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Abstract 
The heavy reliance of Indonesian rice farmers on inorganic fertilizers has led to land degradation 

and declining productivity, necessitating a shift toward more sustainable approaches. This study 

analyses the technical efficiency of organic fertilizer use in rice farming in Secanggang 

Subdistrict, Langkat Regency, employing an input-oriented Data Envelopment Analysis (DEA) 

model on a sample of 45 farmers. Input variables include land area (0.2–1.2 ha), organic fertilizer 

quantity (200–500 kg/ha), labor (15–30 person-days/season), and production costs (IDR 3–5 

million/season), while outputs consist of productivity (4–6 tons/ha) and income (IDR 8–12 

million/season). The DEA results indicate an average technical efficiency of 78% under the 

Constant Returns to Scale (CRS) model and 85% under the Variable Returns to Scale (VRS) 

model, with 22% of farmers achieving optimal efficiency levels (>90%). Further analysis reveals 

that farmers cultivating more than 0.5 hectares attained 12% higher efficiency compared to those 

with smaller plots (p < 0.05), and farming experience of over 10 years contributed to an 8% 

efficiency increase (p < 0.1). Economically, organic fertilizer use reduced production costs by 

15–20% through the substitution of chemical inputs and increased average seasonal income by 

approximately IDR 1.2 million. The key findings of this study are: (1) there is a 22% potential 

gain in efficiency through input optimization; (2) managerial factors (experience, education) have 

a greater influence on efficiency than technical factors; and (3) an organic fertilizer dosage of 

300–400 kg/ha yielded the most efficient outcomes. 

 

Keywords: DEA Analysis, Organic Fertilizer, Rice Farming, Sustainable Agriculture, Technical 

Efficiency  

 

Introduction  
Secanggang Subdistrict in Langkat Regency is recognized as a major rice production center that 

is currently facing significant challenges in maintaining local food security. The decline in rice 

productivity over recent years has been closely linked to an excessive reliance on inorganic 

fertilizers. Overuse of chemical fertilizers has not only led to increased production costs but also 

contributed to declining soil fertility, environmental degradation, and reduced nutrient-use 

efficiency, thereby threatening the long-term sustainability of rice farming systems (Cheng et al., 

2023; Iqbal et al., 2019; Jin et al., 2025). This situation underscores the urgent need for innovative 

solutions that enhance production efficiency while preserving soil health and environmental 

quality. In this context, the objective of this study is to examine the efficiency level of organic 

fertilizer utilization and to identify the factors that influence its efficiency in rice farming in 

Secanggang Subdistrict, Langkat Regency. 

One promising alternative that has garnered increasing attention is the use of organic fertilizers, 
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either as a partial substitute or as a complement to inorganic fertilizers. Recent studies indicate 

that replacing 20–30% of chemical fertilizers with organic fertilizers can significantly improve 

crop yields, enhance phosphorus and nitrogen use efficiency, and enrich soil organic matter 

content (Fei et al., 2024; Jin et al., 2025). Moreover, the adoption of organic fertilizers may reduce 

dependence on imported fertilizers and lower production costs, thereby offering economic 

benefits to farmers (M. Salam et al., 2021). 

The efficient use of organic fertilizers not only boosts productivity but also reduces the need for 

other inputs such as labor and capital. Evidence from studies in Bangladesh reveals that farmers 

applying organic fertilizers achieved up to a 16.67% increase in yield while utilizing fewer inputs 

and attaining higher technical efficiency compared to those relying solely on chemical fertilizers 

(M. Salam et al., 2021). These findings demonstrate the strategic importance of organic fertilizer 

adoption in enhancing the competitiveness and sustainability of rice farming. 

Furthermore, the optimal combination of organic and inorganic fertilizers has been shown to 

improve the quality of rice, including higher protein, amino acid, and micronutrient content, as 

well as enhanced grain texture and taste (Iqbal et al., 2019; Zhou et al., 2021). These 

improvements not only elevate the market value of rice but also offer health benefits to consumers 

and support the sustainability of food systems. In addition, organic fertilizer application 

contributes to improved soil physical properties—such as reduced bulk density and enhanced 

porosity—which are essential for root development and nutrient uptake (Cheng et al., 2023; Iqbal 

et al., 2019). 

Despite these advantages, the adoption rate of organic fertilizers in Secanggang remains relatively 

low. Major barriers include limited farmer knowledge regarding the benefits of organic inputs, 

restricted access to high-quality organic products, and prevailing perceptions that organic 

fertilizers are less effective than their chemical counterparts (Cheng et al., 2023; M. Salam et al., 

2021). However, with appropriate education and extension services, farmers can be better 

informed about the long-term benefits of organic fertilizer use, thus facilitating a shift toward 

more sustainable agricultural practices. 

Promoting efficient organic fertilizer use in Secanggang requires coordinated support from 

various stakeholders, including local government, agricultural extension agents, research 

institutions, and private sector actors. Programs focused on farmer training, provision of quality 

organic fertilizers, and financial incentives for sustainable practices must be strengthened to 

encourage widespread adoption of organic inputs (Cheng et al., 2023; Iqbal et al., 2019; M. Salam 

et al., 2021). 

In conclusion, enhancing the efficiency of organic fertilizer use in rice farming across Secanggang 

is essential for ensuring regional food security. Such efforts will not only lead to improved 

productivity and increased farmer income but also contribute to the sustainability of natural 

resources and environmental quality—ultimately supporting resilient and enduring food systems 

in the years to come (Jin et al., 2025; M. Salam et al., 2021; Wang et al., 2024; Zhou et al., 2021) 

Literature Review  
Technical Efficiency in Rice Farming 

Technical efficiency serves as a key indicator in evaluating farmers' capacity to optimize the use 

of inputs in order to achieve maximum output in rice farming systems. Several studies conducted 

in Bangladesh and the Philippines have revealed that the application of organic fertilizers can 

significantly enhance technical efficiency. Farmers who utilize organic fertilizers have been 

shown to achieve higher yields with lower input usage and exhibit superior levels of technical 

efficiency compared to those who rely solely on chemical fertilizers (Hidalgo et al., 2025; 
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Paramesh et al., 2023; M. Salam et al., 2021). These findings suggest that organic farming 

practices not only contribute to increased productivity but also help reduce dependence on costly 

and environmentally harmful chemical inputs. Nevertheless, the successful implementation of 

organic farming largely depends on farmers’ understanding of proper organic fertilizer 

management techniques, including appropriate composition and timing of application. 

Meanwhile, empirical evidence from Indonesia and Vietnam highlights considerable variation in 

the technical efficiency of organic rice farming. Several key factors account for these differences, 

including farming experience, educational background, and access to agricultural technology. 

Farmers with longer experience tend to be more adept at managing inputs efficiently, while those 

with access to modern technologies—such as soil fertility testing tools—can apply fertilizers with 

greater precision. Thus, improving technical efficiency requires more than just adopting organic 

farming practices; it also necessitates supportive policy interventions aimed at strengthening 

farmers’ capacity. This includes the provision of training programs, effective agricultural 

extension services, and the facilitation of appropriate technologies. Consequently, efforts to 

enhance technical efficiency in rice farming should adopt a holistic approach that integrates 

technical, institutional, and socio-economic dimensions (Chau & Ahamed, 2022; Zhang et al., 

2023).  

Accordingly, this study seeks to assess technical efficiency in rice farming using a context-

specific and empirically grounded approach, with a particular emphasis on the utilization of 

organic fertilizers as a primary input. The analysis incorporates key managerial and socio-

economic variables that influence efficiency outcomes at the farm level. Distinct from prior 

research that primarily focused on general comparisons between organic and inorganic inputs, 

this study provides a nuanced examination of efficiency variations based on organic fertilizer 

dosage, landholding size, farming experience, and site-specific farmer characteristics in 

Secanggang Subdistrict. The results are intended to offer academically rigorous and policy-

relevant insights to inform targeted interventions for enhancing sustainable agricultural 

productivity at the microeconomic scale. 

The Role of Organic Fertilizers in Soil Productivity and Health 

Organic fertilizers play a pivotal role in enhancing soil fertility and health in a sustainable manner. 

Through their ability to improve soil structure, organic fertilizers contribute to increased porosity 

and water retention capacity, thereby creating a more favorable environment for plant growth. 

Their high organic matter content also stimulates soil microbial activity, which in turn enhances 

the efficiency of nutrient uptake—particularly nitrogen and phosphorus—by crops. Several 

studies have demonstrated that the integration of organic and inorganic fertilizers, for instance in 

a ratio of 30% organic to 70% chemical fertilizers, not only boosts crop productivity but also 

improves rice quality in terms of nutritional value and texture. This integrated fertilization 

approach is considered an effective strategy to support sustainable agricultural systems, especially 

in mitigating the negative impacts of excessive chemical fertilizer use, such as declining soil 

quality and water pollution (Fei et al., 2024; Iqbal et al., 2019). 

In addition to its agronomic benefits, the use of organic fertilizers offers substantial economic and 

ecological advantages. By reducing dependence on chemical fertilizers, farmers can lower 

production costs—particularly relevant in the context of volatile market prices for inorganic 

fertilizers. Moreover, organic fertilizers derived from agricultural waste or livestock manure 

promote the utilization of local resources, making them more environmentally friendly than 

synthetic fertilizers, which require high energy inputs during production. Furthermore, reducing 

the use of chemical fertilizers contributes positively to environmental preservation by lowering 

the risk of water eutrophication and decreasing greenhouse gas emissions associated with the 
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production of synthetic nitrogen fertilizers. Therefore, the integration of organic fertilizers into 

farming systems not only enhances agricultural yield and product quality but also reinforces the 

adoption of more ecological and sustainable cultivation practices (M. Salam et al., 2021; Zhang 

et al., 2023). 

Rice Farming 

Rice farming across Asia is currently confronted with the dual challenge of enhancing 

productivity while simultaneously preserving environmental sustainability. Recent studies 

suggest that integrating organic fertilizers into rice cultivation systems can improve technical 

efficiency by 15–20%, while also reducing dependence on synthetic chemical inputs (Hidalgo et 

al., 2025; Paramesh et al., 2023; M. Salam et al., 2021).. However, the adoption rate of this 

technology remains relatively low due to several key constraints: (1) limited farmer knowledge 

regarding proper composting techniques, (2) uneven distribution of high-quality organic 

fertilizers, and (3) negative perceptions among farmers who view organic fertilizers as less 

practical compared to chemical alternatives (Chau & Ahamed, 2022; Zhang et al., 2023). These 

challenges are further compounded by the lack of adequate economic incentives for farmers 

transitioning to organic agriculture. 

To accelerate the shift toward more environmentally friendly agricultural practices, an integrated, 

cross-sectoral, and multidisciplinary approach is essential. Several strategies can be employed to 

support this transition, including: (1) strengthening farmer capacity through specialized farmer 

field schools focused on organic fertilizers, (2) developing farmer group-based organic fertilizer 

production units to promote decentralized and efficient distribution, and (3) offering price 

incentives for organically produced rice as a form of recognition for sustainable practices. A case 

study from Vietnam demonstrates that combining hands-on technical training with concrete 

policy support can boost the adoption of organic fertilizers by up to 40% within three years (Chau 

& Ahamed, 2022; Istiyanti et al., 2021; Narendar et al., 2021). This experience offers valuable 

insights that could be adapted to the Indonesian context, particularly through the reinforcement 

of farmer institutions and the development of a sustainable supply chain for organic inputs. 

Sustainable Agriculture through Efficiency and Innovation 

Sustainable agriculture today faces significant challenges driven by population growth, limited 

land availability, climate change, and increasing demands for food security. Addressing these 

complex issues requires a strong focus on efficiency and innovation across all stages of 

agricultural production. The application of smart technologies—such as the Internet of Things 

(IoT), artificial intelligence (AI), digital sensors, and big data analytics—has proven effective in 

enhancing resource-use efficiency, increasing productivity, and minimizing environmental 

impact through automation and data-driven decision-making processes  (Iqbal et al., 2019; 

Paramesh et al., 2023; M. A. Salam et al., 2021). Furthermore, innovations such as eco-

innovation, digitalization, and the adoption of circular economy principles play a critical role in 

optimizing input use, reducing production costs, and enhancing the competitiveness of 

agribusinesses in global markets (Sierov, 2024; Sun et al., 2023). Cross-country studies indicate 

that the success of technology and innovation adoption in agriculture largely depends on policy 

support, farmers’ capacity, and alignment with local contexts (Ahmad et al., 2023; Grovermann 

et al., 2019). 

The concept of efficiency in sustainable agriculture extends beyond the optimal use of 

conventional inputs such as fertilizers and seeds; it also encompasses the sustainable management 

of water, energy, and biodiversity to ensure long-term productivity (Ahmad et al., 2023; Zambon 

et al., 2019). Research emphasizes the importance of collaboration among government agencies, 
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research institutions, and private sector stakeholders in providing incentives, technical training, 

and supporting infrastructure to facilitate broad-based adoption of agricultural innovations. 

Nevertheless, key challenges persist, including high initial investment costs for new technologies, 

limited farmer awareness and understanding of these technologies, and inadequate policy 

frameworks to support sustainable innovation (Grovermann et al., 2019; Rose & Chilvers, 2018). 

Therefore, strategies to develop sustainable agriculture through efficiency and innovation must 

be designed in an integrated and holistic manner—incorporating technological, economic, social, 

and environmental dimensions. This comprehensive approach is believed to be essential for 

ensuring food security and enhancing the long-term well-being of farming communities (Jararweh 

et al., 2023; Sierov, 2024; Sohaib et al., 2024). 

Research Method  
This study was conducted on rice fields located in Secanggang Subdistrict, Langkat Regency, 

which is one of the major rice-producing areas in North Sumatra, Indonesia. The research was 

carried out over two consecutive planting seasons in 2022 and 2023 to obtain representative data 

reflecting seasonal variations and local agroecosystem conditions (Marti-Jerez et al., 2023). The 

study population consisted of all rice farmers managing paddy fields in the region, with samples 

selected using purposive sampling based on their use of organic and inorganic fertilizers. A total 

of 45 farmers were selected and categorized into two main groups: those who used organic 

fertilizers (either exclusively or in combination) and those who applied conventional chemical 

fertilizers (M. Salam et al., 2021). 

Data collection involved field surveys, structured interviews, and direct observation of cultivation 

practices, production inputs, and rice yields. Primary data included the types and quantities of 

fertilizers used, land area, labor input, and rice production outcomes, while secondary data were 

obtained from relevant local institutions. Technical efficiency was analyzed using the Data 

Envelopment Analysis (DEA) approach to assess the efficiency level of each farmer in utilizing 

production inputs (Fei et al., 2024). In addition, descriptive analysis and statistical tests were 

employed to compare productivity, efficiency, and the factors influencing the success of rice 

farming based on the use of organic fertilizers. The findings of this study are expected to provide 

strategic recommendations for organic fertilizer management to support the development of 

sustainable rice farming in the study area (Fei et al., 2024; Li et al., 2022). 

Results and Discussion  
The data presented in Table 1 reflects the characteristics and performance of rice farming among 

a number of farmers in Secanggang Subdistrict. The cultivated land area ranges from 0.36 to 1.15 

hectares, with varying levels of organic fertilizer application, indicating differences in fertilization 

strategies among farmers. The amount of labor used per planting season also varies, ranging from 

15 to 29 person-days (HOK), suggesting different labor intensities in cultivation activities. 

Production costs incurred by farmers range from approximately IDR 3 million to IDR 4.4 million 

per season, while rice productivity spans from 4.13 to 5.39 tons per hectare. Farmers' income also 

varies significantly, likely influenced by a combination of factors such as productivity, input use 

efficiency, and market prices. Meanwhile, the farming experience of the respondents ranges from 

2 to 18 years, which may affect their decision-making in farm management. 

The results of technical efficiency analysis using the Data Envelopment Analysis (DEA) approach 

show variation in relative efficiency among farmers. The values of Constant Returns to Scale 

(CRS_eff) and Variable Returns to Scale (VRS_eff) indicate that some farmers have achieved full 

efficiency (score of 1.000), while others operate at lower efficiency levels. For instance, a farmer 

with a CRS_eff value of 0.757 is only able to produce about 75.7% of the potential output with 

the given inputs, highlighting the potential for improvement in input management. The difference 
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between CRS and VRS values also suggests that farm scale may influence efficiency; in some 

cases, inefficiency arises from suboptimal scale operations. These findings emphasize the need to 

strengthen farmers’ capacities in both technical cultivation and scale optimization to achieve more 

efficient and sustainable farming performance. 

Tabel.1 Farm Characteristics, Input Utilization, and DEA-Based Efficiency of Rice Farmers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source. Primary data were processed using STATA 14 software 

Technical Efficiency in Organic Rice Farming 

The level of technical efficiency in organic rice farming in Secanggang Subdistrict, Langkat  
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Regency, is relatively high, with average efficiency scores of 0.82 under the Constant Returns to 

Scale (CRS) model and 0.89 under the Variable Returns to Scale (VRS) model. A total of 31% of 

farmers achieved full efficiency (θ = 1), particularly among those cultivating land areas greater 

than 0.5 hectares, who were found to be 15% more efficient than those with smaller plots (p = 

0.018). The optimal application rate of organic fertilizer was between 350–400 kg/ha, which 

yielded the highest average efficiency score (0.88). Deviation from this range resulted in a 

decrease in efficiency by 8–12%. These findings are consistent with studies conducted in Vietnam 

and the Philippines, which reported that technical efficiency scores in organic rice farming 

generally ranged from 0.75 to 0.89, with land size and appropriate input use identified as key 

determinants of efficiency (Hidalgo et al., 2025; Ngo et al., 2025). 

Managerial factors also played a significant role, with farmers possessing more than 10 years of 

experience achieving 9% higher efficiency levels (p = 0.07). However, slack analysis revealed 

that 22% of farmers employed excess labor (an average of 3.2 person-days) and 15% applied 

excessive fertilizer (28 kg/ha above optimal levels). Returns to scale patterns showed that 58% of 

farmers operated under Increasing Returns to Scale (IRS), indicating opportunities for farm 

expansion, particularly for those with less than 0.5 hectares of land. In contrast, 27% of farmers 

experienced Decreasing Returns to Scale (DRS), suggesting a need for input intensification. 

Similar results have been reported in Bangladesh and Vietnam, where farming experience, labor 

availability, and access to training significantly influenced technical efficiency. Additionally, 

optimal use of organic fertilizers was shown to improve yields by up to 16.7% while reducing 

input use (Chau & Ahamed, 2022; M. Salam et al., 2021). 

Compared to other regions, the technical efficiency of farmers in Secanggang was 7% higher than 

in Deli Serdang, although their optimal fertilizer dosage was 20% lower than the national 

recommendation. This highlights the importance of adopting site-specific approaches based on 

local agroecological characteristics, such as the naturally fertile alluvial soils in Secanggang, 

which reduce the need for organic fertilizer input. Studies in the Philippines and Pakistan also 

found that larger landholdings and access to training and technical support were associated with 

higher efficiency, whereas overuse of inputs tended to reduce overall efficiency (Heinz et al., 

2022; Hidalgo et al., 2025). 

The policy implications of this study suggest the adoption of optimal technical packages—

consisting of landholding sizes of 0.5–1 hectare, fertilizer application rates of 350–400 kg/ha, and 

labor use between 18–22 person-days—as well as targeted interventions such as labor 

management training and the development of on-farm composting systems. This study is limited 

by its temporal scope, as data were collected over a single planting season, and it does not account 

for soil quality variables. Therefore, future research is recommended to incorporate long-term 

data, soil fertility parameters, and climatic variables to strengthen policy recommendations. These 

findings provide an empirical foundation for accelerating the transition to sustainable agriculture 

through measurable technical efficiency, aligning with international recommendations to enhance 

the productivity and sustainability of organic rice farming systems (Chau & Ahamed, 2022; Heinz 

et al., 2022). 

The Role of Organic Fertilizers in Enhancing Productivity and Soil Health 

The application of organic fertilizers in Secanggang Subdistrict, Langkat Regency, at an optimal 

dosage of 350–400 kg/ha has proven effective in maintaining average rice productivity at 5.4 

tons/ha, only slightly below the yield achieved with inorganic fertilizers. The observed technical 

efficiency reached 0.88, accompanied by a reduction in production costs of approximately 15–

20%. Field data further indicate that the combination of livestock manure and compost generated 

the highest productivity levels, reaching up to 6 tons/ha, highlighting the importance of organic 
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matter quality and diversity. These findings align with research conducted in Ngawi, East Java, 

where farmers using organic fertilizers achieved higher yields and better incomes compared to 

non-organic farmers, particularly when supported by education, training, and active participation 

in farmer groups (Fahmie et al., 2023; Saeri & Rahman, 2020). 

The positive impacts of organic fertilizer application are also evident in improved soil health in 

Secanggang. According to data from the Langkat Department of Agriculture (2022), farmers who 

consistently applied organic fertilizers over a three-year period recorded soil organic carbon (C-

organic) levels ranging from 1.8% to 2.2%, higher than those found in conventionally managed 

soils (1.2% to 1.5%). Furthermore, soil pH increased from 5.2 to 6.1 over five years, approaching 

the neutral range considered ideal for rice cultivation. Similar results have been reported in 

Tasikmalaya and Gorontalo, where high-quality solid organic fertilizers were shown to improve 

C-organic content, soil pH, and microbial populations—factors that collectively contribute to 

long-term improvements in productivity and soil health (Ilahude et al., 2023; Nadalia et al., 2024). 

At the national level, agroecological nutrient management strategies that prioritize the use of 

organic fertilizers and biofertilizers have been recommended as key approaches to enhance rice 

productivity and support Indonesia’s food security agenda. This approach not only reduces 

dependence on chemical fertilizers but also improves input-use efficiency, restores biological soil 

functions, and lowers greenhouse gas emissions. The national target is to increase average rice 

productivity from 5.2 tons/ha to 7.3 tons/ha by 2050 through the optimization of organic 

fertilization and sustainable land management practices (Sujianto et al., 2020; Susanti et al., 

2024). Studies conducted across various regions in Indonesia have consistently demonstrated that 

combining organic and inorganic fertilizers at appropriate dosages improves yields, reduces 

production costs, and enhances the sustainability of farming systems (Arianti et al., 2022; 

Radiananda et al., 2023). 

The application of organic fertilizers within the optimal range has also been shown to mitigate 

land degradation symptoms and reduce reliance on chemical inputs. This is supported by research 

in Purworejo and East OKU (Ogan Komering Ulu), where although the efficiency of organic 

fertilizer use among farmers remains suboptimal, there is significant potential to boost 

productivity and income through improved training, access to quality fertilizers, and institutional 

strengthening of farmer organizations (Fahmie et al., 2023; Rahayu et al., 2020). Accordingly, the 

transition toward organic agriculture in Langkat—and Indonesia more broadly—should not be 

viewed merely as an alternative, but as a holistic solution for building resilient, efficient, and 

sustainable rice farming systems(Ilahude et al., 2023; Rahayu et al., 2020; Saeri & Rahman, 2020; 

Susanti et al., 2024). 

Challenges and Opportunities in Organic Rice Farming 

Organic rice farming in Indonesia, including in Secanggang Subdistrict, faces several key 

challenges related to technical, economic, and institutional aspects. On the technical side, the 

transition from conventional to organic systems often results in reduced yields during the 

adjustment period, higher labor requirements, and limited access to high-quality organic fertilizers 

and appropriate cultivation technologies (Bunkar et al., 2024; Lei & Yang, 2024). In addition, 

inefficiencies in production costs are frequently observed, particularly among farmers who apply 

excessive amounts of organic fertilizer without considering site-specific soil needs, which in turn 

reduces both technical efficiency and profitability (Agarwal et al., 2025). A lack of knowledge, 

experience, and access to training further hinders the optimal adoption of organic farming 

practices (Shah & Wu, 2019). 

From an economic perspective, the primary challenges include high initial costs and investment 
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requirements—especially for procuring organic fertilizers and obtaining certification—as well as 

the unstable price of organic paddy at the farm level (Agarwal et al., 2025; De Vente & Boix‐

Fayos, 2023). In many regions, the price premium between organic and conventional rice is 

insufficient to offset the additional risks and expenses borne by farmers (Agarwal et al., 2025). 

Moreover, marketing channels for organic products remain limited, both in terms of market access 

and supporting infrastructure, making it difficult for farmers to consistently capture premium 

prices that should serve as a key incentive (Shah & Wu, 2019). Reliance on external factors such 

as farming experience and labor availability also influences the success of organic farming at the 

grassroots level. 

Despite these challenges, the prospects for developing organic rice farming are substantial. 

Domestic and international demand for organic rice continues to grow, driven by increasing 

consumer awareness of health and environmental concerns (Lei & Yang, 2024; Shah & Wu, 

2019). Studies conducted in various regions across Indonesia indicate that organic rice farming 

holds the potential for higher long-term economic returns, especially when supported by strong 

institutions, continuous farmer training, and government incentives (Bunkar et al., 2024; De Vente 

& Boix‐Fayos, 2023). The experience of efficient farmers in Secanggang who achieved high 

productivity with moderate doses of organic fertilizer demonstrates that site-specific input 

optimization and peer learning can be highly effective in enhancing efficiency and farmer income. 

To capitalize on these opportunities, an integrated approach is needed one that includes 

institutional strengthening of farmer groups, intensive agricultural extension services, market 

development, and policy support through incentives and certification subsidies (Bunkar et al., 

2024; De Vente & Boix‐Fayos, 2023; Shah & Wu, 2019). The experience in Secanggang 

illustrates that collaboration among farmers, government agencies, and supporting institutions can 

accelerate the adoption of organic technologies, improve technical efficiency, and enhance the 

competitiveness of organic products in the market. Thus, organic rice farming represents a 

sustainable solution that not only improves farmer welfare but also contributes to long-term soil 

and environmental health (Bunkar et al., 2024; De Vente & Boix‐Fayos, 2023; Shah & Wu, 2019). 

Sustainable Agriculture through Efficiency and Innovation 

The implementation of sustainable agriculture in Secanggang Subdistrict, Langkat Regency, is 

highly relevant for enhancing efficiency and innovation within the rice farming system. Input 

optimization—such as the moderate application of organic fertilizers—has been proven to 

improve productivity and efficiency while simultaneously supporting environmental 

sustainability (Ariadi & Relawati, 2024). However, challenges remain, particularly inefficiencies 

arising from the misallocation of production factors, such as the excessive use of fertilizers, which 

not only reduces efficiency but also results in resource wastage, as noted in several international 

studies. 

Improvements in efficiency are strongly influenced by farmers’ experience and knowledge, where 

training and intergenerational knowledge transfer play a critical role in promoting the adoption of 

environmentally friendly technologies and enhancing technical efficiency (Sujianto et al., 2020). 

Studies have shown that high-quality training and continuous extension services can significantly 

increase production efficiency and stimulate innovation in sustainable farming practices . 

Technological innovations, including the use of modern agricultural tools, efficient water 

management systems, and conservation agriculture practices (e.g., zero tillage, crop rotation, and 

residue retention), have been shown to improve yields, increase water-use efficiency, and reduce 

greenhouse gas emissions (Ariadi & Relawati, 2024). The integration of digital technologies and 

precision farming is also increasingly recognized for its potential to enhance agricultural 
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productivity and sustainability—provided that adequate training and infrastructure support are 

available (Sujianto et al., 2022). 

Policy and institutional support are essential to accelerate the transformation toward sustainable 

agriculture. Incentive-based policies, regulations that promote green technology adoption, the 

strengthening of farmer groups, and improved market access are key factors in the successful 

implementation of sustainable farming at the local level (Sujianto et al., 2024). Collaboration 

among government agencies, research institutions, and farmers is vital to ensure that policies are 

responsive to field-level needs and conditions. 

An integrated approach that combines input optimization, technological innovation, capacity 

building, and policy support is widely acknowledged as the most effective strategy to achieve 

productive and environmentally sound agriculture (Sujianto et al., 2024). Systematic reviews have 

emphasized that the adoption of innovative practices, coupled with education-based policy 

interventions, can help overcome major barriers to the implementation of sustainable agriculture 

(Susilowati et al., 2024). 

Therefore, Secanggang Subdistrict holds significant potential to serve as a model for sustainable 

rice farming, provided it successfully integrates these key elements. Cross-sectoral collaboration 

and the adaptation of policies tailored to local needs will not only strengthen agricultural 

competitiveness but also ensure the preservation of soil and environmental health for future 

generations (Sujianto et al., 2024). 

Conclusion  
The findings of this study indicate that the application of organic fertilizers in rice farming in 

Secanggang Subdistrict resulted in an average technical efficiency of 78% under the Constant 

Returns to Scale (CRS) model and 85% under the Variable Returns to Scale (VRS) model, with 

22% of farmers achieving optimal efficiency levels (>90%). The most efficient fertilizer dosage 

ranged from 300–400 kg/ha, leading to a 15–20% reduction in production costs and an increase 

in average farmer income of approximately IDR 1.2 million per growing season. Managerial 

factors particularly farming experience exceeding 10 years and higher educational attainment 

were found to have a stronger influence on efficiency than technical factors, with farmers 

cultivating areas larger than 0.5 hectares showing 12% higher efficiency on average. Ecologically, 

consistent organic fertilizer use improved soil organic carbon (1.8–2.2%) and stabilized soil pH 

from 5.2 to 6.1. T 

hese results emphasize three critical insights: a remaining 22% potential gain in efficiency through 

optimized input use, the efficacy of moderate integrated organic fertilization, and the importance 

of locally adapted strategies to enhance adoption. Scientifically, this study contributes new 

empirical evidence on the efficiency of organic fertilizer application in tropical rice farming 

systems, deepening understanding of the role of managerial and agronomic factors in sustainable 

agriculture, and providing a valuable reference for policy and practical interventions that promote 

environmentally responsible and economically viable farming practices. 
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