


Advanced Methods for Detection and Management of Storage Pests

                                               Abstract:
Storage pests are a critical challenge in agriculture, contributing to significant losses in stored food products worldwide. The increasing demand for food security necessitates the development and implementation of advanced methods for pest detection and management. Traditional pest control practices often rely on harmful chemicals, which pose risks to human health and the environment. In contrast, modern approaches emphasize eco-friendly, efficient, and sustainable alternatives. These include using botanicals, natural compounds with pesticidal properties, as well as adopting modern storage structures designed for improved pest resistance. Advanced technologies enable precise monitoring and control of pest populations, reducing food loss. Moreover, novel methods like the use of bio pesticides and environmentally safe fumigants are replacing traditional chemicals to align with global sustainability goals. The future thrust in storage pest management lies in promoting research and innovation to refine existing technologies, addressing the need for large-scale adoption of efficient, cost-effective, and eco-friendly solutions. These efforts will play a vital role in ensuring food security, reducing economic losses, and safeguarding the environment. 
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                                                              Introduction:
Agriculture being the backbone of Indian economy accounts for 14% of export, 11% of nation’s GDP but still half of population depends on agriculture to earn their livelihood. Agriculture commodities are prove to storage losses by different biotic and abiotic species. Biotic factors, including insects, mites, rodents, birds, and microorganisms, cause significant losses during storage. Various insect species inflict substantial damage on stored commodities, contributing to about 10–20% of total storage losses (Esther et al., 2014). More than 600 beetle species, 70 moth species, and 355 mite species are commonly known to cause losses to stored products of agricultural and animal origin (Rajendran and Sriranjini, 2008). These insect species significantly harm stored commodities, resulting in considerable losses (Esther et al., 2014).Insects have been associated with mankind since a lot period of time causing loss of storage produce by webbing, excreta etc. Keeping in view damage caused by storage produce farmers earlier adopted several traditional practices like use of wood ash, hand picking, Sieving , Sorting, flotation to remove infected storage grains as  by Indian and Chinese farmers. The preservation and safe storage of food grains are crucial for ensuring their timely delivery to consumers. Various food commodities, such as harvested legumes and cereals, processed plant and animal food products, and semi-perishables, require safe storage for use at the domestic or commercial level. Most storage efforts focus primarily on grains stored domestically or commercially (Said &Pradhan, 2014). Today, several structures are used to ensure the safe storage of grains, ranging from small metal bins to large grain elevators or silos. Stored grains are particularly vulnerable to numerous insect pests, which infest the grains to fulfill their food and shelter needs, leading to both qualitative and quantitative losses. Losses due to insect pests have been documented consistently (Singh et al., 2014). Surveys indicate that fruits, cotton, rice, and sugarcane suffer yield losses of 25%, 18%, 10%, and 10%, respectively. Overall, total food losses due to pests are estimated to be around 50%. This review delves into the latest advancements in the field, highlighting innovative techniques and strategies that have shown promise in effectively managing storage pests. We will explore the principles behind these methods, their applications, and the potential benefits they offer over conventional approaches. By understanding and implementing these advanced methods, we can significantly reduce post-harvest losses, enhance food safety, and promote sustainable agricultural practice.
Need For Detection and Management Of Storage Pests?
The need for detection and management of post-harvest pests is critical for several reasons, all of which contribute to maintaining food security, economic stability, and health safety. Here's a comprehensive overview (Fig 1):
1. Economic Impact:
· Prevention of Losses: Post-harvest pests can cause significant economic losses by reducing the quantity and quality of stored produce. Effective detection and management minimize these losses, ensuring that more of the harvested crop can reach the market.
· Cost Savings: Early detection and management can reduce the need for extensive pest control measures, which can be costly. This leads to cost savings for farmers and storage facility operators.
2. Food Security:
· Maximizing Food Availability: Effective management of post-harvest pests ensures that a larger proportion of harvested crops can be consumed or sold, rather than being lost to infestations. This is particularly important in regions where food scarcity is a concern.
· Sustaining Supply Chains: By preserving the quality and quantity of stored produce, detection and management practices help maintain stable food supply chains, preventing disruptions that can lead to food shortages.
3. Quality and Safety of Food:
· Maintaining Nutritional Value: Pests can degrade the nutritional quality of stored produce, leading to food that is less nutritious and potentially unsafe for consumption. Proper pest management helps maintain the nutritional value of food.
· Health Risks: Some pests, such as fungi, can produce mycotoxins that are harmful to human and animal health. Detecting and controlling these pests reduces the risk of mycotoxin contamination.
4. Environmental Impact:
· Reducing Chemical Use: Advanced detection methods and integrated pest management practices can reduce the reliance on chemical pesticides, which can have harmful effects on the environment. This promotes more sustainable agricultural practices.
· Minimizing Waste: By preventing pest-induced spoilage, effective management reduces food waste, which has environmental benefits in terms of reduced greenhouse   gas emissions and resource conservation.

Fig 1 :  Overview of detection and management of post-harvest pests 
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                                                Fig 2:  Non-Destructive technologies 
1. Electronic Nose: 
The off-odor of grain is an important criterion for determining grain quality, traditionally assessed by the human nose to classify grains as good, musty, moldy, insect-infested, or burnt. This method detects changes in grain quality due to the presence of microorganisms like fungi and insects. However, using an e-nose, which comprises electronic sensors and pattern recognition software, provides a safer alternative. E-noses can detect volatile compounds produced by fungi and contaminants in grain, reducing the risk of health hazards for inspector’s .E-noses, remotely controlled and featuring non-selective gas sensors, can detect odors beyond the capabilities of the human nose. Commercially available e-noses, such as PEN2, PEN3, FOX3000, and Cyranose 320, often use metal oxide semiconductor (MOS) sensors. Other types may include electrochemical, conducting polymer, optical, and quartz crystal microbalance sensors. Classification algorithms like Artificial Neural Networks (ANN), support vector machines (SVM), linear discriminate analysis (LDA), k-mean clustering, fuzzy c-mean clustering, BPNN, and principal component analysis (PCA) are applied to the data for odor classification. For instance, J. Wu's 2013 study using the Alpha MOS Fox3000 e-nose demonstrated its ability to detect infestations by insects such as the Red Flour Beetle (RFB) and Rusty Grain Beetle (RGB) in grain with low moisture content (14% and 16%). However, higher moisture content hindered its accuracy. 
2. Acoustic detection: 
Acoustic detection is a valuable, non-invasive method for identifying and monitoring insect infestations in stored grain by capturing the characteristic sounds produced by pests during movement and feeding. Sensitive microphones and piezoelectric sensors detect these sound emissions, which are then analyzed to determine the presence and type of pest species. Devices like the AED 2010 L, equipped with a piezoelectric sensor on a metal probe, have shown high efficacy, detecting infestations at densities as low as 1–2 insects per kilogram of grain. This technology has been successfully used to monitor pests such as Sitophilus oryzae, Rhyzopertha dominica, Tribolium confusum, and Plodia interpunctella (Mankin et al., 2021). In Kenya, acoustic systems were integrated with pitfall traps and visual inspection to monitor Sitophilus zeamais and Prostephanus truncatus in storage warehouses, demonstrating their practical application in real-world storage settings (Mankin et al., 2019). Furthermore, the development of low-cost, portable acoustic detection systems using electret microphones and microcontroller platforms offers early detection capabilities even in resource-limited regions, enhancing pest management practices and reducing postharvest losses (Njoroge et al., 2020). These advances position acoustic detection as a powerful component of integrated pest management strategies in grain storage ecosystems.
3 .Near-Infrared Spectroscopy (NIRS): 
Near-Infrared Spectroscopy (NIRS) is increasingly utilized in the management of storage pests due to its rapid, non-destructive ability to assess grain quality and detect insect presence. By analyzing the reflectance properties of chemical compounds such as water, oil, starch, sugar, and protein each absorbing specific wavelengths within the 780–2500 nm range. NIRS can effectively differentiate between healthy and insect-infested kernels (Singh et al., 2014). This technology has shown high accuracy in identifying internal infestations by pests like Sitophilus oryzae and in detecting insect fragments in milled flour (Ridgway et al., 2002). More recently, a study by Zhai et al. (2023) demonstrated an online NIRS system for maize seeds that achieved 83% classification accuracy for insect-infested samples using a CARS-SPA-LR model and provided reliable protein content prediction with RMSEP values of 3.38% and 2.38 mg/kernel. Furthermore, the integration of NIRS with Internet of Things (IoT) and Hyperspectral Imaging (HSI) has enhanced its application in storage pest monitoring, offering improved sensitivity and early detection capabilities even at low infestation levels (Fuentes et al., 2023). These advancements highlight NIRS as a vital component in modern integrated pest management systems for stored grains.
3. X-ray imaging:
X-ray imaging technology addresses the limitation of previous sensing methods by detecting the exact location of insect infestations in stored grain. This technique is simple, fast, and non-destructive. Karunakaran et al., (2004) used soft X-rays to identify both internal and external infestations of Rhyzopertha dominicia (Lesser grain borer) in wheat kernels. The X-ray imaging system included a Lixi fluoroscope for producing soft X-rays and real-time images, a CCD black and white camera (Sony XC-75/75CE) for capturing these images, a black and white monitor for display, an image digitizer (Dazzle digital video creator, Dazzle Multimedia Inc., Fremont, CA) to convert video images into digital format, and a personal computer (5300 series, Compaq Computer Corporation, Houston, TX) for storing and processing digital images. The X-ray detection system has a diameter of 25 mm and a resolution of 62.5 µm. Soft X-rays, with wavelengths ranging from 0.01-10 nm and energy levels from 0.12-12 keV, are suitable for agricultural products due to their low penetrating power and ability to reveal internal density changes. X-ray images are acquired as grayscale images, with gray values ranging from 25 to 252. The distribution of these gray values is analyzed using invariant moments and textural properties. A total of 57 features extracted from each kernel are used by statistical classifiers and artificial neural networks to distinguish between uninfested and infested kernels.
5. Magnetic Resonance Imaging (MRI):
MRI is a non-ionizing imaging technique initially used in medical fields. It's effective for examining the morphology, physiology, and host-parasite interactions of insects. However, its drawbacks for detecting infestations include the large size, weight, and high costs of current MRI equipment, along with operational challenges. MRI works by using a strong, uniform magnetic field and radio frequency waves to obtain high-resolution images. Its application in food quality monitoring is still limited due to the high cost of MRI systems. For instance, MRI was used to study peach fruit moth (Carposina sasakii Matsumura) infestations in harvested apple fruits (Haishi et al., 2011). The MRI apparatus detected infected holes in three-dimensional images, tracking the movements of peach fruit moth larvae within the fruits and their natural habitat. These findings suggest that the 0.2-T MRI apparatus can distinguish healthy fruits from infected ones and be used for plant protection and preserving ecological systems in international trade.
6. Hermetic   Storage Technology:
During ancient times, people stored grains in pits near their homes, but they often faced damage from rodents and microbial decay. Over time, they transitioned to using bamboo baskets, mud bins, wooden elevators, and other storage methods. With advances in knowledge and skills, storage structures evolved into metal bins, automated storage facilities, large warehouses, tall elevators, silos, and other sophisticated systems. However, insects also adapted and spread through these systems. Today, hermetic and low-pressure storage structures are widely used. These structures create a barrier around the grain and reduce oxygen levels inside, thereby increasing carbon dioxide levels, which affects the metabolic activity of insects and ultimately leads to their death. Hermetic Storage (HS) technology has become an effective alternative to traditional storage methods for protecting products from insects and mold. Recently, high-density polyethylene (HDPE) bags have been shown to be effective in insect control by lowering oxygen levels in smaller trials. In India, several hermetic bags such as Save Grain bags®, Grain Pro®, Ecotact bags®, and Super Grain bags® have been developed and are available in the market. These bags come in various capacities and sizes. A study by Yewle et al. (2022) compared the effectiveness of Save Grain bags®, Grain Pro®, and Ecotact bags® with conventional jute bags. They reported that the reduction of oxygen levels to 6.4% resulted in the death of insects within two months of storage.
7. Botanicals:
Using plant derivatives for stored product protection is an age-old practice. Botanicals manage insects through repellents, antifeedants, toxicants, chemosterilants, and growth regulators, thanks to their active ingredients. With advancements in green chemistry, essential oils extracted from plants have become a major focus (Rajendran & Sriranjini, 2008). Botanicals are gaining global priority due to their cost-effectiveness and safety for humans. Plant oils primarily act through neurotoxicity, such as inhibiting the enzyme acetylcholine esterase and causing neuromodulation. Plant families like Meliaceae, Myrtaceae, Apiaceae, Lamiaceae, Lauraceae, Poaceae, Pinaceae, and others are known to contain insecticidal secondary metabolites/volatiles, such as terpenoids, alkaloids, and phenolics (Talukder, 2006). These compounds are minimally toxic to mammals and have properties that either kill or repel insects, making seeds unsuitable for pests. Botanicals can also manage stored grain pests without negatively affecting germination.
8. Pheromone:
Pheromones are primarily used in stored-product protection to assist insects in locating food, mates, egg-laying sites, and for defense (Cox & Collins, 2002). Semiochemicals have been identified for nearly 40 species of stored-product insects (Phillips &Throne, 2010). In pest management, pheromones serve as attracticides, repellents, feeding and oviposition deterrents, mass trapping lures, and mating disruption formulations. There are two main types: sex (unisex) pheromones and aggregation (both sex) pheromones.Sex pheromones have been identified in stored-grain insects such as Pyralid (Phycitinae), Anobiidae, Bruchidae, and Dermestidae. Aggregation pheromones have been found in Bostrichidae, Curculionidae, Cucujidae, Silvanidae, and Tenebrionidae (Phillips & Throne, 2010). Various traps have been designed and tested for their effectiveness in dispensing synthetic lures to attract stored-grain insects (Sambaraju & Phillips, 2008). Although pheromone components are species-specific, some cross-attraction has been reported (Cox, 2004). Pheromones are used in pest management for monitoring, mass trapping, and mating disruption, similar to in-field pest management (Trematerra, 2012). Laboratory studies have successfully used pheromones on stored-grain moths (Ephestia spp., P. interpunctella, S. cerealella) and stored-grain beetles (L. serricorne, T. granarium, Tribolium spp., S. paniceum).
9. Fumigation method:
[image: ]Fumigation, which involves treating pests with gaseous chemicals, was a common method for pest management in bulk storage during the 1990s. Fumigants are chemicals with high vapor pressure, toxic to insects, and capable of penetrating commodities. Unlike chemical sprays, fumigants need airtight conditions to be fully effective. Among the fumigants listed in the 1980s, only a few, such as phosphine and methyl bromide, are still used today. However, methyl bromide was phased out due to its ozone-depleting effects (Fields & White, 2002) and is now only used for pre-shipment quarantine treatments in some developing countries. The discontinuation of methyl bromide increased reliance on phosphine for stored-grain pest management (Rajendran, 2001). Reports of phosphine resistance and control failures led to the search for alternatives and non-chemical practices. Factors influencing fumigation efficiency include relative humidity, storage temperature, seed moisture content, and airtightness. Most research on stored grain protection in the 20th century focused on chemical applications, particularly surface/preventive sprays and fumigation. Fumigation controls detected infestations, while sprays prevent them (Fig 3). However, the heavy reliance on chemicals has raised health and environmental concerns. Although chemical management remains prevalent, other practices have gained attention over time. For many years, dichlorvos was the most common insecticide for grain disinfestation due to its fumigant action. Despite resistance in R. dominica (Zettler & Cuperus, 1990), dichlorvos was effective as a surface spray but was eventually phased out in many countries due to its chronic toxicity. Modern insecticides with novel modes of action, particularly the spinosyn group, have been extensively studied (Vassilakos et al., 2015).
                                                

                                                       Fig 3: Fumigation Process
10. Bioactive Nanoparticles Used Against Stored Grain Pests:
These include silver particles, silica particles, zinc oxide and other particles.
Silver Nanoparticles:
Silver nanoparticles (AgNPs) are among the most tested and effective Nano materials for insect pest management. These nanoparticles serve as carriers for delivering agrochemicals to targeted sites (Gupta et al., 2018; Gour et al., 2019). They possess strong insecticidal, bactericidal, antifungal, and antiviral properties (Chen & Schluesener, 2008; Rai et al., 2014; Saratale et al., 2017), making them highly promising against insect pests. Additionally, their catalytic properties, antimicrobial activity, high chemical stability, and electrical conductivity have attracted scientists to use them in pest management studies. Silver-based pesticide formulations deliver a higher dosage of active ingredients to target species compared to conventional pesticides.
Silica Nanoparticles:
Silica nanoparticles are notable for their high thermal stability, low toxicity, and excellent biocompatibility with various molecules and polymers (Rahman and Padavettan, 2012; Huang et al., 2019). Due to their mesoporous nature, they serve as excellent nanocarriers for a range of agrochemicals (Rastogi et al., 2019). The versatility of silica stems from its shape, size, porosity, and crystallinity, which can be precisely controlled. These properties make silica nanoparticles highly effective for delivering biopesticides, pheromones, fungicides, and growth promoters.
[image: ]11. Irradiation (ionizing radiations):
                               

                              Fig 4: Impact of Ionizing radiations on pests
Ionizing radiations, such as gamma rays (from cobalt 60 and cesium-137), X-rays, or electric beams, are used for grain disinfestation (Hallman, 2013). These radiations work at the molecular level by damaging DNA, leading to sterilization, mortality, mutations, and abnormalities in insects and pests (Fig 4). While these radiations can effectively penetrate and are easy to operate with irradiators, they require a higher initial cost and dosage, posing risks to human health. Reports indicate that irradiation is allowed in at least 33 countries for some stored products, and 14 countries permit it for all stored products (Hallman, 2013). Chiluwal et al. (2019) found that exposing C. chinensis adults to gamma radiation (0, 200, 300, 400, 500, and 600 Gy) reduced female fecundity, hatchability, and adult fertility at a dose of 300 Gy.
                                                        Conclusion:
Storage pests present a major challenge in global agriculture, leading to significant losses in food quantity and quality. Advanced detection and management methods provide innovative solutions to mitigate these impacts, thereby ensuring food security and reducing economic losses. Currently, food quality and management efficiency are paramount in planning and decision-making. Advancements in storage methods, structures, and techniques are essential to maintaining a continuous food supply. The use of botanicals offers a cost-effective and efficient pest control solution. Fumigants and chemicals harmful to the environment and other life forms should be banned and replaced with safer alternatives. Adopting novel pest management approaches is crucial for better control of stored pests.
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