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Abstract—Nematode infections significantly impact agricultural yield, yet their early detection remains challenging due to
limited visible symptoms. With the advancement of Artificial Intelligence (AI) and Machine Learning (ML), automated plant
disease detection has become more efficient and reliable. This paper presents a review of Al and ML techniques used for detecting
nematode diseases by integrating multiple data sources such as leaf images, soil parameters, and root images.

The study emphasizes a multi-stage classification approach where disease severity is categorized into early, moderate, and
severe levels. By combining image-based analysis and sensor-driven data, the detection accuracy can be improved compared to
single-source systems. This review also discusses existing methodologies, identifies research limitations, and highlights the need
for integrated and intelligent detection frameworks to support sustainable agriculture.

I. INTRODUCTION

Agriculture plays a fundamental role in global food production and economic growth, especially in developing countries where
many people depend on farming for their livelihood. However, crop productivity is affected by various plant diseases, leading to
significant losses each year. Among these, nematode infections are one of the most damaging and difficult to manage.
Nematodes are microscopic organisms that attack plant roots, disrupting normal functions. Their presence leads to poor nutrient
and water absorption, stunted growth, and reduced yield. In severe cases, entire crops may be affected, causing economic losses
for farmers.

One of the major challenges in nematode infections is early detection. Since these organisms exist in the soil and affect
underground parts, visible symptoms on leaves appear only in later stages. This makes early identification difficult when
preventive action is most effective. Traditional methods such as manual inspection and laboratory soil analysis have limitations.
They are time-consuming, require expertise, and are not always practical for large-scale farming. As a result, farmers often
detect the disease only after significant damage has occurred.
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Recent advancements in Artificial Intelligence (Al) and Machine Learning (ML) have created new opportunities in precision
agriculture. These technologies enable automated plant disease detection by analyzing data efficiently. Al systems can process
leaf images, soil sensor data, and environmental factors to identify plant health conditions. Machine learning models, especially
deep learning, have shown strong results in detecting diseases and predicting infections. However, many approaches rely mainly
on leaf images, which is not sufficient for nematode detection due to its root-based origin.

To address these issues, a more integrated detection approach is required. A multi-source system combining leaf images, soil
parameters, and root analysis can improve detection accuracy. By using multiple data sources, such systems provide a better
understanding of plant health. Additionally, classifying disease severity into early, moderate, and severe stages helps farmers
make better decisions. This approach supports timely intervention, reduces unnecessary pesticide use, and improves overall
crop productivity.

II. BACKGROUND AND CORE CONCEPTS

Nematode diseases are caused by microscopic plant-parasitic nematodes that primarily attack plant roots, leading to reduced
nutrient absorption, poor growth, and significant yield loss. Early detection of nematode infection is difficult because visible
symptoms often appear only at later stages. Traditional diagnostic methods are manual and laboratory-based, making them slow
and costly for large-scale agricultural use.

Artificial Intelligence (Al) and Machine Learning (ML) provide automated techniques for plant disease detection by analyzing
images and sensor data. Computer vision and deep learning models, such as Convolutional Neural Networks (CNNs), are widely
used to identify disease patterns in leaf and root images. Similarly, ML algorithms analyze soil parameters collected through
sensors to predict nematode presence. By integrating leaf, soil, and root-based analysis, multi-stage detection systems can classify
nematode infection into early, moderate, and severe stages, enabling timely and accurate disease management in precision
agriculture.

III. REVIEW METHODOLOGY

This review paper follows a systematic methodology to analyze existing research related to Al and Machine Learning-based
detection of nematode disease in plants. Relevant research articles were collected from standard scientific databases such as IEEE
Xplore, Springer, ScienceDirect, and Google Scholar. Keywords including nematode disease detection, plant disease
classification, machine learning in agriculture, deep learning, soil sensor analysis, and root image processing were used for
literature search.

The selected studies were filtered based on relevance to nematode disease detection, use of AI/ML techniques, and inclusion of
leaf, soil, or root-based analysis. The reviewed papers were categorized according to data type (leaf images, soil parameters, root
images), machine learning models, deep learning architectures, and severity classification approaches. Performance metrics such
as accuracy, precision, recall, and F1-score were analyzed to compare different methods. Finally, limitations, research gaps, and
future research directions were identified to highlight the need for integrated multi-stage detection systems.

IV. LITERATURE SURVEY
A. Al-Based Leaf Image Analysis for Nematode Detections

Many researchers have explored Artificial Intelligence techniques for plant disease detection using leaf images. Deep learning
models such as Convolutional Neural Networks (CNNs) and transfer learning architectures show strong performance in
identifying visible symptoms like discoloration, chlorosis, curling, and deformation. These models can automatically extract
features from images, reducing the need for manual processing. In addition, large datasets and pre-trained models improve
classification accuracy and reduce training time. Image preprocessing techniques such as segmentation, noise removal, and
normalization further enhance prediction results. However, these approaches mainly rely on surface-level leaf features. Since
nematode infections originate in roots and soil, visible symptoms appear only in later stages. As a result, leaf-based methods may
fail to detect early infections and can sometimes produce inaccurate predictions.

B. Soil-Based Nematode Detection Using Machine Learning Techniques

Soil-based analysis using machine learning algorithms focuses on evaluating environmental and chemical parameters such as
soil moisture, pH level, temperature, electrical conductivity, and nutrient composition to predict the presence of nematode
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infections. Various machine learning models, including Random Forest, Support Vector Machines (SVM), and Artificial Neural
Networks (ANN), have been applied to analyze these parameters and identify patterns associated with disease conditions. This
approach is particularly useful because it allows detection before visible symptoms appear on the plant, making it suitable for
early-stage prediction. Additionally, sensor-based data collection enables continuous monitoring of soil conditions, which can
improve the timeliness of disease detection. However, soil-based methods provide indirect evidence of infection and do not
visually confirm the presence of nematodes. The accuracy of these systems also depends heavily on sensor quality and calibration,
which can vary in real-world environments. Furthermore, without integration with plant or root-level analysis, these systems may
produce incomplete or uncertain results.
C. Root Image Processing and Deep Learning for Nematode Identification

Root image analysis is one of the most reliable approaches for detecting nematode infections, as it provides direct visual
evidence of damage caused by parasites. Infected roots show symptoms such as galls, knots, swelling, deformation, and reduced
root mass. Image processing techniques and deep learning models are used to analyze these features and classify infection levels.
Convolutional Neural Networks and object detection frameworks can identify abnormal patterns in root structures and estimate
disease severity. This method offers higher accuracy than leaf-based detection because it focuses on the main infection site.
However, capturing root images is invasive, as it requires removing plants from the soil, which is not practical for large-scale
fields. The process is time-consuming and does not support continuous monitoring. Additionally, limited availability of labeled
root image datasets affects model training and performance.

V. COMPARATIVE ANALYSIS OF EXISTING SYSTEMS

Table I presents a comparative analysis of representative intelligent decision support systems in smart agriculture, highlighting
the methodologies, data sources, and key limitations that motivate the need for integrated system.

TABLE I
Application | Techniques Data Sources | Key
Area Used Limitations
Soil Random Soil pH, Limited
infection Forest, SVM | moisture, biological
prediction temperature validation
Nematode ANN, KNN Sensor-based | Sensor
presence soil data calibration
estimation dependency
Soil health Decision Nutrient and Indirect
assessment Trees EC values disease
indicators
Early stress | ML Soil No visual
detection classifiers environmental | confirmation
data

COMPARATIVE ANALYSIS OF EXISTING AI-BASED NEMATODE DISEASE DETECTION SYSTEMS

VI. RESEARCH GAPS AND LIMITATIONS

Despite significant advancements in Al-based plant disease detection, several limitations and challenges continue to affect the
effectiveness of current systems. One of the primary issues is the heavy reliance on single-source data. Most existing
approaches focus only on one type of input, such as leaf images or soil parameters, without considering the complete plant
environment. This limited perspective reduces the overall accuracy and reliability of the detection process. Since nematode
infections primarily occur in the soil and roots, systems that depend only on visible leaf symptoms often fail to identify the

disease at an early stage.
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Early-stage detection remains a critical challenge in nematode disease diagnosis. In most cases, visible symptoms appear only
after the infection has progressed significantly, making timely intervention difficult. Although some soil-based detection
methods attempt to predict infections using environmental parameters, these approaches provide indirect results and may not
always confirm the actual presence of the disease. As a result, farmers are often unable to take preventive measures at the right
time, leading to increased crop damage and reduced productivity.

Another important limitation is the absence of detailed severity-level classification in many existing models. Most systems are
designed for binary classification, where plants are simply categorized as either healthy or infected. However, this type of
output is not sufficient for real-world agricultural decision-making. Understanding whether the disease is in an early, moderate,
or severe stage is essential for selecting appropriate treatment methods, optimizing resource usage, and minimizing economic
losses. The lack of such detailed classification reduces the practical usefulness of these systems.

In addition to these challenges, many Al models are developed and tested using controlled datasets and laboratory conditions.
While they may perform well in these environments, their performance often decreases when applied to real-world agricultural
fields, where conditions are more complex and variable. Factors such as different soil types, weather conditions, crop varieties,
and sensor inconsistencies can significantly impact model accuracy. This lack of generalization limits the scalability and
adaptability of existing solutions.

These limitations clearly indicate the need for more advanced, integrated, and adaptive detection systems. Future approaches
should focus on combining multiple data sources, improving early-stage detection capabilities, and incorporating severity-level
classification to enhance decision-making. Such systems will be more practical, reliable, and beneficial for real-world farming
applications, ultimately contributing to sustainable and efficient agricultural practices.

VII. PROPOSED DIRECTION: AGENTIC AND INTEGRATED SMART AGRI ADVISORY SYSTEMS

Based on the identified research gaps, future research in nematode disease detection should move toward integrated and multi-
stage Al-based diagnostic frameworks capable of providing comprehensive and reliable plant health assessment. Rather than
relying on isolated detection methods, such systems should unify leaf image analysis, soil parameter evaluation, and root image
processing to support end-to-end nematode disease diagnosis across different infection stages.

A key research direction involves the development of intelligent and adaptive Al architectures that can analyze heterogeneous
data sources and perform contextual disease reasoning. Instead of depending solely on single-modality prediction models,
integrated systems can fuse visual and sensor-based information to improve early-stage detection accuracy and reduce false
positives. Multi-source data fusion enables the system to correlate above-ground symptoms with underground soil and root
conditions, leading to more robust nematode identification.

Real-time data acquisition and dynamic analysis play a crucial role in effective nematode management. Future detection systems
should support continuous monitoring of soil conditions using sensor-based soil testers while simultaneously analyzing periodic
leaf and root images. Such real-time adaptability allows the system to identify early signs of infestation and update disease severity
assessment as plant conditions evolve, enabling timely and targeted intervention.

Furthermore, severity-level classification should be incorporated as a core component of nematode detection frameworks.
Classifying infection into early, moderate, and severe stages can assist farmers in selecting appropriate control measures,
optimizing pesticide usage, and minimizing economic losses. This stage-wise assessment supports precision agriculture practices
by aligning treatment strategies with actual disease intensity.

Finally, future nematode disease detection systems must emphasize farmer-centric design, interpretability, and practical
deployability. Clear visualization of disease severity, simple advisory outputs, and mobile-friendly interfaces can enhance usability
and trust among farmers. By combining integrated Al techniques with real-time monitoring and severity-based insights, such
systems can contribute to sustainable crop protection and intelligent agricultural decision-making.

VIII. CHALLENGES AND FUTURE SCOPE

Despite growing research interest in AI and Machine Learning-based plant disease detection, several challenges continue to
limit the large-scale deployment and effectiveness of nematode disease diagnosis systems. A primary challenge lies in the
availability and quality of labeled datasets, particularly for nematode-specific infections. Collecting and annotating leaf, soil, and
root data for different severity stages is time-consuming, costly, and requires domain expertise, which directly impacts model
performance and generalization.

Scalability and adaptability across diverse crops, soil types, and agro-climatic regions present additional challenges. Nematode
behavior and symptom expression vary significantly depending on environmental conditions and crop varieties, making it difficult
for AI models trained on limited datasets to perform consistently in real-world field environments. Developing models that can
adapt to heterogeneous conditions without extensive retraining remains an open research problem.
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Interpretability and user trust are also critical concerns for practical adoption. Deep learning models often function as black-
box systems, providing predictions without clear explanations. For effective field-level usage, farmers require transparent and
interpretable outputs, such as visual indicators of infection regions and clear severity-level classification, to confidently act on
system recommendations.

From a deployment perspective, real-time data integration and system reliability pose practical challenges. Continuous soil
monitoring using sensors and periodic image acquisition require stable connectivity, power availability, and affordable hardware,
which may be limited in rural agricultural settings. Additionally, integrating heterogeneous data sources such as soil sensors,
imaging devices, and advisory platforms into a unified framework increases system complexity.

Future research should focus on developing robust, scalable, and explainable Al-based nematode detection systems that support
real-time monitoring and multi-stage diagnosis. Advances in lightweight deep learning models, edge computing, and data fusion
techniques can enhance system efficiency under resource-constrained environments. Furthermore, expanding publicly available
nematode datasets, incorporating multimodal learning approaches, and designing farmer-centric, mobile-friendly interfaces will
significantly improve usability and adoption. Addressing these challenges will be essential for realizing practical, sustainable, and
intelligent nematode disease management solutions in precision agriculture.

IX. CONCLUSION

This review highlights the role of Artificial Intelligence and Machine Learning in improving nematode disease detection. While
existing approaches using leaf; soil, and root analysis have shown promising results, most systems operate independently and lack
integration.

The study emphasizes the importance of developing multi-source and multi-stage detection frameworks that can provide
accurate and early diagnosis. Such systems can support farmers in making better decisions and reduce crop losses. Future work
should focus on improving data integration, model adaptability, and real-world deployment to enhance the effectiveness of
intelligent agricultural systems.
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