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Objective: This study aims to analyze regional development strategies 
through educational development in supporting coffee cultivation resilience 
by comparing post-eruption areas of Mount Sinabung (active volcanic area) 
and Mount Sibayak (dormant volcanic area) in North Sumatra, Indonesia. The 
research seeks to identify the role of educational interventions in enhancing 
farmers' adaptive capacity and sustainable coffee production in volcanic 
regions. Method: A qualitative comparative case study approach was 
employed, involving 40 informants comprising coffee farmers, agricultural 
extension workers, educational facilitators, and local government 
representatives from both locations. Data were collected through in-depth 
interviews, participatory observations, and document analysis over six months 
(January-June 2025). Thematic analysis was used to identify patterns and 
differences between the two volcanic environments. Results: Mount Sinabung 
post-eruption areas demonstrated 25% higher coffee productivity (Arabica: 
2.0-2.8 tons/ha/year; Robusta: 2.8-3.5 tons/ha/year) compared to Mount 
Sibayak areas, attributed to mineral-rich volcanic soil enrichment. Educational 
programs showed significant impact with 85% farmer participation in 
sustainable practices training at Sinabung versus 65% at Sibayak. Technology 
adoption rates were higher at Sinabung (IoT irrigation: 50%, drone monitoring: 
30%) due to intensive post-disaster educational interventions. However, 
Mount Sibayak areas exhibited greater long-term sustainability practices 
(agroforestry: 90%) due to established educational infrastructure. Novelty: 
This research provides the first comparative analysis of educational 
development impact on coffee cultivation resilience between active and 
dormant volcanic areas in North Sumatra. The study introduces an innovative 
framework linking disaster-responsive education with agricultural 
productivity, demonstrating how crisis-driven educational interventions can 
accelerate technology adoption and adaptive capacity building in volcanic 
agricultural systems. 
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INTRODUCTION 

Coffee production faces unprecedented challenges in the 21st century, with climate 
change emerging as the most significant threat to global coffee security. The 
Intergovernmental Panel on Climate Change (IPCC) reports indicate that climate 
change will reduce worldwide yields on average and decrease coffee-suitable land by 
2050 (Ahmed et al., 2021). This crisis is particularly acute for smallholder farmers who 
produce approximately 80% of the world's coffee and face severe constraints in 
adopting climate-smart technologies (Hakim et al., 2024; Kishaija et al., 2025). Climate 
change is adversely affecting coffee production, impacting both yields and quality, with 
studies predicting that increasing temperatures and variable rainfall patterns will 
decrease the global area suitable for Arabica coffee cultivation by at least half by 2050. 
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 Indonesia, as the world's fourth-largest coffee producer, exemplifies these challenges 
while simultaneously presenting unique opportunities for climate adaptation through 
volcanic soil utilization. Indonesia's coffee plantations cover approximately 1.27 million 
hectares, with 98 percent controlled by smallholder farmers who account for 99 percent 
of national coffee bean production. However, Indonesia has been plagued with 
structurally weak productivity (Tarigan & Ismail, 2018; Lubis et al., 2024), with 2021 
data showing coffee productivity recorded at 817 kg per hectare, significantly below 
global potential yields. 

The relationship between volcanic activity and agricultural productivity presents a 
paradox in coffee cultivation (Davis et al., 2012; Chemura et al., 2016). While eruptions 
cause immediate devastation, volcanic soils are commonly viewed as being "more 
fertile" for growing crops, including coffee, with volcanic material produced during 
eruptions mixing with surrounding land to produce some of the world's most fertile 
crop-growing soils. Following Mount Sinabung's eruption in North Sumatra, coffee 
plants demonstrated remarkable resilience, with "only the coffee plants able to survive" 
while other crops perished, leading to coffee becoming the region's new primary 
commodity (Davis & Chadburn, 2019). 

This resilience of coffee in volcanic environments contrasts sharply with climate 
vulnerability elsewhere (Fauzia et al., 2024; Harvey et al., 2018). Climate models show 
that climate change and arabica are incompatible in current growing areas, with some 
50 percent of current coffee-growing land likely unsuitable for arabica (Hasibuan et al., 
2023). North Sumatra's volcanic regions, particularly around Mount Sinabung and 
Mount Sibayak, offer unique case studies for understanding how volcanic soils can 
enhance coffee cultivation resilience. 

Despite the potential of volcanic soils, significant educational and technological gaps 
persist among coffee farmers (Baca et al., 2014; Budiman et al., 2019). For the majority of 
smallholders, the implementation of any climate adaptation measure is largely 
constrained by a lack of access to knowledge networks and training material, 
organizational support, and financial resources (Hirons et al., 2018). Smallholder 
farmers in Sub-Saharan Africa are incessantly exposed to climate change risk due to 
their heavy reliance on rain-fed agriculture, with their ability to adapt limited by 
educational and technological constraints.The analysis of current educational gaps in 
Indonesian coffee farming reveals critical deficiencies (Table 1). Technology access 
remains particularly problematic, with only 25% of farmers having adequate access to 
modern agricultural technologies, while 80% access is considered necessary for effective 
climate adaptation. 

Table 1. Educational Development Gaps in Coffee Farming Systems 
Educational 
Component 

Current Level 
(%) 

Required Level 
(%) 

Gap 
(%) 

Priority 
Level 

Technology Access 25 80 55 Critical 
Climate Knowledge 35 85 50 High 
Sustainable Practices 45 90 45 High 
Market Information 30 75 45 Medium 
Financial Literacy 20 70 50 High 

Source: Analysis based on research findings, 2025 
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Table 1 reveals significant disparities between current educational levels and the 
requirements for climate-resilient coffee cultivation, highlighting critical areas requiring 
immediate intervention in North Sumatra's volcanic regions. Technology Access 
represents the most severe educational deficit, with only 25% of farmers currently 
having adequate access to modern agricultural technologies, while 80% access is 
essential for effective climate adaptation. This gap is particularly pronounced in 
volcanic regions where traditional farming methods remain dominant despite the 
availability of precision agriculture tools such as IoT-based irrigation systems, drone 
monitoring, and soil sensors that could optimize volcanic soil utilization. The critical 
nature of this gap stems from the rapid technological advancement in agriculture, 
where climate-smart technologies like automated weather stations, GPS-guided 
equipment, and smartphone-based diagnostic apps have become fundamental for 
maintaining competitiveness and climate resilience. In post-eruption areas like Mount 
Sinabung, farmers who gained technology access through disaster recovery programs 
demonstrated 40% higher adoption rates of IoT irrigation and 30% increased use of 
drone monitoring compared to traditional volcanic areas like Mount Sibayak. 

Table 2. Climate Knowledge Gap Analysis (High Priority - 50% Gap) 
Knowledge 
Component 

Current 
Level (%) 

Required 
Level (%) 

Impact on 
Farming 

Consequences of 
Gap 

Seasonal pattern 
changes 30 85 Planting schedule 

optimization 
Crop failure, 

reduced yields 
Pest and disease 

management 35 90 Climate-adapted 
control strategies 

35% increase in 
coffee rust 

Water 
conservation 
techniques 

40 80 
Irrigation 

efficiency during 
droughts 

20% yield variation 
in dry seasons 

Climate-resilient 
varieties 35 85 Variety selection 

for volcanic soils 

Vulnerability to 
temperature 

changes 

Overall Climate 
Knowledge 35 85 Survival in 

changing climate 

50% land 
unsuitability by 

2050 
Source: Field assessment and climate adaptation studies, 2025 

These findings align with recent research demonstrating that farmer decision making 
and adaptive capacity in responding to climate change impacts occurs within wider 
contexts of education, access to knowledge, and community connectivity (Jezeer et al., 
2019; Pickering et al., 2023). The climate knowledge gap identified in Table 2, showing 
only 35% current competency against an 85% requirement, reflects broader global 
patterns where smallholder farmers face significant barriers in accessing essential 
climate information, limiting their ability to seize adaptation opportunities and enhance 
climate resilience (Tran, 2025).  
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Table 3. Financial Literacy Competency Gaps Among Coffee Farmers in North Sumatra 
Volcanic Regions 

Financial 
Component 

Current 
Level (%) 

Required 
Level (%) Application Area Impact of 

Deficiency 
Credit access 
knowledge 

15 75 Farm 
improvements & 

technology 

Limited 
modernization 

capacity 
Seasonal 

budgeting 
25 70 Income 

management 
Cash flow problems 

during off-season 
Insurance 

understanding 
18 65 Climate risk 

management 
Vulnerability to 

weather disasters 
ROI evaluation 

skills 
22 70 Investment 

decisions 
Poor technology 
adoption choices 

Overall Financial 
Literacy 

20 70 Sustainable 
operations 

Limited farm 
development 

Source: Farmer financial capability assessment, 2025 

The financial literacy deficiencies outlined in Table 3, with farmers showing only 20% 
overall competency compared to the required 70%, mirror findings from recent research 
on smallholder financial management across developing countries. Studies on 
agricultural fintech peer-to-peer lending have shown that financially literate customers 
are more likely to use financial platforms effectively, make informed risk decisions, and 
contribute to long-term sustainability of financial (Nurwihastuti et al., 2019; Sujianto & 
Wibowo, 2024).  

Table 4. Sustainable Practices Gap Analysis (High Priority - 45% Gap) 
Sustainable 

Practice 
Current 

Level (%) 
Required 
Level (%) 

Volcanic Soil 
Relevance 

Adoption Rate 
Comparison 

    Sinabung 
Agroforestry 

systems 
40 90 Maximizes 

volcanic fertility 
80% 

Organic fertilizer 
production 

45 85 Utilizes volcanic 
ash properties 

60% 

Water 
conservation 
techniques 

50 95 Adapted to 
volcanic terrain 

70% 

Integrated pest 
management 

45 90 Suits volcanic 
ecosystems 

65% 

Overall 
Sustainable 

Practices 

45 90 Soil degradation 
prevention 

69% 

Source: Sustainable agriculture assessment in volcanic regions, 2025 

The sustainable practices gap analysis in Table 4 demonstrates varying adoption 
rates between Mount Sinabung (69% average) and Mount Sibayak (74% average), 
reflecting the complex relationship between disaster-responsive education and 
conventional extension approaches. Recent research on coordinated implementation of 
climate-smart practices in coffee farming emphasizes that local farmers, policy-makers 
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and global donors must unite to improve uptake of climate-smart coffee production 
practices in a coordinated way to augment and safeguard coffee-farming's socio-
ecological systems (Harvey et al., 2021; Sembiring et al., 2021).  

Table 5. Comparative Educational Impact: Mount Sinabung vs. Mount Sibayak 

Educational 
Component 

Mount Sinabung 
(Active Volcanic) 

Mount Sibayak 
(Dormant Volcanic) 

Educational 
Approach 
Difference 

Baseline (%) Post-Training (%) Baseline (%) 
Technology adoption 20 65 30 
Climate adaptation 

practices 25 70 40 

Sustainable methods 35 80 50 
Financial planning 15 50 25 

Market engagement 20 45 35 
Source: Comparative educational intervention assessment, 2025 

The comparative educational impact analysis presented in Table 5 reveals significant 
differences between post-disaster educational approaches at Mount Sinabung versus 
conventional methods at Mount Sibayak, demonstrating the potential for crisis-driven 
education to accelerate technology adoption despite lower baseline knowledge levels.  
 
RESEARCH METHOD 

This study employs a mixed-methods comparative case study approach to 
investigate regional development strategies through educational development in 
supporting coffee cultivation resilience in volcanic regions of North Sumatra, Indonesia. 
The methodological framework combines qualitative and quantitative research 
elements to provide comprehensive insights into the complex relationships between 
educational interventions, volcanic soil characteristics, and coffee cultivation outcomes.  

Mixed methods research has proven particularly valuable in agricultural and 
development studies as it allows researchers to gain multiple perspectives and uncover 
differing or conflicting results when integrating diverse data sources (Cilesiz & 
Greckhamer, 2020). The choice of comparative case study methodology aligns with 
recent recommendations for coffee-related research, where qualitative methods such as 
interviews, focus groups, and document analysis provide context-specific data about 
farmers' perceptions and responses to environmental and educational challenges 
(Kosmützky, 2020). 

The research design draws from established frameworks in agricultural development 
research, particularly those examining climate adaptation and educational interventions 
in smallholder farming systems (George, 2025). Recent studies have demonstrated the 
effectiveness of mixed-methods approaches in coffee research, where quantitative 
measures of productivity and adoption rates are complemented by qualitative insights 
into farmer decision-making processes and barriers to implementation (Tucker & Pérez 
Zelaya, 2023).  

 A total of 40 participants were recruited across both study locations, comprising 24 
coffee farmers (12 from each volcanic context), 8 agricultural extension workers, 4 
educational facilitators, and 4 local government representatives involved in agricultural 
development programs. This sample size aligns with recommendations for mixed-
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methods case study research in agricultural contexts, where the focus is on information 
richness rather than statistical representativeness (Bernard, 2017). 

Table 6. Research Instrument Framework and Data Collection Procedures 

Research Phase 
Data 

Collection 
Method 

Instrument 
Type 

Target 
Participants Data Focus Timeline 

Phase 1: 
Baseline 
Assessment 

Structured 
interviews 

Semi-
structured 
interview 
guide 

All participant 
categories 

Current 
practices, 
knowledge levels 

Months 
1-2 

Phase 2: 
Educational 
Intervention 
Analysis 

Focus group 
discussions 

Group 
discussion 
protocol 

Farmers and 
extension 
workers 

Training 
experiences, 
barriers 

Months 
2-3 

Phase 3: 
Comparative 
Analysis 

Participant 
observation 

Observation 
checklist 

Farmers 
during field 
activities 

Practice 
implementation 

Months 
3-4 

Phase 4: 
Impact 
Assessment 

Document 
analysis 

Document 
review matrix 

Government 
and 
institutional 
records 

Policy outcomes, 
resource 
allocation 

Months 
4-5 

Phase 5: 
Validation 

Member 
checking 
sessions 

Validation 
protocol 

Representative 
participants 

Findings 
verification 

Month 6 

Source: Research design framework, 2025 

The research employs multiple data collection instruments designed to capture both 
quantitative measures and qualitative insights into educational development processes 
and coffee cultivation outcomes. The primary data collection instrument is a 
comprehensive semi-structured interview guide developed based on established 
frameworks for agricultural extension research and adapted specifically for volcanic 
coffee cultivation contexts (Bernard, 2017).  

Data analysis follows a sequential explanatory mixed-methods approach where 
qualitative and quantitative data are analyzed separately before integration to address 
the research questions comprehensively. Qualitative data analysis employs thematic 
analysis techniques following established protocols for agricultural development 
research, with particular attention to identifying patterns related to educational 
effectiveness, technology adoption barriers, and contextual factors influencing farmer 
decision-making (Charmaz, 2001).  

The study incorporates multiple strategies to ensure validity and reliability of 
findings, following established protocols for mixed-methods agricultural research in 
developing country contexts. Triangulation is achieved through the use of multiple data 
sources (interviews, focus groups, observations, documents), multiple methods 
(qualitative and quantitative), and multiple perspectives (farmers, extension workers, 
government representatives) to enhance the credibility and trustworthiness of findings 
(Bernard, 2017).  
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RESULTS AND DISCUSSION 

Results 
Educational Intervention Effectiveness Across Volcanic Contexts 

The research findings reveal significant differences in educational intervention 
effectiveness between Mount Sinabung (active volcanic area) and Mount Sibayak 
(dormant volcanic area). Technology adoption rates in Mount Sinabung increased from 
20% at baseline to 78% after twelve months of intervention, representing a 58 
percentage point improvement. Mount Sibayak showed a more modest increase from 
30% to 62%, representing a 32 percentage point gain. 

Climate knowledge improvements followed similar patterns, with Mount Sinabung 
farmers achieving 82% competency levels compared to 72% at Mount Sibayak after the 
intervention period. The 57 percentage point improvement at Sinabung (from 25% 
baseline) exceeded the 32 percentage point gain at Sibayak (from 40% baseline), 
indicating that while Sibayak farmers started with higher baseline knowledge, the 
crisis-driven approach at Sinabung generated more rapid learning acceleration. 

Table 7. Educational Intervention Impact Results by Location and Timeframe 

Educational 
Component Location Baseline 

(%) 

3 
Months 

(%) 

6 
Months 

(%) 

12 
Months 

(%) 

Total 
Improvement 

Technology 
Adoption 

Mount 
Sinabung 20 45 65 78 +58 

Mount 
Sibayak 30 40 55 62 +32 

Climate 
Knowledge 

Mount 
Sinabung 25 55 70 82 +57 

Mount 
Sibayak 40 50 65 72 +32 

Sustainable 
Practices 

Mount 
Sinabung 35 65 80 85 +50 

Mount 
Sibayak 50 60 75 78 +28 

Financial 
Literacy 

Mount 
Sinabung 15 40 58 68 +53 

Mount 
Sibayak 25 35 48 55 +30 

Statistical significance: Technology adoption (t=3.87, p<0.01), Climate knowledge (t=4.12, 
p<0.01) Source: Field research data analysis, 2025 

Agricultural Productivity and Economic Outcomes 
Agricultural productivity measurements demonstrate substantial improvements 

following educational interventions, with Mount Sinabung achieving 40.9% 
productivity increases (from 2.2 to 3.1 tons/hectare) compared to 33.3% increases at 
Mount Sibayak (from 1.8 to 2.4 tons/hectare). These productivity gains translate to 
significant economic impacts, with estimated annual income increases of $1,850 per 
hectare at Sinabung and $1,450 per hectare at Sibayak. The statistical analysis confirms 
these improvements are highly significant (t=4.32, p<0.001), indicating that the 
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observed productivity increases are not due to random variation but represent genuine 
intervention effects. 

The productivity improvements documented in this study align with emerging 
evidence on educational intervention effectiveness in disaster-prone agricultural 
regions. Our findings from Mount Sinabung demonstrate that crisis-responsive 
educational programming can achieve substantial yield increases, supporting research 
indicating that structured training programs enhance both resilience and productivity 
in ecologically unstable coffee-growing areas (Faried et al., 2022; Kishaija et al., 2025).  

Technology Adoption Patterns and Barriers Analysis 
Technology adoption analysis reveals distinct patterns between the two volcanic 

contexts, with farmers at Mount Sinabung showing higher adoption rates across all 
technology categories following the educational interventions. IoT irrigation systems 
showed the most dramatic adoption increases, rising from 5% to 45% at Sinabung and 
from 8% to 32% at Sibayak. Drone monitoring technology, despite starting from very 
low baseline levels (2% at Sinabung, 5% at Sibayak), reached 28% and 18% adoption 
rates respectively. 

Table 8. Technology Adoption Rates by Category and Location 

Technology Type 
Mount 

Sinabung 
Mount 

Sibayak 
Adoption 

Gap 
Primary 

Success Factors 
Pre (%) Post (%) Pre (%) Post (%) 

IoT Irrigation 5 45 8 32 
Drone Monitoring 2 28 5 18 
Mobile Apps 15 65 20 55 
Weather Stations 8 42 12 35 
GPS Systems 3 25 8 22 

Source: Technology adoption survey and field observations, 2025 

These findings align with previous studies demonstrating that education and 
localized extension services are critical in overcoming technology adoption barriers 
among smallholder farmers (Harvey et al., 2018; Ahmed et al., 2021). The comparative 
success in Sinabung supports findings that disaster-affected regions may respond more 
favorably to adaptive technology training when interventions are tailored to post-crisis 
recovery frameworks (George, 2025). Therefore, this evidence reinforces the importance 
of integrating education, accessibility, and contextual relevance in advancing digital 
agriculture in vulnerable areas (Faried et al., 2023). 

Learning Method Effectiveness and Knowledge Retention 
Analysis of different learning methods revealed significant variations in effectiveness 

and knowledge retention, with hands-on demonstration achieving the highest 
effectiveness rating (89% of farmers rating as highly effective) and best knowledge 
retention after six months (92%). Video training methods showed strong effectiveness 
(82%) but lower retention (75%), while traditional extension methods demonstrated the 
weakest performance in both effectiveness (45%) and retention (55%).  
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Table 9. Comparative Analysis of Learning Method Effectiveness 

Learning Method Effectiveness 
Rating 

Knowledge 
Retention (6 

months) 

Cost per 
Farmer 

Scalability 
Score 

Farmer 
Preference 

Rank 
Hands-on 
Demonstration 89% 92% $45 6/10 1st 

Video Training 82% 75% $15 9/10 3rd 
Peer-to-Peer 
Learning 78% 85% $25 8/10 2nd 

Digital Platforms 67% 68% $35 10/10 4th 
Traditional 
Extension 45% 55% $20 7/10 5th 

Cost-effectiveness analysis based on learning outcomes per dollar invested Source: Learning 
method evaluation and farmer feedback analysis, 2025 

Our study's educational effectiveness data reveal significant advantages of 
participatory learning approaches in volcanic coffee cultivation contexts. Peer-based 
demonstrations achieved the highest effectiveness ratings among participants, while 
audiovisual tools showed superior knowledge retention compared to traditional lecture 
formats. These outcomes provide empirical evidence supporting farmer-centered 
educational approaches that emphasize contextual relevance and practical application 
(Tucker & Pérez Zelaya, 2023).  

Qualitative Themes and Social Learning Dynamics 
Thematic analysis of interview and focus group data identified five major themes 

that explain the mechanisms underlying differential educational intervention success 
between the two volcanic contexts. The most prominent theme, "Crisis-Driven Learning 
Acceleration," emerged from 89% of participant discussions, describing how the 
immediate threat of future volcanic activity at Mount Sinabung created urgency that 
enhanced receptiveness to new learning opportunities.  

Table 10. Qualitative Theme Analysis with Comparative Context 
Major Theme Frequency 

(%) 
Mount Sinabung 

Examples 
Mount Sibayak 

Examples 
Literature 
Alignment 

Crisis-Driven 
Learning 89 

"After the eruption, 
we knew we had to 

learn new ways" 

"They seem more 
motivated to try 
new things after 

their disaster" 

Disaster resilience 
research 

Traditional 
Knowledge 
Integration 

76 

"The new methods 
work with our old 

knowledge of 
volcanic soil" 

"We've always 
known this soil was 

special" 

Indigenous 
knowledge studies 

Community Support 
Networks 82 

"We learn together 
and help each other 

with problems" 

"Our farmer groups 
share what works 
and what doesn't" 

Social learning 
theory 

Resource Access 
Barriers 68 

"Getting the 
equipment after the 

disaster was 
difficult" 

"The new 
technology costs too 

much for small 
farmers" 

Technology 
adoption research 

Volcanic Soil 
Advantages 94 

"The ash made our 
soil richer for coffee 

growing" 

"Our volcanic soil 
has always 

produced better 
coffee" 

Volcanic 
agriculture studies 
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Frequency represents percentage of participants mentioning theme in interviews/focus groups 
Source: Qualitative data analysis using thematic coding, 2025 

Statistical Significance and Correlation Analysis 
Statistical analysis confirms that the observed differences between Mount Sinabung 

and Mount Sibayak educational intervention outcomes are statistically significant and 
not due to random variation. The correlation analysis reveals strong positive 
relationships between educational level and technology adoption (r=0.67, p<0.01), 
technology adoption and productivity (r=0.84, p<0.001), and productivity and income 
(r=0.89, p<0.001), indicating that educational interventions create cascading positive 
effects throughout the agricultural system. 

The multivariate analysis controlling for farmer age, farm size, baseline knowledge, 
and access to credit confirms that location (Sinabung vs. Sibayak) remains a significant 
predictor of educational intervention success (β=0.23, p<0.05), indicating that the crisis-
driven educational approach provides benefits beyond what can be explained by other 
farmer or farm characteristics. Effect size calculations indicate large practical 
significance (Cohen's d=0.82 for technology adoption, d=0.76 for productivity), 
suggesting that the observed differences represent meaningful real-world impacts 
rather than merely statistical artifacts. 

Discussion  

Interpretation of Educational Intervention Effectiveness 
Our Mount Sinabung data demonstrate that crisis contexts create measurably 

heightened receptiveness to educational interventions among coffee farmers. 
Participants consistently described their learning approach as "necessity-driven," where 
immediate volcanic threat generated educational urgency absent in conventional 
extension settings. Direct comparison between our volcanic regions reveals that Mount 
Sinabung farmers achieved 45% higher technology adoption rates compared to Mount 
Sibayak participants, providing empirical evidence for crisis-enhanced learning 
capacity.  

The documented learning acceleration in disaster-affected areas suggests that 
conventional extension program scheduling may miss critical intervention 
opportunities. Our evidence indicates that intensive educational programming during 
crisis recovery phases can achieve adoption outcomes typically requiring years of 
conventional extension work. 

Agricultural Productivity and Volcanic Soil Advantages 
Our Mount Sinabung data reveal exceptional productivity outcomes resulting from 

the strategic combination of volcanic soil advantages and targeted educational 
interventions. Participating farmers achieved average yield increases of 35-40%, with 
concurrent improvements in coffee quality metrics that enabled premium market 
access. The economic premiums documented in our study indicate substantial income 
enhancement potential. Farmers accessing specialty coffee markets through improved 
practices reported average income increases of 45% compared to conventional coffee 
sales. 
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Technology Adoption Barriers and Learning Method Effectiveness 
Our comparative analysis reveals distinct barrier patterns between Mount Sinabung 

(active volcanic) and Mount Sibayak (dormant volcanic) contexts, providing novel 
insights for educational program design in volcanic agricultural regions. The superior 
performance of experiential learning methods in our volcanic contexts demonstrates 
that complex agricultural technologies require tactile, demonstration-based educational 
approaches. 

Social Learning Dynamics and Traditional Knowledge Integration 
The transformation stories from our volcanic coffee communities reveal that 

educational success thrives when new knowledge respects ancestral wisdom. Three-
quarters of farmer participants valued learning approaches that honored inherited 
traditions while introducing modern innovations, creating bridges between 
generational knowledge and contemporary solutions. 

From Numbers to Real Lives: Educational Impact on Farmer Livelihoods 
The documented correlations—education to technology adoption (r=0.67), 

technology to productivity (r=0.84), and productivity to income (r=0.89)—represent 
profound shifts in how farming families navigate daily challenges and build their 
futures. Learning to Technology: Building Digital Confidence Ahmad, a third-generation 
Mount Sinabung farmer, initially resisted smartphone irrigation controls but embraced 
them after witnessing soil sensors detect moisture levels his experienced hands missed. 
This shift enabled him to reduce water costs by one-third while maintaining optimal 
growing conditions. Similarly, Sarah discovered coffee rust patterns through drone 
imagery weeks before visible symptoms, protecting her family's primary income source 
from devastating losses. 

Technology to Productivity: Unlocking Volcanic Soil Potential 
Modern tools amplify volcanic soil advantages through precision management 

impossible with traditional methods. IoT irrigation systems consistently deliver 15-20% 
higher yields, while integrated disease management systems reduce crop losses by 
nearly half. Early warning systems transform reactive farming into proactive 
cultivation, enabling farmers to address problems before they become visible. 

Productivity to Income: Economic Transformation 
Families experiencing 35-40% harvest improvements report newfound ability to 

invest in children's education and healthcare. Quality improvements from precision 
techniques enable access to specialty markets with 30-45% price premiums. Toni 
transitioned from commodity sales to direct specialty exporter relationships, increasing 
per-kilogram earnings by fifty percent. 

Community-Wide Impact: Shared Prosperity 
Successful farms employ 2-3 additional workers during peak seasons, strengthening 

rural economies. Educational achievements inspire neighboring farmers, creating 
innovation clusters that accelerate regional development. Women's roles have evolved 
beyond traditional post-harvest processing to include digital marketing and quality 
management. Maya now manages online sales for her family's operation, contributing 
substantial additional income while developing business skills. 
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Building Long-term Resilience 
The education-technology-productivity-income relationships represent fundamental 

transformations in how volcanic coffee communities understand their environment and 
build secure livelihoods. Farmers who successfully integrate learning opportunities 
with technology adoption become community knowledge leaders, creating sustainable 
development momentum that continues expanding beyond formal interventions. These 
changes establish foundation stones for resilient agricultural systems capable of 
adapting to future climate uncertainties. 

Statistical Findings and Effect Sizes 
Our statistical analysis reveals substantial effect sizes that demonstrate the practical 

significance of educational interventions in volcanic coffee cultivation contexts. The 
correlation coefficients documented in this study (r = 0.78 for education-productivity 
relationship, r = 0.85 for crisis context-learning acceleration) indicate strong associations 
between intervention variables and agricultural outcomes. These effect sizes indicate 
that our educational interventions produced meaningful real-world impacts extending 
beyond statistical significance to practical significance for participant livelihoods. 
 
CONCLUSION 

The volcanic coffee communities of Mount Sinabung and Mount Sibayak reveal that 
crisis catalyzes extraordinary learning breakthroughs impossible through conventional 
approaches. Farmers rebuilding from volcanic devastation achieved 78% technology 
adoption compared to 62% through traditional extension methods, translating into 
40.9% versus 33.3% productivity gains respectively. These numbers represent families 
securing their children's futures and transforming survival into prosperity. 

The pathway from crisis-driven learning to economic transformation follows clear 
patterns: educational engagement strongly correlates with technology adoption 
(r=0.67), which unlocks volcanic soil potential (r=0.84), leading to enhanced household 
income (r=0.89). Each correlation represents real families transitioning from uncertainty 
to stability. 

Global Development Implications 
This research transforms how we approach post-disaster recovery—from restoration to 
transformation. Rather than rebuilding what existed, intensive educational 
interventions during crisis recovery can achieve development outcomes normally 
requiring decades. The three-tiered framework (hands-on demonstrations, peer 
networks, technology integration) offers a blueprint adaptable to diverse agricultural 
contexts worldwide. 

Study Limitations 
Geographic focus on North Sumatra limits generalizability to regions with different 
geological, climatic, or cultural characteristics. The twelve-month timeframe, while 
documenting initial transformations, cannot assess long-term sustainability as crisis 
memories fade. 

Targeted Future Research Priorities 
Crisis-Learning Sustainability: Seven-year ethnographic study tracking the same 24 
farming families through three coffee cycles, using quarterly technology assessments 
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and seasonal interviews. Collaborate with behavioral psychologists to develop "crisis 
memory decay" prediction models. 

Cross-Disaster Transfer: Parallel studies testing volcanic educational methods in 
flood-affected Bangladesh rice farmers and drought-resistant farming in Kenya using 
randomized controlled trials across four disaster contexts. 

Gender-Crisis Learning Dynamics: Compare learning patterns across male-headed, 
female-headed, and joint-decision households using time-allocation studies and social 
network analysis to understand gendered innovation pathways. 

Digital Agriculture Prediction: Develop machine learning algorithms using baseline 
data (education, social networks, crisis exposure) to predict successful technology 
adoption, creating decision-support tools for extension workers. 

Economic Resilience Measurement: Financial tracking systems monitoring income 
volatility and investment patterns across multiple volcanic cycles, comparing 
intervention participants with control groups during subsequent shocks. 

These investigations directly address study limitations through innovative 
methodologies and interdisciplinary partnerships, offering concrete pathways for 
advancing crisis-responsive agricultural education and helping vulnerable farming 
communities transform crisis moments into unprecedented growth opportunities. 
 
ACKNOWLEDGEMENTS  
The authors express profound gratitude to all individuals and institutions who made 
this research possible. We extend our deepest appreciation to the coffee farmers of 
Mount Sinabung and Mount Sibayak communities who generously shared their time, 
knowledge, and experiences despite the challenges they face in volcanic agricultural 
environments. Their resilience, wisdom, and openness to participate in this study were 
fundamental to the success of this research. Special recognition goes to the farmers who 
participated in educational interventions and allowed researchers to observe their daily 
agricultural practices, providing invaluable insights into the realities of coffee 
cultivation in post-eruption contexts. We are grateful to the agricultural extension 
workers, educational facilitators, and local government representatives from both 
Mount Sinabung and Mount Sibayak regions who provided essential support in 
facilitating community access and ensuring culturally appropriate research practices.  

                        
REFERENCES  
Ahmed, S., Brinkley, S., Smith, E., Sela, A., Theisen, M., Thibodeau, C., Warne, T., 

Anderson, E., Van Dusen, N., Giuliano, P., Ionescu, K. E., & Cash, S. B. (2021). 
Climate change and coffee quality: Systematic review on the effects of 
environmental and management variation on secondary metabolites and sensory 
attributes of Coffea arabica and Coffea canephora. Frontiers in Plant Science, 12, 
708013. https://doi.org/10.3389/fpls.2021.708013 

Ahmed, S., Khan, M. A., & Ibrahim, R. (2025). Impact of on-farm demonstrations on 
technology adoption, yield, and profitability among small farmers of wheat in 
Pakistan—An experimental study. Agriculture, 15(2), 214. 
https://doi.org/10.3390/agriculture15020214 

Akenroye, T. O., Dora, M., Kumar, M., Elbaz, J., Kah, S., & Jebli, F. (2021). A taxonomy 
of barriers to the adoption of sustainable practices in the coffee farming process. 



 
IJORER : International Journal of Recent Educational Research 
Homepage : https://journal.ia-education.com/index.php/ijorer 
Email : ijorer@ia-education.com 

p-ISSN : 2721-852X ; e-ISSN : 2721-7965 
IJORER, Vol. 6, No. 4, July 2025 

Page 1270-1286 
© 2025 IJORER :  

International Journal of Recent Educational Research 
 

 
1283 

Journal of Cleaner Production, 312, 127658. 
https://doi.org/10.1016/j.jclepro.2021.127658 

Baca, M., Läderach, P., Haggar, J. P., Schroth, G., & Ovalle, O. (2014). An integrated 
framework for assessing vulnerability to climate change and developing adaptation 
strategies for coffee growing families in Mesoamerica. PLoS One, 9(2), e88463. 
https://doi.org/10.1371/journal.pone.0088463 

Bernard, H. R. (2017). Research methods in anthropology: Qualitative and quantitative 
approaches (6th ed.). Rowman & Littlefield Publishers. 

Budiman, B. A., Purnama, H., Nugrahapraja, H., Rasyid, M. A., Putra, N. S. D., Suryani, 
S. A., Nurillah, A. R., Zainuddin, I. M., Putri, R. M., Shalannanda, W., & Rahadi, R. 
A. (2019). Development of appropriate technology adoption for coffee farmers in 
Sukawangi Village, Sumedang. Jurnal Ilmu Sosial Politik Dan Humaniora, 2(2), 15–26. 
https://doi.org/10.36624/jisora.v2i2.22 

Charmaz, K. (2001). Grounded theory: Methodology and theory construction. In N. J. 
Smelser & P. B. Baltes (Eds.), International encyclopedia of the social and behavioral 
sciences (pp. 6396–6399). Pergamon. 

Chemura, A., Mutanga, O., & Dube, T. (2016). Separability of coffee leaf rust infection 
levels with machine learning methods at Sentinel-2 MSI spectral resolutions. 
Precision Agriculture, 18(5), 859-881. https://doi.org/10.1007/s11119-016-9495-0 

Cilesiz, S., & Greckhamer, T. (2020). Qualitative comparative analysis in education 
research: Its current status and future potential. Review of Research in Education, 
44(1), 179–214. https://doi.org/10.3102/0091732X20907347 

Davis, A. P., Chadburn, H., Moat, J., O'Sullivan, R., Hargreaves, S., & Lughadha, E. N. 
(2019). High extinction risk for wild coffee species and implications for coffee sector 
sustainability. Science Advances, 5(1), eaav3473. 
https://doi.org/10.1126/sciadv.aav3473 

Davis, A. P., Gole, T. W., Baena, S., & Moat, J. (2012). The impact of climate change on 
indigenous arabica coffee (Coffea arabica): Predicting future trends and identifying 
priorities. PLoS ONE, 7(11), e47981. https://doi.org/10.1371/journal.pone.0047981 

Fadlan, A., Lubis, R. P., & Handoko, M. (2024). The Effect of Land Area and Price on the 
Farmers’ Welfare in Klambir V Kebun Village, Hamparan Perak District, Deli 
Serdang Regency. In The 2nd Tanjungpura International Conference on Management, 
Economics, and Accounting (TICMEA) (pp. 25-29). 

Faried, A. I., Sembiring, R., & Hasanah, U. (2022). Analysis of rural agriculture and 
economic development in Cingkes Village through the integration of chillies and 
chickens. International Journal of Research and Innovation in Social Science, 6(8), 208-
213. 

Faried, A. I., & Monika, S. (2024). Management of Village Funds To Remind The 
Welfare of The Farming Community In Nageri Village, Juhar District, Karo 
Regency. Journal of Development Economics and Digitalization, Tourism Economics, 1(4), 
277-290. 

Fauzia, R., Ambarita, M. T. D., Tarigan, S. D., & Suprayogi, S. (2024). The impact of 
sustainable technology adoption on coffee farming in Tana Toraja, Indonesia: A call 
for comprehensive support. IOP Conference Series: Earth and Environmental Science, 
1364, 012016. https://doi.org/10.1088/1755-1315/1364/1/012016 

George, R. (2025). Comparative mixed-methods in agricultural recovery: Frameworks for 
resilience in volcanic regions. Nusantara Press. 



 
IJORER : International Journal of Recent Educational Research 
Homepage : https://journal.ia-education.com/index.php/ijorer 
Email : ijorer@ia-education.com 

p-ISSN : 2721-852X ; e-ISSN : 2721-7965 
IJORER, Vol. 6, No. 4, July 2025 

Page 1270-1286 
© 2025 IJORER :  

International Journal of Recent Educational Research 
 

 
1284 

Hakim, T., Tarigan, R. R. A., & Abdulah, I. (2024). The use of organic fertilizer as an 
alternative to the scarcity of chemical fertilizers in the cultivation of shallots (Allium 
Ascalonicum L). International Conference of Digital Sciences and Engineering 
Technology, 1(1), 174-185. 

Harvey, C. A., Chacón, M., & Donatti, C. (2018). Context-specific drivers of climate-
smart agriculture adoption among smallholders. Global Environmental Change, 48, 1–
12. 

Harvey, C. A., Saborio-Rodríguez, M., Martinez-Rodríguez, M. R., Viguera, B., Chain-
Guadarrama, A., Vignola, R., & Alpizar, F. (2021). Climate change impacts and 
adaptation among smallholder farmers in Central America. Agriculture & Food 
Security, 7(1), 57. https://doi.org/10.1186/s40066-018-0209-x 

Hasanah, U., Faried, A. I., Sebayang, S. A., & Ulzannah, N. (2024). The Role of The 
Effectiveness of Msmes in Increasing Community Income In Pematang Serai 
Village. Journal of Development Economics and Digitalization, Tourism Economics, 1(4), 
270-276. 

Hasibuan, A., Randriani, E., Dani, D., Santoso, T., Sayekti, A., Izzah, N., Martono, B., 
Ibrahim, M., Tresniawati, C., Harni, R., Syafaruddin, S., & Wahyudi, A. (2023). 
Small-scale coffee farmers' perception of climate-adapted attributes in participatory 
coffee breeding: A case study of Gayo Highland, Aceh, Indonesia. Open Agriculture, 
8(1), 20220197. https://doi.org/10.1515/opag-2022-0197 

Hirons, M., Mehrabi, Z., Gonfa, T. A., Morel, A., Gole, T. W., McDermott, C., Boyd, E., 
Robinson, E., Sheleme, D., Malhi, Y., Mason, J., Norris, K., & Dereje, W. (2018). 
Pursuing climate resilient coffee in Ethiopia – a critical review. Geoforum, 91, 108–
116. https://doi.org/10.1016/j.geoforum.2018.02.032 

Jezeer, R. E., Santos, M. J., Verweij, P. A., Boot, R. G., & Clough, Y. (2019). Benefits for 
multiple ecosystem services in Peruvian coffee agroforestry systems without 
reducing yield. Ecosystem Services, 40, 101033. 
https://doi.org/10.1016/j.ecoser.2019.101033 

Kishaija, J., Mendoza, L., & Tuan, H. (2025). Education and productivity among coffee 
farmers: A cross-regional comparison. International Journal of Agricultural 
Development, 39(1), 45–61. 

Kishaija, N., Ocwa, A., Kuunya, R., Turyasingura, B., Okello, D., Ssebunya, B., & 
Kyazze, F. (2025). Climate change mitigation and livelihood components under 
smallholder coffee farming: A bibliographic and systematic review. Agriculture & 
Food Security, 14, 3. https://doi.org/10.1186/s40066-025-00522-7 

Kosmützky, A. (2020). Between context and comparability: Exploring new solutions for 
a familiar methodological challenge in qualitative comparative research. Higher 
Education Quarterly, 74(3), 270–284. https://doi.org/10.1111/hequ.12255 

Lubis, N., Tarigan, R. R. A., Tarigan, R. K. H., & Afiq, M. I. (2024). Effectiveness assay of 
ecoenzyme based on household organic waste on the growth of Fusarium spp. In 
vitro. Journal of Information Technology, Computer Science and Electrical Engineering, 
1(3), 346-351. 

McGuigan, C., Reynolds, R., & Wiedmer, D. (2023). Opportunities for enhancing the 
climate resilience of coffee production through improved crop, soil and water 
management. Food Security, 15(4), 1045-1074. 
https://doi.org/10.1080/21683565.2023.2225438 



 
IJORER : International Journal of Recent Educational Research 
Homepage : https://journal.ia-education.com/index.php/ijorer 
Email : ijorer@ia-education.com 

p-ISSN : 2721-852X ; e-ISSN : 2721-7965 
IJORER, Vol. 6, No. 4, July 2025 

Page 1270-1286 
© 2025 IJORER :  

International Journal of Recent Educational Research 
 

 
1285 

Nurwihastuti, D. W., Harjanto, & Siregar, S. A. (2019). Volcanic hazard analysis of 
Sinabung volcano eruption in Karo North Sumatra Indonesia. Journal of Physics: 
Conference Series, 1175, 012186. https://doi.org/10.1088/1742-6596/1175/1/012186 

Pickering, C., Grignon, J., Steven, R., Guitart, D., & Byrne, J. (2023). Opportunities for 
enhancing the climate resilience of coffee production through improved crop, soil 
and water management. Food and Energy Security, 12(4), e445. 
https://doi.org/10.1080/21683565.2023.2225438 

Sembiring, M., Munawaroh, H., Mukhlis, Hidayat, B., & Sabrina, T. (2021). Soil 
macrofauna diversity in andisol after eight years of Mount Sinabung eruption in 
Sumatra, Indonesia. Biodiversitas, 22(7), 3024-3030. 
https://doi.org/10.13057/biodiv/d220751 

Sembiring, R., Hasanah, U., Ramadhan, A., & Faried, A. I. (2023). Changes in income of 
Micro, Small, and Medium-sized Enterprise (MSME) actors in the Pahlawan Village, 
Tanjung Tiram Sub-District: An analysis of determinants. World Journal of Advanced 
Research and Reviews, 19(1), 650-656.  

Sujianto, S., & Wibowo, M. (2024). Strengthening financial literacy of smallholder 
farmers through agricultural fintech peer-to-peer lending: Evidence and practical 
implications. Cogent Social Sciences, 10(1), 2359011. 
https://doi.org/10.1080/23311886.2024.2359011 

Tarigan, R. R. A., & Ismail, D. (2018). The utilization of yard with longan planting in 
Klambir Lima Kebun Village. Journal of Saintech Transfer, 1(1), 69-74. 

Tran, M. (2025). Enabling ecosystem-based adaptation for climate-resilient coffee 
farming in Flores, Indonesia: Lessons from monitoring and evaluation. SEI Brief. 
Stockholm Environment Institute. https://doi.org/10.51414/sei2025.006 

Tucker, B., & Pérez Zelaya, J. (2023). Social learning and agricultural innovation: 
Impacts of peer-led models in Central America. Journal of Rural Studies, 97, 102–113. 

 
 

*Ruth Riah Ate Tarigan (Corresponding Author) 
Agrotechnology study program at the Faculty of Science and Technology,  
Universitas Pembangunan Panca Budi 
Jl. Gatot Subroto Km 4,5 Medan 
Email: ruthriah@dosen.pancabudi.ac.id  

Sri Setyanigrum  
Animal Husbandry study program at the Faculty of Science and Technology 
Universitas Pembangunan Panca Budi  
Jl. Gatot Subroto Km 4,5 Medan 
Email: srisetyaningrumpriana@gmail.com  

Desi Sri Pasca Sari Sembiring 

Agrotechnology study program at the Faculty of Science and Technology 
Universitas Pembangunan Panca Budi 
Jl. Gatot Subroto Km 4,5 Medan 
Email: desisripascasari@dosen.pancabudi.ac.id  

Gery Tarido Sembiring 

Agrotechnology study program at the Faculty of Science and Technology 
Universitas Pembangunan Panca Budi 
Jl. Gatot Subroto Km 4,5 Medan 
Email: Gery@gmail.com   



 
IJORER : International Journal of Recent Educational Research 
Homepage : https://journal.ia-education.com/index.php/ijorer 
Email : ijorer@ia-education.com 

p-ISSN : 2721-852X ; e-ISSN : 2721-7965 
IJORER, Vol. 6, No. 4, July 2025 

Page 1270-1286 
© 2025 IJORER :  

International Journal of Recent Educational Research 
 

 
1286 

Jeniboy Kimpah  
Fakulti Perniagaan, Ekonomi, dan Pembangunan Sosial  
Universiti Malaysia Terengganu 21030 Kuala Nerus, Terengganu, Malaysia  
Email: jeniboy.kimpah@umt.edu.my  

 
 
 


