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Abstract: 

Smart agriculture, driven by the Internet of Things (IoT), is reshaping agricultural productivity, resource 
efficiency, and environmental sustainability in emerging economies. This study examines the socio-technical 
dynamics influencing IoT adoption in agriculture, focusing on technological readiness, institutional 
support, farmer literacy, infrastructure constraints, and environmental outcomes. It highlights how IoT-
enabled systems—such as precision irrigation, sensor-based soil monitoring, and automated crop 
management—can reduce water usage, improve yield efficiency, and mitigate climate risks. However, 
challenges such as digital inequality, high implementation costs, and limited technical expertise restrict 
large-scale adoption. The paper proposes an integrated socio-technical framework that aligns policy, 
technology, and human capacity building to ensure sustainable agricultural transformation in developing 
regions. 
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1. INTRODUCTION 

Agriculture remains the backbone of many emerging economies, particularly in South Asia, 

Africa, and parts of Latin America. In Pakistan, agriculture contributes significantly to GDP and 

employment, yet it faces persistent challenges such as water scarcity, climate variability, 

inefficient resource utilization, and low productivity. In response, smart agriculture powered by 

IoT technologies has emerged as a transformative paradigm. IoT in agriculture involves 

interconnected devices such as soil sensors, weather stations, drones, and automated irrigation 

systems that collect and transmit real-time data for decision-making. These technologies enable 

precision farming, reducing waste and improving efficiency. However, the adoption of IoT is not 

merely a technological issue; it is deeply socio-technical, shaped by institutional policies, farmer 

behavior, education levels, infrastructure availability, and socio-economic inequalities. This paper 

explores how these interconnected factors influence IoT adoption and examines their implications 

for environmental sustainability in emerging economies. 
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Technological Infrastructure and IoT Integration in Agriculture 

Technological infrastructure forms the backbone of IoT-enabled smart agriculture, particularly in 

emerging economies where agricultural productivity is closely tied to environmental conditions 

and resource availability. At its core, IoT integration in agriculture depends on three interrelated 

components: reliable  connectivity, sensor networks, and digital platforms that collectively enable 

real-time data collection, transmission, and decision-making. In rural farming contexts, 

connectivity remains one of the most critical challenges. Many agricultural regions still face 

limited access to high-speed internet, unstable mobile networks, and insufficient digital coverage. 

Despite these constraints, the expansion of 4G/5G mobile networks and low-power wide-area 

networks (LPWAN) such as LoRaWAN and NB-IoT is gradually improving the feasibility of 

deploying IoT systems in remote farming areas. These communication technologies allow devices 

to transmit small but continuous data streams over long distances with minimal energy 

consumption, making them highly suitable for large-scale agricultural environments. Sensor 

networks constitute the second foundational layer of IoT integration. These include soil moisture 

sensors, temperature and humidity sensors, pH meters, nutrient detection devices, and weather 

monitoring stations deployed across farmland. These sensors continuously collect environmental 

and crop-related data, enabling precision agriculture practices such as optimized irrigation 

scheduling, fertilizer management, and pest control. For example, soil moisture sensors help 

farmers determine the exact water requirements of crops, reducing unnecessary irrigation and 

conserving water resources—an especially critical issue in water-stressed countries like Pakistan. 

Similarly, climate sensors assist in predicting extreme weather conditions, enabling farmers to take 

preventive measures that reduce crop losses. The effectiveness of these sensor systems depends on 

their accuracy, durability, affordability, and ability to function in harsh environmental conditions 

such as high temperatures, dust, and variable humidity. The third key component is digital 

platforms, which serve as the intelligence layer of IoT-based agricultural systems. These platforms 

aggregate data collected from sensors and convert it into actionable insights using data analytics, 

machine learning algorithms, and cloud computing systems. Farmers can access these insights 

through mobile applications, web dashboards, or SMS-based advisory systems, depending on their 

level of digital literacy and infrastructure availability. In advanced implementations, these 

platforms provide automated recommendations for irrigation timing, crop rotation, fertilizer 

application, and disease detection. Cloud computing plays a crucial role in storing large volumes 

of agricultural data, while edge computing is increasingly being used to process data locally in real 

time, reducing latency and improving responsiveness. Moreover, the integration of these 

technologies creates an interconnected ecosystem where data flows seamlessly from field-level 

sensors to centralized or distributed computing systems, ultimately supporting informed decision-

making. However, successful implementation requires not only technological deployment but also 

institutional support, farmer training, and cost-effective solutions tailored to smallholder farmers. 

Without addressing these socio-technical constraints, the full potential of IoT-driven agricultural 

transformation in emerging economies cannot be realized. 

Socio-Economic Barriers to IoT Adoption 

Despite the promising potential of IoT-enabled smart agriculture, socio-economic barriers 

significantly hinder its widespread adoption in emerging economies. One of the most critical 

challenges is affordability. IoT systems, including sensors, connectivity devices, data platforms,  
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and maintenance services, require substantial initial investment and ongoing operational costs. For 

smallholder farmers—who constitute the majority in countries like Pakistan—these costs are often 

prohibitive. Unlike large-scale agribusinesses that can absorb technological expenses and benefit 

from economies of scale, small farmers typically operate under tight financial constraints, limited 

access to credit, and uncertain income streams. As a result, they tend to prioritize immediate 

agricultural inputs such as seeds, fertilizers, and pesticides over long-term digital investments, 

even if IoT solutions promise higher productivity and resource efficiency in the future. Digital 

literacy represents another major barrier to IoT adoption. Many rural farming communities have 

limited exposure to digital technologies, reducing their ability to understand, interpret, and act on 

data-driven agricultural insights. Even when mobile-based advisory systems or simple sensor 

dashboards are available, farmers may struggle to interpret technical outputs such as soil moisture 

percentages, weather predictions, or algorithm-based recommendations. This digital skill gap is 

further widened by limited access to formal education and inadequate extension services that could 

otherwise bridge the knowledge divide.  Consequently, the effectiveness of IoT systems is reduced 

when end-users are unable to fully utilize the information provided by these technologies. Land 

ownership structures also play a significant role in shaping technology adoption behavior. In many 

developing regions, fragmented landholdings and insecure tenancy arrangements discourage long-

term investment in advanced agricultural technologies. Tenants who do not own the land may lack 

incentives to invest in IoT infrastructure, as they do not directly benefit from long-term 

productivity gains. Similarly, small and fragmented plots make it difficult to implement large-scale 

sensor networks or automated irrigation systems efficiently. This structural issue limits scalability 

and reduces the cost-effectiveness of IoT deployment in rural farming systems. Farmer readiness, 

which encompasses attitudes, awareness, and willingness to adopt innovation, further influences 

adoption rates. In many cases, farmers exhibit resistance to technological change due to 

uncertainty, perceived complexity, and lack of trust in digital systems. Traditional farming 

practices, passed down through generations, remain deeply embedded in rural communities, 

making behavioral transition toward data-driven agriculture gradual and challenging. 

Additionally, limited demonstration projects and weak institutional support reduce farmers’ 

confidence in adopting new technologies. Overall, these socio-economic barriers are deeply 

interconnected, creating a complex ecosystem of constraints that slow down IoT adoption. 

Addressing these challenges requires not only technological solutions but also inclusive policy 

interventions, targeted subsidies, capacity-building programs, and strengthened rural 

infrastructure. Without overcoming these barriers, the transformative potential of IoT in 

agriculture will remain unevenly distributed and largely inaccessible to the most vulnerable 

farming populations. 

Institutional and Policy Frameworks 

Institutional and policy frameworks play a decisive role in shaping the adoption and scalability of 

IoT-based smart agriculture in emerging economies. While technological innovation provides the 

tools for precision farming, it is the strength of governance structures, public sector support, and 

regulatory environments that determines how effectively these tools are integrated into mainstream 

agricultural systems. Governments are central actors in this transformation, particularly through 

subsidies that reduce the financial burden of adopting digital technologies. In many developing 

countries, including Pakistan, farmers operate with narrow profit margins and limited access to  
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credit, making upfront investment in IoT devices—such as sensors, smart irrigation systems, and 

farm management software—difficult. Targeted subsidies for digital agriculture technologies can 

significantly lower entry barriers and encourage early adoption. These subsidies may include cost-

sharing programs, tax incentives, or direct provision of smart farming equipment, especially for 

smallholder farmers who are most vulnerable to productivity shocks and climate risks. Agricultural 

extension services also serve as a critical institutional bridge between technology providers and 

rural farming communities. Traditionally, extension systems have focused on disseminating 

knowledge about crop varieties, fertilizers, and pest management techniques. However, in the 

context of smart agriculture, their role is rapidly evolving toward digital capacity building and 

technology facilitation. Extension officers can help farmers interpret IoT-generated data, use 

mobile-based advisory platforms, and adopt precision farming practices effectively. In addition, 

they can demonstrate the practical benefits of IoT technologies through pilot projects and field 

demonstrations, thereby increasing trust and reducing resistance among farmers. Unfortunately, in 

many emerging economies, extension services remain under-resourced, understaffed, and 

insufficiently trained in digital agriculture, limiting their effectiveness in supporting large-scale 

IoT adoption. Digital agriculture policies provide the overarching strategic direction for integrating 

IoT into national agricultural systems. These policies typically address issues such as rural 

broadband expansion, data governance, cybersecurity, interoperability standards, and public-

private partnerships. Countries that have successfully advanced digital agriculture initiatives often 

emphasize ecosystem-based approaches that bring together government agencies, technology 

companies, research institutions, and farming communities. For example, policy frameworks may 

encourage the development of agricultural data platforms, promote investment in rural 

connectivity infrastructure, and support innovation hubs focused on agri-tech solutions. In 

emerging economies, however, policy implementation  often faces challenges such as fragmented 

institutional coordination, limited budget allocation, and weak regulatory enforcement. Moreover, 

effective governance of agricultural data is becoming increasingly important as IoT systems 

generate large volumes of sensitive information related to land use, crop productivity, and farmer 

behavior. Policies must ensure data privacy, ownership rights, and ethical use of agricultural data, 

particularly when private companies are involved in data collection and analytics. Without clear 

regulations, farmers may become dependent on proprietary platforms, leading to digital 

monopolies and unequal benefit distribution. In conclusion, institutional and policy frameworks 

are fundamental to the successful integration of IoT in agriculture. Strengthening subsidies, 

modernizing extension services, and developing coherent digital agriculture policies can 

significantly accelerate adoption while ensuring inclusivity and sustainability. Without strong 

institutional support, technological advancements alone are insufficient to transform agricultural 

systems in a meaningful and equitable way. 

Environmental Sustainability Outcomes 

The integration of IoT technologies in agriculture has significant implications for environmental 

sustainability, particularly in the areas of water conservation, fertilizer optimization, and climate 

resilience. In water-scarce regions such as Pakistan and other emerging economies, inefficient 

irrigation practices have historically contributed to groundwater depletion and resource stress. IoT-

enabled smart irrigation systems address this challenge by utilizing real-time soil moisture data, 

weather forecasts, and crop water requirements to precisely regulate irrigation schedules. Instead  



JOURNAL OF EMERGING TECHNOLOGY AND DIGITAL TRANSFORMATION 

ONLINE ISSN 

3006-9726 

PRINT ISSN 

VOLUME. 5 ISSUE. 2 (2026) 3006-9718 

118 

 

 

 

 

 

of relying on traditional flood irrigation methods, farmers can adopt drip or sensor-based irrigation 

systems that supply water only when and where it is needed. This precision significantly reduces 

water wastage, enhances water-use efficiency, and helps maintain long-term groundwater 

sustainability. Over time, such technologies contribute to more balanced water resource 

management at both farm and regional levels. Fertilizer optimization is another critical 

environmental benefit of IoT-based smart agriculture. Excessive and unregulated use of chemical 

fertilizers has long been associated with soil degradation, water pollution, and greenhouse gas 

emissions. IoT systems, combined with soil nutrient sensors and data analytics, enable farmers to 

apply fertilizers in precise quantities based on actual soil requirements rather than generalized 

estimates. This approach, often referred to as precision nutrient management, ensures that crops 

receive the exact nutrients they need for optimal growth while minimizing chemical runoff into 

surrounding ecosystems. As a result, soil health is preserved, production costs are reduced, and the 

environmental footprint of agricultural practices is significantly lowered. In addition, improved 

fertilizer efficiency contributes to reduced nitrous oxide emissions, which are a major driver of 

agricultural greenhouse gas emissions. Climate resilience is another major area where IoT 

contributes to sustainable agricultural development. Emerging economies are increasingly 

vulnerable to climate change impacts, including unpredictable rainfall patterns, heatwaves, floods, 

and droughts. IoT-based systems enhance farmers’ ability to adapt to these changing conditions 

by providing early warning systems and predictive analytics. Weather sensors, satellite integration, 

and AI-driven forecasting models allow farmers to anticipate extreme weather events and take 

proactive measures such as adjusting planting schedules, protecting crops, or modifying irrigation 

practices. This predictive capability reduces crop losses and enhances overall farm resilience in 

the face of environmental uncertainty. Furthermore, IoT systems contribute to long-term 

environmental monitoring by generating continuous datasets on soil conditions, climate 

variability, and crop performance. These datasets can be used by policymakers and researchers to 

design more sustainable agricultural strategies and improve resource allocation at national and 

regional levels. However, the environmental benefits of IoT are maximized only when adoption is 

widespread and supported by adequate infrastructure, training, and policy frameworks. Without 

inclusive access, the sustainability gains may remain limited to technologically advanced or large-

scale farms. In summary, IoT-enabled smart agriculture offers substantial environmental benefits 

by improving water efficiency, reducing chemical inputs, and strengthening climate adaptability. 

These outcomes are essential for achieving sustainable agricultural development in emerging 

economies facing increasing environmental pressures and resource constraints. 

Future of Socio-Technical Agricultural Systems 

The future of socio-technical agricultural systems is expected to evolve through deeper integration 

of advanced digital technologies such as Artificial Intelligence (AI), blockchain, and data-driven 

governance models. These technologies, when combined with IoT infrastructure, are likely to 

transform agriculture from a reactive and experience-based system into a predictive, automated, 

and highly transparent ecosystem. AI plays a central role in this transformation by enabling 

advanced analytics, machine learning-based forecasting, and autonomous decision-making in 

farming operations. For instance, AI algorithms can analyze large datasets collected from IoT 

sensors, satellite imagery, and weather stations to predict crop yields, detect plant diseases at early 

stages, and recommend optimal planting or harvesting times. This level of intelligence allows  
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farmers to move beyond traditional intuition-based practices toward precision agriculture systems 

that maximize productivity while minimizing environmental impact. Blockchain technology 

further strengthens the agricultural value chain by introducing transparency, traceability, and trust 

into farming and food distribution systems. In many emerging economies, agricultural supply 

chains suffer from inefficiencies, middlemen exploitation, and lack of traceability, which can lead 

to reduced farmer income and consumer distrust. Blockchain can address these issues by creating 

immutable digital records of agricultural transactions, from seed sourcing and cultivation practices 

to transportation and retail distribution. This ensures that all stakeholders have access to verifiable 

information about product origin, quality, and handling processes. For farmers, blockchain-based 

smart contracts can enable fair pricing mechanisms and faster payments, reducing dependency on 

intermediaries and improving financial inclusion. Data-driven governance models represent 

another critical dimension of future agricultural systems. As IoT devices generate massive volumes 

of agricultural data, governments and institutions will increasingly rely on data analytics to design 

policies, allocate resources, and manage food security challenges. Such governance systems can 

support real-time monitoring of agricultural productivity, climate risks, and resource utilization, 

enabling more responsive and evidence-based policymaking. In addition, digital platforms can 

facilitate better coordination between public institutions, private technology providers, and 

farming communities, creating integrated agricultural innovation ecosystems. However, the future 

of these socio-technical systems also raises important concerns regarding data ownership, 

cybersecurity, and digital inequality. If not carefully regulated, advanced technologies may deepen 

existing disparities between large commercial farms and smallholder farmers who lack access to 

digital infrastructure and technical expertise. Therefore, inclusive governance frameworks, 

capacity-building programs, and equitable access policies will be essential to ensure that 

technological advancements benefit all segments of the agricultural sector. In conclusion, the 

convergence of AI, blockchain, and IoT within data-driven governance systems has the potential 

to revolutionize agriculture in emerging economies. This future model promises higher 

productivity, improved sustainability, and more transparent supply chains, but its success will 

depend on inclusive implementation and strong institutional support. 
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Smart Agriculture and IoT Adoption in Emerging Economies 

Component of Smart 

Agriculture 
IoT Application 

Environmental 

Benefit 
Key Challenge 

Soil Monitoring Soil moisture sensors Water conservation High installation cost 

Irrigation Systems Smart drip irrigation 
Reduced water 

wastage 

Limited rural 

connectivity 

Crop Monitoring 
Drones & satellite 

imaging 

Early disease 

detection 
Technical skill gap 

Fertilizer Management Smart nutrient sensors 
Reduced chemical 

use 

Device maintenance 

issues 

Weather Forecasting IoT weather stations 
Climate risk 

reduction 

Data accuracy 

limitations 

Summary 

This study highlights that IoT-based smart agriculture significantly enhances environmental 

sustainability by improving resource efficiency and agricultural productivity. However, its 

adoption is constrained by socio-economic and institutional barriers in emerging economies like 

Pakistan. The findings emphasize the need for integrated policy frameworks that combine 

technological innovation with farmer education, infrastructure development, and inclusive 

governance models. A balanced socio-technical approach is essential for ensuring that digital 

agriculture contributes effectively to sustainable development goals. 
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