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ABSTRACT: Precision agriculture continues to evolve with
the integration of Internet of Things (IoT) technologies,
offering new pathways for improving resource efficiency and
sustainability. This study evaluates the impact of IoT-based
automation in irrigation and fertigation systems, focusing on
agricultural input efficiency, crop productivity, and
sustainability metrics. A comparative field experiment was
conducted, contrasting traditional manual input management
with sensor-guided automated systems. The automated
system employed capacitive soil moisture sensors, fertigation
controllers, and a real-time dashboard for monitoring and
control. Results indicated that automated systems reduced
irrigation volumes by 30% and fertilizer use by 20%, while
increasing crop yield from 6.5 to 7.2 tons per hectare. Crop
water productivity improved from 3.61 to 5.76 kg/m?, and
water use efficiency rose significantly. Sustainability
outcomes wetre positive, with reduced labor demands,
enhanced user perception, and a 120% return on investment.
These findings were contextualized with global literature,
which supports the value of IoT technologies in achieving
adaptive input management, especially under variable
environmental conditions. The study concludes that IoT-
enabled automation in irrigation and fertigation contributes
significantly to sustainable agricultural intensification.
Broader adoption can be supported through policy
incentives, training, and infrastructure development to
overcome existing socio-technical barriers. Future research
should expand to multi-season and multi-regional studies to
validate long-term impacts and scalability.
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Precision Agriculture, Sustainability, Input Efficiency, Crop
Productivity.

This is an open access article under the
B CC-BY 4.0 license

INTRODUCTION

Agriculture remains a critical sector for global food security and economic stability, particularly in

developing regions where it provides livelthoods for a substantial portion of the population.
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However, traditional irrigation and fertigation practices continue to pose significant challenges for
modern agriculture. These practices often result in inefficient resource use, nutrient loss, and
reduced crop productivity, thereby hindering sustainable agricultural development. This chapter
explores the underlying challenges in traditional irrigation and fertigation, evaluates how Internet
of Things (IoT) technologies are reshaping input management, and outlines the rationale for this

study.

One of the most pressing concerns in conventional agricultural practices is the inefficiency in water
usage. Traditional irrigation methods such as flood irrigation and surface furrows frequently lead
to substantial water wastage. Over-irrigation is a common consequence, resulting in deep
percolation and waterlogging, which not only wastes water but also adversely affects soil structure
and plant health (Kaur et al., 2024). These methods typically lack precision and fail to account for
spatial variability in soil moisture and crop needs, which exacerbates inefficiencies (Neupane &
Guo, 2019; Tian et al., 2017). In many cases, inadequate monitoring of soil water content further
amplifies the issue, as farmers often rely on fixed schedules rather than real-time data, leading to
poorly timed irrigation events (Hairu et al., 2022).

Nutrient management in traditional fertigation systems faces similar challenges. The timing and
amount of fertilizer application are frequently misaligned with crop nutrient uptake capabilities
and soil nutrient retention. This mismatch leads to significant nutrient leaching, particularly in
flood-irrigated systems, which causes environmental pollution through runoff into nearby water
bodies and long-term soil fertility degradation (Khamarunneesa et al., 2023; Mohammed et al.,
2021). As these systems fail to adapt dynamically to plant needs and environmental conditions,
they often result in both economic losses and ecological damage.

Beyond technical inefficiencies, socio-economic factors also impede the adoption of more efficient
irrigation and fertigation practices. Financial limitations, lack of education, and restricted access to
information often influence farmers' decisions. Research indicates that older farmers or those with
minimal education are less likely to invest in high-efficiency systems, even when their benefits are
demonstrable (Darwish et al., 2024; Sajid et al., 2022). Consequently, efforts to modernize
agricultural input systems must also address these social and economic constraints to ensure
broader adoption and sustained impact.

In response to these challenges, the integration of IoT technology into agriculture presents a
transformative solution. IoT facilitates precision agriculture by providing real-time data through
sensor technologies and enabling automated responses based on this data. This technological
advancement allows for precise monitoring and control of water and fertilizer application, ensuring
that inputs are delivered when and where they are needed most (Jalajamony et al., 2023). For
example, smart irrigation systems equipped with moisture sensors can trigger watering events only
when soil moisture falls below optimal thresholds, significantly improving water use efficiency
(Kaur et al., 2024; Hairu et al., 2022).

Further, IoT-based decision support systems enhance farm management by integrating sensor data
with weather forecasts and crop growth models. These systems help predict future input needs
and enable dynamic scheduling of irrigation and fertigation events (Alnaim et al., 2022; Zannat et
al., 2023). By reducing reliance on fixed routines and human guesswork, these systems promote a
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more adaptive and sustainable approach to resource management. Moreover, by minimizing input
waste, they contribute to environmental conservation and cost reductions.

The environmental benefits of automated input systems are well-documented. IoT-integrated
irrigation systems have shown the ability to reduce water consumption by over 30% compared to
traditional methods, while maintaining or enhancing crop yields (Kaur et al., 2024). Similarly,
automated fertigation helps reduce nutrient leaching by tailoring application rates to crop demands,
thereby protecting soil and water quality (Dou et al., 2024; Wenzhu et al, 2024). These
improvements underscore the role of automation in addressing ecological sustainability in
agriculture.

Smart irrigation systems, in particular, represent a shift toward adaptive water management
strategies. By using real-time data on weather and soil conditions, these systems can dynamically
adjust irrigation to optimize crop growth and minimize stress (Kumar et al., 2023). They also
support the long-term sustainability of water resources by preventing over-extraction from
aquifers and minimizing surface water depletion (Ahansal et al., 2022).

Real-time monitoring is fundamental to the effectiveness of IoT systems. It enables precision in
input delivery and supports informed decision-making across various aspects of farm
management. Continuous tracking of soil moisture, nutrient levels, and weather patterns allows
farmers to respond promptly to changing conditions, improving input efficiency and reducing
operational costs (Kannan & Anandhi, 2020). In addition to resource optimization, real-time
monitoring contributes to risk mitigation by providing early warnings for pest outbreaks and
adverse weather events (Mohammed et al., 2021).

Despite the potential of these technologies, farmer adoption of IoT tools remains uneven due to
economic and educational barriers. Awareness campaigns and training programs have shown
promise in increasing adoption rates by demonstrating the practical benefits of digital tools (Daru
& Alemu, 2024). However, concerns over cost, technical support, and system complexity continue
to deter some farmers, particularly in low-income regions ((Khan et al., 2020; Sajid et al., 2022).

Looking ahead, expanding farmer education and facilitating access to financial resources will be
essential to driving wider adoption of IoT in agriculture. By focusing on the long-term benefits of
cost savings, yield improvements, and environmental sustainability, stakeholders can foster a
supportive environment for the integration of digital technologies. Government programs and
agricultural extension services can play a pivotal role in this transition by offering subsidies,
training, and technical support (Rukhiran et al., 2023).

In conclusion, the application of IoT technologies in irrigation and fertigation presents a powerful
opportunity to enhance agricultural productivity and sustainability. This study seeks to evaluate
the real-world impacts of IoT-based automation systems on input efficiency, crop yield, and
sustainability metrics. By comparing traditional and automated systems through field data, this
research contributes to the growing body of knowledge supporting precision agriculture. The
findings are expected to inform policy decisions, guide technology adoption strategies, and support
future innovations in smart farming practices.
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METHOD

This chapter outlines the methodology employed to evaluate the impact of Internet of Things
(IoT)-based automation on irrigation and fertigation efficiency in agriculture. The approach
involves a comparative experimental design, sensor integration for real-time data acquisition, and
appropriate statistical analyses to assess input usage, crop productivity, and sustainability
outcomes. This section also incorporates standard evaluation protocols, sensor selection criteria,
and data processing methods supported by the relevant literature.

Study Design and Site Description

The research employed a field-based comparative design, contrasting traditional manual practices
with IoT-automated irrigation and fertigation systems. The study was conducted over a single
cropping season on a representative agricultural site equipped for split-plot trials. The test crop
was selected based on regional importance and susceptibility to input efficiency. Two treatment
groups were defined:

¢ Control: Manual scheduling of irrigation and fertigation based on farmer judgment

e Treatment: IoT-based automation guided by sensor feedback and digital control

IoT System Architecture

The automated system comprised capacitive soil moisture sensors, weather-linked decision
support software, and programmable irrigation and fertigation units. A mobile dashboard allowed
farmers to monitor conditions and override commands if necessary.

Evaluation Criteria and Protocols

The performance of the IoT system was evaluated using a multi-dimensional protocol drawn from
established literature (Atalla et al., 2023). Evaluation components included:

¢ Reliability and Accuracy: Comparing sensor data with manual measurements
o Scalability: Reviewing the system’s adaptability for larger areas
o Energy Efficiency: Monitoring battery life and communication frequency.

o User Experience: Conducting Likert-scale surveys to capture farmer perceptions and usability
rating.

e Environmental Impact: Measuring reductions in water and fertilizer use compared to baseline
levels
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Sensor Technologies for Monitoring
Various sensor types were evaluated, with the following selected for implementation:

e Capacitive Soil Moisture Sensors: High durability and resistance to corrosion; suitable for long-
term monitoring.

¢ Resistive Moisture Sensors: Used in pilot trials; lower cost but less reliable over time.
e Tensiometers: Incorporated in validation subplots for soil water potential analysis.

e Smart Soil Probes: Used in a limited capacity to assess extended functionalities like temperature
and EC.

Data Collection and Variables
e Independent Variable: Type of irrigation/fertigation system (manual vs. automated)
e Dependent Variables:
o Daily irrigation volume (m?®/ha)
o Fertilizer applied (L or kg/ha)
o Yield (ton/ha)
o Crop water productivity (kg/m?)
o Water use efficiency (WUE)
o Labor input (hours/week)
o System perception (Likert 1-5)
o Return on investment (ROI)

Data were recorded over the entire growing season. Soil moisture was measured daily via sensors.
Input use was logged automatically in the treatment group and manually in the control group.
Yield was assessed during harvest using standard field measurements.

Statistical Analysis
The dataset underwent a multi-tiered statistical analysis:
e Descriptive Statistics: Used to summarize irrigation, fertigation, and yield data.

¢ Regression Analysis: Employed to assess relationships between inputs (e.g., water, nutrients)
and yield outputs.

e ANOVA (Analysis of Variance): Used to test statistical significance between treatment groups
across yield and sustainability metrics.

125 | Sativa : Journal of Agticultural Sciences https://journal.idscipub.com /sativa


https://journal.idscipub.com/sativa

Precision Farming through Automation: Enhancing Crop Yield and Input Efficiency with IoT
Technologies
Hermansyah and Bakri

e Machine Learning (optional): Decision tree models tested for predictive capabilities on yield
response to varying input levels.

Data Integration and Decision Support System

The IoT setup included a backend that compiled sensor data with weather forecasts. This
integration informed adaptive scheduling algorithms that optimized irrigation and fertigation
timing. The decision support module served as a real-time interface for farmers to visualize current
conditions and predicted needs.

Limitations and Controls

To ensure data validity, calibration of sensors was conducted bi-weekly. Operator intervention was
recorded through a manual override log. Environmental variables such as rainfall and temperature
were monitored through on-site weather stations to isolate IoT influence.

Ethical Considerations

Informed consent was obtained from participating farmers. Data privacy and usage protocols were
adhered to in line with institutional and community guidelines.

This comprehensive methodological framework allows for rigorous evaluation of the potential of
IoT systems to improve irrigation and fertigation management in agriculture. By combining
technical performance with environmental and user-centered metrics, this approach contributes
to the broader goal of developing scalable, sustainable agricultural technologies.

RESULT AND DISCUSSION

This chapter presents the key findings from the comparative study between traditional and IoT-
based automated systems for irrigation and fertigation. The results are structured into three
thematic areas: input efficiency, crop productivity, and sustainability metrics. Where appropriate,
findings are substantiated by contemporary literature to contextualize the empirical observations.

Input Efficiency

The IoT-based system significantly reduced both water and fertilizer usage over the cropping
season. Table 1 shows that the average daily irrigation volume decreased from 7.5 m?/ha (control)
to 5.0 m?/ha (automated). Fertigation volumes dropped from 250 L to 180 L per cycle, indicating
a more targeted and efficient input delivery system.

126 | Sativa : Journal of Agticultural Sciences https://journal.idscipub.com /sativa


https://journal.idscipub.com/sativa

Precision Farming through Automation: Enhancing Crop Yield and Input Efficiency with IoT
Technologies
Hermansyah and Bakri

Table 1: Daily Irrigation and Fertigation Volume

L. Automated Control Automated
Date Control Irrigation .. .. ..
Irrigation Fertigation Fertigation
Day 1 7.5m*/ha 5.0 m*/ha 250 L 180 L
Day 2 7.2 m?/ha 4.8 m®/ha 240 L 170 L

These reductions are consistent with findings by Garcia et al. (2020), who highlight the role of soil
moisture sensors and automated scheduling in preventing over-irrigation. Mowla et al. (2023)
emphasize that wireless sensor networks (WSNs) optimize water use by ensuring it is only applied
when necessary.

Crop Productivity

Table 2 presents data comparing total water use, fertilizer inputs, crop yield, and crop water
productivity. Under automated conditions, yield increased from 6.5 to 7.2 ton/ha, while crop water
productivity rose from 3.61 to 5.76 kg/m?®.

Table 2: Crop Performance and Input Summary

C Wat
Treatment Water Used Fertilizer Used Yield op ‘a .e r
Productivity
Control 1800 m?/ha 150 kg/ha 6.5 t/ha 3.61 kg/m?
Automated 1250 m?/ha 120 kg/ha 7.2 t/ha 5.76 kg/m?

Environmental variability was also considered. Despite fluctuations in temperature and rainfall
during the study period, automated systems were able to adapt irrigation schedules dynamically,
maintaining consistent performance. This corroborates Jamroen et al. (2020), who emphasize the
need for adaptive responses to changing environmental conditions in IoT-managed farms.

Sustainability Metrics

Sustainability outcomes were evaluated based on water use efficiency (WUE), labor requirements,
user perception, and economic return. Table 3 summarizes the improvements observed across
these indicators.

Table 3: Sustainability Metrics Comparison

Metric Before IoT  After IoT
Water Use Efficiency (%) - +30%
Chemical Fertilizer Reduction - -20%
Soil Moisture Stability (CV) 25% 12%
Manual Labor (hrs/week) 40 20
System Perception (Likert) 2.5 4.3
ROI (%) - 120%
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Labor intensity reductions measured as hours per hectare per week reflected automation’s positive
social impact. Mowla et al. (2023) report similar findings, indicating up to 25% reductions in labor

needs through smart farming applications.

The integration of Internet of Things (IoT) technologies in agriculture, particularly in automated
irrigation and fertigation systems, has demonstrated significant potential to improve input
efficiency, crop yield, and sustainability. This study's findings align with a growing body of
literature that supports the implementation of precision technologies in agriculture. However, the
degree of impact, scalability, and adoption varies depending on agro-ecological, socio-economic,
and policy factors.

The empirical results indicate that IoT-enabled systems can reduce irrigation volumes by up to
30%, lower fertilizer usage by 20%, and enhance crop yield by nearly 11%. These outcomes
confirm the hypothesis that automation enhances precision in resource application and promotes
sustainable agricultural practices. This observation is consistent with global research, which
attributes improved efficiency and productivity to real-time monitoring, adaptive scheduling, and

automated actuation.

Notably, the benefits of IoT adoption differ across agro-ecological zones. In temperate regions,
IoT enhances schedule-based precision, improving irrigation efficiency and minimizing overuse
(Paradkar et al., 2023). In contrast, in arid zones, where water scarcity is a key constraint, automated
irrigation systems offer water savings of up to 40%, making them essential for sustainable
cultivation (Thomas et al., 2024). In tropical zones, I0T's role extends beyond irrigation to pest
management, where real-time alerts mitigate disease outbreaks and protect crop yields. However,
the realization of these benefits depends on infrastructure readiness, local knowledge, and

acceptance.

Despite its promise, smart agriculture also faces considerable limitations. High initial investment
costs remain a major barrier, particularly for smallholder farmers (Abdi et al., 2023; Choudhary et
al., 2022). Many rural communities lack access to financial mechanisms that support technology
adoption. Technical expertise is another constraint; without adequate training, farmers struggle to
maintain and utilize complex IoT systems effectively (Hamido et al., 2017). Furthermore, lack of
standardization in loT platforms creates integration challenges, preventing seamless data
aggregation and interoperability (Atta et al., 2021).

Policy frameworks can either support or hinder IoT diffusion in rural areas. Supportive policies
include subsidies for technology adoption, investments in rural broadband infrastructure, and
incentives for sustainability-oriented farming (Incrocci et al., 2017). Conversely, bureaucratic
hurdles, insufficient funding for agricultural innovation, and lack of localized policies can deter
adoption (Ismail et al., 2024). Moreover, policies that do not address the realities of smallholder
farmers such as affordability and usability risk widening the technology gap between large-scale
and subsistence farmers (Yuvaraj & Mahendran, 2017).

Successtul global case studies provide practical models for effective IoT implementation. Precision
nutrient management through automated fertigation has proven to increase nutrient use efficiency
and reduce leaching (Prabu et al, 2017). Adaptive irrigation scheduling, integrating weather
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forecasts and soil data, consistently saves 25—30% of water without yield penalties (Sharma et al.,
2021). Additionally, automated pest monitoring systems are highly effective in tropical regions,
where pest pressure is significant.

Central to these successes is farmer involvement. Projects that engage farmers from the outset and
provide tailored training demonstrate higher adoption rates and better outcomes (Kohl & Heijden,
2016). Ensuring that systems are accessible, comprehensible, and culturally appropriate is essential
for long-term sustainability. Training not only builds technical capacity but also fosters trust and
openness to digital tools.

This study contributes to the literature by providing real-world validation of IoT systems in
irrigation and fertigation. It affirms that automation, when correctly implemented, significantly
improves resource efficiency, economic returns, and user satisfaction. However, to maximize the
benefits, it is critical to address the contextual barriers economic, technical, and institutional that
influence adoption.

Moving forward, multi-seasonal and multi-regional studies will be essential to assess long-term
impacts, understand climate variability responses, and refine predictive algorithms. Furthermore,
integration with mobile advisory platforms and public extension services can enhance accessibility
and knowledge dissemination. Policies must evolve to offer inclusive incentives, support
infrastructure development, and encourage private-public collaborations in agricultural
digitization.

In conclusion, IoT-based automation holds transformative potential for agricultural systems
worldwide. With strategic investments, inclusive policies, and ongoing capacity building, it can
serve as a cornerstone for sustainable intensification and resilient food systems.

CONCLUSION

This study has demonstrated that IoT-based automation in irrigation and fertigation significantly
enhances agricultural input efficiency, crop productivity, and sustainability. By integrating real-time
data collection, adaptive scheduling, and sensor-guided controls, automated systems outperform
traditional methods in managing water and nutrient applications. Empirical evidence showed
reductions in water use by up to 30%, fertilizer input by 20%, and increases in yield and crop water
productivity. These gains not only improve farm-level efficiency but also contribute to broader

environmental sustainability through reductions in nutrient leaching and water waste.

Beyond technical improvements, the study identified notable social and economic benefits. Labor
requirements were halved due to automation, and farmers reported higher satisfaction with the
system's ease of use. The calculated return on investment (ROI) reached 120%, indicating that

smart technologies can be both environmentally sustainable and economically viable.

The discussion underscored that the impact of IoT varies across agro-ecological zones and is
influenced by infrastructure, policy frameworks, and socio-economic contexts. While the
advantages are clear, challenges such as high initial costs, technical complexity, and limited rural
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connectivity must be addressed to ensure equitable adoption. Policies that provide incentives,
infrastructure support, and farmer training are crucial to bridging these gaps.

In terms of contribution, this study provides a comprehensive framework for evaluating
automated irrigation and fertigation systems. It links technical performance with sustainability
metrics, user perception, and economic returns offering an integrated model for precision
agriculture evaluation. Furthermore, it contributes to the global discourse on digital transformation
in agriculture by providing field-based evidence of the real-world impact of IoT technologies.

Future research should focus on multi-season, multi-location trials to evaluate system resilience
and scalability. Integrating IoT with climate-adaptive forecasting tools, mobile extension
platforms, and machine learning algorithms will enhance precision and usability. Expanding access
through localized training, subsidies, and infrastructure development will be key to ensuring that
the benefits of agricultural digitization reach all farming communities, particularly smallholders.

Ultimately, IoT-driven automation represents a promising pathway toward sustainable
intensification of agriculture. With thoughtful implementation and inclusive policy design, it can
play a pivotal role in meeting future food production needs while conserving critical natural

resources.
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