesting, and micro-irrigation systems are extensively encouraged (Ndegwa, et al., 2023). These interventions prevent erosion, retain soil moisture, and enhance water-use efficiency. These practices need demonstration at community or watershed level through training, as collective action improves effectiveness (Oduor, et al., 2023).
Together, these technologies showcase the range of options open to build soils. Their adoption is contingent, though, on farmer perceptions of cost, complexity, labor involved, and duration over which benefits are accruedconditions that extension and training schemes must carefully take into consideration.
4. Typologies and Mechanisms of Educational and Training Program Delivery
The effectiveness of soil health interventions not only relies on the technologies themselves but also on the pedagogic models by which they are brought to farmers. Successful training programs adapt pedagogy (hands-on demonstrations, field visits, and visual aids), content, and delivery mechanisms to match the nature of the technology and the socio-economic context of farmers (Mkomwa, et al., 2022).
Farmer Field Schools (FFS): FFS are year-round, experiential learning systems in which farmers learn together by observing, experimenting, and analyzing agroecological phenomena (Gichuki, et al., 2023). In the case of soil-geared practices like conservation agriculture or integrated nutrient management, FFS enable farmers to observe directly soil and crop responses, which enhances adoption confidence. Through peer learning and local innovation, FFS are participatory, although they demand considerable time and resource commitments (Red, et al., 2021).
On-Farm Demonstrations and Trials: Demonstrations are tangible (see the results with their own eyes), real-time evidence of the performance of a technology under farmers' own conditions (Sutherland, and Marchand, et al., 2021) They are especially good at overcoming perceived risks and persuading skeptical farmers to accept new practices like biochar application or precision nutrient management. By comparing treated and untreated plots, farmers can see firsthand tangible benefits, which reinforces trust in the extension message (Marchand, et al., 2021).
Short Training Workshops: Such initiatives provide formal, targeted training in precise skills like soil sampling, composting, or handling mobile-based decision-support tools. Though cost-effective and able to reach large numbers of participants rapidly, they lack the duration and repetition required to spur long-term behavior change. Therefore, they work best when supplemented by mechanisms for follow-up support (Kalogiannidis, and Syndoukas, 2024).
Extension Home Visits and Advisory Services: Tailored advisory services enable extension agents to diagnose farm-level issues and offer solutions that are specifically tailored to a particular problem. Individualized care is particularly critical for precision-requiring technologies, like site-specific nutrient management or soil water conservation measures (Davis, et al., 2021).  One-on-one support, though, is expensive to scale up, making complementary group and electronic approaches a need (Madan, and Maredia 2021).
ICT-based approaches such as mobile applications: SMS alerts, video instruction, and electronic learning platforms expand the coverage of extension services and sustain regular reinforcement of training messages (Khatri, et al., 2024). Blended models that merge digital communication with face-to-face contacts are especially efficient for advanced technologies, since they facilitate both mass diffusion and customized learning (Anteneh, and Melak 2024).
Extension Staff and Lead Farmers' Capacity Building: Training extension personnel and innovative farmers through programs established multiplier impacts (Abdullah, et al., 2021). Local champion-trained lead farmers can share knowledge in their communities at low costs, with enhanced scalability. Cascaded training involves risks of diluted messages and needs to be tracked and refresher courses conducted to ensure quality (Ndlela, and Worth, 2023).
In every instance, training program design needs to be responsive to literacy levels, gender roles, labor availability, land tenure arrangements, market access, and farmers' tolerance for risk. Sensitivity to these socio-economic factors not only guarantees more adoption but more equal participation in soil health improvement initiatives as well.
Table-1. Agronomic‑engineered technologies for soil health
	Technology
	Purpose/Function
	Examples

	Conservation Agriculture (CA)
	Improve soil structure, organic matter, water retention
	Reduced/no-tillage, residue retention, crop rotation/cover cropping

	Precision Nutrient Management (PNM)
	Apply nutrients efficiently
	Site-specific fertilization, nutrient omission trials, decision-support apps

	Organic Amendments & Biochar
	Enhance soil carbon, nutrient retention
	Compost, manure, biochar applications

	Microbial Inoculants & Biostimulants
	Promote nutrient acquisition, aggregation, disease suppression
	Rhizobia, mycorrhizae, PGPRs

	Cover Cropping & Green Manures
	Fix nitrogen, reduce erosion, increase biomass
	Legume cover crops, green manure crops

	Soil Health Diagnostics & Digital Tools
	Rapid monitoring, advisory support
	Mobile apps, sensors, satellite data

	Integrated Soil–Water Management
	Conserve moisture, prevent degradation
	Mulching, contouring, micro-irrigation



Table-2. Educational & training program typologies and delivery mechanisms
	Program Type
	Modality
	Strengths
	Limitations

	Farmer Field Schools (FFS)
	Experiential, season-long
	Effective for complex practices, peer learning
	Time-intensive, requires skilled facilitators

	On-farm Demonstrations
	Visual plots
	Reduces perceived risk, builds trust
	Limited reach, context-specific

	Short Workshops
	Classroom or hands-on
	Cost-efficient, targeted skills
	Limited behavior change, short duration

	Advisory/Home Visits
	Personalized support
	Tailored guidance, troubleshooting
	Resource-intensive, limited coverage

	Digital/Blended Learning
	Apps, SMS, videos
	Scalable, real-time updates
	Needs literacy, tech access, less hands-on experience

	Capacity Building of Trainers
	Train-the-trainer
	Multiplier effect
	Quality dilution risk, monitoring needed



5. Measuring Impact: Outcomes and Indicators
Estimating the effects of training and education programs on soil health technologies involves looking beyond basic indicators like the number of people trained or meetings held (Belcher, et al., 2024). Such measures inform one about the basic distribution of a program, yet they do not show whether interventions have triggered effective and sustained change. A stronger method takes into account multiple levels of outcomes, from immediate cognitive gains to long-term social and environmental benefits (Araujo et al., 2023).
Learning and Capacity (Immediate Outcomes): Extension and training activities at the most immediate level seek to increase farmers' knowledge, skills, and self-confidence (Ajogbeje, et al., 2023). These can be ascertained through formal knowledge tests, on-job skill assessment, and self-reported confidence or self-efficacy measures. For instance, a training session on soil testing can be assessed by testing if the participants are able to properly collect and interpret soil samples (Hazelton, and Murphy 2025).
Intermediate Outcomes of Behavioral Adoption: The second level of assessment is whether or not farmers incorporate suggested practices in their farms. Examples of indicators are the percentage of farmers that embrace a particular practice, the level of compliance with suggested protocols, and the intensity of use or the length of usage (Chopin et al., 2021). It is not just necessary, for example, to know if farmers experiment with biochar once, but if they continue to use it regularly over a few growing seasons in the same way as suggested (Alonso-Martínez et al., 2024).
Agronomic and Soil Health Impacts (Medium-Term Impacts): Technologies should finally result in tangible changes in soil health (Salinas, et al., 2020). Critical indicators are soil organic carbon, aggregate stability, bulk density, infiltration rate, balances of nutrients for nitrogen, phosphorus, and potassium, microbial biomass, and observable indications of decreased erosion or compaction. These indicators need precise sampling, standardized lab assays, and time periods sufficient to show cumulative effects (Raimondi, et al., 2023).
Productivity and Economic Impacts: Soil health improvements are anticipated to lead to increased productivity and farm profitability. Corresponding measures include yield changes for crops, input-use efficiency (i.e., kilograms of grain produced per kilogram of applied nitrogen), cost–benefit ratios, income of the household, and labor demand. Economic impacts are frequently the most effective way of convincing farmers and policymakers, as they are concrete indicators of the payback of implementing new methods (Deng, et al., 2013).
Environmental and Social Impacts (Long-term Impacts): In addition to farm-level gains, soil health interventions can have wider environmental and social repercussions. Indicators might involve greenhouse gas emission reductions, enhanced biodiversity, enhanced resistance of farming systems to flood or drought incidents, and beneficial gender and equity outcomes (Kumar, et al.,2020). These impacts must be assessed using more sophisticated and multidisciplinary methodologies, but they are vital in ensuring agricultural programs meet sustainability and social justice objectives (Kaplan‐Hallam and Bennett, 2018).
To capture the varied outcomes, multiple measures of measurement methods are needed. Surveys and tests of knowledge, usually done at baseline and end line, can capture changes in awareness and capacity. Adoption figures can be generated from self-reported farmer data, but they are more credible when supplemented by independent verification techniques like spot checks, farm visits, or remote sensing technologies for monitoring residue cover, vegetation vigor, or patterns of soil moisture (Angelopoulou, et al., 2020).  Laboratory analysis of soil sampling and proximal sensors and satellite observations offer standardized biophysical measurements, whereas monitoring is facilitated at large scales with proximal sensors and satellite observations (Babaeian, et al., 2019).
For stronger causal inference, quasi-experimental designs like difference-in-differences, propensity score matching, or regression discontinuity can be used where randomized assignment is not possible. Randomized controlled trials (RCTs) are still the gold standard for attribution and are especially useful when assessing the relative impact of training intensities, subsidy schemes, or message strategies. In contrast, participatory monitoring methods, which engage farmers in co-generating indicators and reporting, serve to promote local ownership and ensure that evaluation frameworks capture farmers' own experiences and concerns (Ramírez‐Andreotta, et al., 2023).
When considered together, these multi-dimensional indicators and varied assessment tools enable comprehensive understanding of educational and training intervention's direct as well as indirect effects. They also yield crucial evidence for responsible scaling of programs and for accountability to farmers, funders, and policymakers.
Timing and Frequency
Soil health changes normally develop slowly, and this has significant program evaluation implications. Short-term measurements are appropriate for quantifying quick responses like learning, skill improvements, and initial compliance with suggested practices that occur in less than one year (Shahane, and Shivay, 2021). The short cycles of evaluation provide extension managers an opportunity to assess training delivery effectiveness and adjust mid-course. Conversely, medium- and longer-term effects on soil biochemical attributes, structure, and crop yields usually need monitoring over multiple seasons, typically two to five years or more. Longer-duration monitoring is especially relevant in the case of technologies like conservation agriculture, organic amendment, cover cropping, or microbe inoculants, where quantifiable gains in soil organic carbon, nutrient dynamics, or aggregate stability build up over time. Therefore, evaluation systems should include both short-term learning indicators and long-term agronomic and environmental indicators to capture the entire range of program impact (Cardoso, et al., 2013).
Connecting Training Quality with Quantifiable Soil‑Health Outcomes
A key challenge facing extension programs is creating a direct connection between training inputs and lasting improvements in soil health. Various factors condition this relationship. Dosage and intensity of training are important factors (the success of farmer training programs depends not just on what is taught, but also on how long, how often, and how deeply the training engages participants); more intense, hands-on sessions particularly those that include practical exercises or field experiments tend to generate better skill retention and fidelity to prescribed protocols, especially for less intuitive or more complex practices (Lewandowski, et al., 2023). Follow-up support in the guise of coaching, troubleshooting visits, and refresher training significantly boosts sustained adoption, allowing farmers to deal with challenges when they emerge. Contextualization is also a major factor: locally adapted recommendation training programs that take into account soil type, cropping system, labor availability, and market conditions are more effective and credible to farmers. Showing economic returns such as short-term increased yield or input costs saved keeps the farmer interested and motivated while less tangible, slower-improving soil health builds up. Lastly, with a focus on inclusiveness by focusing on women, youth, and vulnerable groups adoption is not only widened but also ensures equitable benefit distribution, enhancing social as well as agronomic returns (Huyer, et al., 2021).
7. Barriers to and Enablers of Scaling Up
Scaling up training and education interventions for soil health technologies is frequently limited by several, related reasons. Institutional capacity constraints are widespread. Several extension agencies experience shortages in trained personnel, low budgets for refresher courses or field demonstrations, and poor government, research, and non-governmental coordination. Such limitations decrease the frequency, extent, and quality of training provided to farmers. Economic constraints also come into play; technologies like biochar systems, precision nutrient applicators, or irrigation pumps tend to need initial investment, making adoption less likely especially for resource-poor families (Vasavi, et al., 2025). In cascade training models, dilution of knowledge is also a problem: when primary trainers who lack strict quality control pass on information to secondary receivers without maintaining identical messages and skills, the fidelity is compromised. Moreover, the diversity of agroecosystems precludes applying one-size-fits-all suggestions. Methods that work for a given soil type, climatic region, or cropping system might not work well in other instances, decreasing confidence and adoption (Matthews, et al., 2013). Ultimately, market and policy disincentives like the lack of effective markets for residue-based products or limited financial incentives for soil-building practices continue to restrict motivation for adoption.
In spite of these obstacles, a number of enablers can help facilitate scaling. Public-private partnerships have become widely accepted as efficient arrangements for co-financing demonstration trials, facilitating extension services, and making inputs and technologies available. Digital platforms such as mobile applications, SMS advisories, and online learning modules can significantly widen the coverage of extension programs, offer real-time decision support, and facilitate monitoring of adoption at scale. Farmer groups and cooperatives serve as vital intermediaries, aggregating funds, enabling collective purchasing of inputs and services, and enabling peer-to-peer learning, which increases adoption and sustainability of practices. In addition, financial instruments like incentives and Payments for Ecosystem Services (PES) carbon credit programs or soil health payment schemes can cover initial costs, remunerate environmentally favorable practices, and encourage broader participation, especially among smallholders (Salzman, et al., 2018). Intervening on these enablers and countering the barriers is critical to achieving large-scale program success for scaling up soil health and agricultural productivity improvements.
8. Scaling Models and Strategies
Actionable strategies for scaling soil health interventions seek to increase the coverage of effective programs while ensuring quality, relevance, and equity. One of the most common methods is the Hub‑and‑Spoke Extension Model, where technical hubs are located centrally as centers of knowledge and resources and support a network of mobile or satellite extension "spokes." The hubs offer specialized expertise, training materials, and demonstration plots, and the spokes offer services to farmers in nearby villages. This model enables effective leveraging of specialized expertise and equipment, guarantees uniformity in messaging, and allows for quick scaling of innovations over a large geographical space. It also permits monitoring and feedback loops, as information gathered in the spoke locations can feed back into hub-level planning and adaptive management.
Additional complementary strategies for scaling draw on learning from participatory extension, digital agriculture, and institutional coordination. Among these are training-of-trainer (ToT) methods, farmer innovation networks, ICT-supported knowledge platforms, and collaborations with private sector players and cooperatives. Successful models tend to integrate several strategies to overcome capacity, heterogeneity of agroecosystems, and finance or policy constraints. Key principles of successful scaling involve technical fidelity, adaptation of interventions to local socio-economic and agroecological conditions, feedback integration from farmers, and inclusion of women and marginal groups (Das, et al., 2022).
9. Practical evaluation framework
Digram-1: Evaluation Framework for Soil Health Training Programs
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	Outcome Tier
	Core KPI Examples

	Learning
	Knowledge test score, skill proficiency, self-efficacy

	Adoption
	% farmers adopting, adoption fidelity, duration of practice

	Soil Health
	SOC change, bulk density, nutrient balance, microbial biomass

	Productivity
	Yield, input use efficiency, cost-benefit ratio

	Environmental & Social
	GHG emission reduction, biodiversity indices, gender equity



10. Program Design and Policy Recommendations
The review suggests a range of high-priority actions for enhancing training and education programs on agronomic-engineered technologies for soil health. These include, first, investment in trainer capacity, both technical and facilitation skills, as well as regular follow-up coaching to sustain learning and adoption. Second, outcome measurement must extend beyond knowledge or short-term adoption levels; programs need to incorporate multi-year monitoring of agronomic and socio-economic outcomes in order to account for the longer-term changes to soil condition and livelihoods. Third, participatory strategies that involve farmers in co-design and adaptation guarantee local applicability, increase ownership, and enhance uptake. Fourth, digital technologies like mobile applications, decision support systems, and remote sensing software can increase reach and offer timely guidance, but face-to-face interactions augment their effectiveness. Fifth, financial incentives involving subsidies, access to credit or payment for ecosystem services, and improved public–private partnerships may help overcome barriers to adoption and maintain farmer participation. Lastly, conscious focus on gender sensitivity and social inclusion during program development is essential to support equitable access, benefits, and ultimate sustainability.
11. Future Directions and Knowledge Gaps
Even with considerable advances, there are key knowledge gaps. Multi-year longitudinal studies are necessary to rigorously connect educational interventions with quantifiable soil health changes over multi-year timescales, and with evidence of sustained impact. Comparative cost-effectiveness studies of various training modalities (e.g., farmer field schools, online learning, or hybrid methods) are lacking but are critical to maximize resource deployment. Empirical research based on behavioral sciences can help understand sustained uptake, including habit building, social influence, and perception of risk. In addition, the scalability and durability of digital soil diagnostic and decision support systems are unknown, needing testing in diverse farming conditions. Lastly, more rigorous studies on equity and inclusion are required, specifically on how marginalized groups interact with and gain from extension interventions, and how training programs can more effectively engage with structural access barriers to technologies, information, and markets.
12. Conclusion
Overall, the evidence considered illustrates that high-quality context-appropriate training and educational programs are critical to bridging the gap of potential of agronomic-engineered technologies into actual soil health gains. It is likely that programs with participatory design, inclusive service delivery, long-term monitoring, and robust connections to economic incentives and policy support will have enduring impacts. Scaling up involves the balance of fidelity and adaptation, bringing in digital innovations along with field-level engagement, and situating soil health goals within overarching agricultural and environmental policies. With continued investment in the capacity of trainers, systematic impact evaluation, and pro-poor extension models, the uptake of soil-improving technologies can be sped up, delivering not only better productivity and livelihoods but also long-term ecosystem resistance and climate change mitigation.
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