

  applsci-14-03310




applsci-14-03310







Appl. Sci. 2024, 14(8), 3310; doi:10.3390/app14083310




Communication



Toxic and Environmental Effects of Neonicotinoid Based Insecticides



Zarook Shareefdeen 1,* and Ali Elkamel 2,3





1



Department of Chemical and Biological Engineering, American University of Sharjah, Sharjah P.O. Box 26666, United Arab Emirates






2



Department of Chemical Engineering, Khalifa University, Abu Dhabi P.O. Box 127788, United Arab Emirates






3



Department of Chemical Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada









*



Correspondence: zshareefdeen@aus.edu







Citation: Shareefdeen, Z.; Elkamel, A. Toxic and Environmental Effects of Neonicotinoid Based Insecticides. Appl. Sci. 2024, 14, 3310. https://doi.org/10.3390/app14083310



Academic Editor: Abdeltif Amrane



Received: 18 February 2024 / Revised: 29 March 2024 / Accepted: 10 April 2024 / Published: 15 April 2024



Abstract

:

The insecticide known as neonicotinoid has negative impacts on the ecosystem, human health, and the environment; specifically, its effects on the relationship between crop yields and the death rate of natural pollinators, such as bees, affect food security. The active ingredients in neonicotinoids include imidacloprid, clothianidin, thiamethoxam, acetamiprid, sulfoxaflor, and thiacloprid, which are sold under various trade names. For many of the components of these toxic insecticides, patents have been expired; however, farmers and consumers who continue to use these chemicals are unaware of the products’ toxicity and the environmental effects they have. Thus, agricultural industries are required to consider diverse methods to minimize neonicotinoid use in farming operations and move away from the current prevailing methods. In this short review, the negative effects of neonicotinoid use; the toxic components, health effects, and environmental regulations of neonicotinoids; and sustainable methods to minimize their use are examined.






Keywords:


insecticide; neonicotinoids; agriculture; industry; environmental regulations












1. Introduction


Toxic insecticides are widely used in the agricultural industry to control insects. Neonicotinoids are a class of insecticides that were introduced into the farming industry in the past few decades, and they have been in use worldwide for over 20 years [1,2]. The active ingredients in neonicotinoids include imidacloprid, clothianidin, thiamethoxam, acetamiprid, sulfoxaflor, and thiacloprid [3,4] (please refer to Figure 1).



Insecticides are generally classified as substances that are toxic and used to eliminate insects. For example, disease-carrying insect citrus psyllids (Diaphorina citri and Trioza erytreae) can be controlled with neonicotinoids [5]. However, neonicotinoids are not used to control mosquitoes (i.e., vectors of human diseases) because these insecticides are slow-acting and not very effective with these nuisance insects. Neonicotinoids are a class of synthetic insecticides that eliminate insects by acting on their nicotinic receptors [6]. They are commonly used to limit pests that compromise crops or to dispatch disease-carrying insects [7]. These insecticides are widely applied in an agricultural context and are especially effective with regard to sap-feeding insects, such as aphids, whiteflies, and planthoppers, as well as insects that chew on plants [8] (Please refer to Figure 2). Imidacloprid, thiacloprid, thiamethoxam, dinotefuran, clothianidin, and acetamiprid are all potent insecticides that fall under the class of neonicotinoids. Neonicotinoids are one of the most widely used insecticides as they were specifically designed to impact the nicotinic acetylcholine receptors (nAChR) of insects, which is why they are generally believed to have relatively low mammalian toxicity [9,10].



This manuscript reviews the negative impacts of neonicotinoids on human health and the ecosystem and its effects on the relationship between crop yields and the death rate of natural pollinators, as well as mitigation strategies.




2. Neonicotinoids and Its Effects after Human Exposure


While there is limited information regarding human exposure to neonicotinoids, cases of neonicotinoid poisoning are rising due to the use of these insecticides [11,12]. From 2000 to 2012, poison centers in Texas, USA received 1142 neonicotinoid exposure cases, where most products (77%) contained imidacloprid. The most common exposure routes were ingestion, dermal, and ocular. Typical adverse reactions included ocular, dermal, and oral irritation; nausea; vomiting; erythema; and red eye [11]. Mohamed et al. reported the clinical results and toxico-kinetics of the neonicotinoid insecticide imidacloprid; it causes acute self-poisoning in humans [13]. Demographic and clinical data were obtained in patients with imidacloprid exposure in three hospitals in Sri Lanka [14].



Agha et al. [14] reported that the imidacloprid poisoning rates are underestimated. They reported a case of a 62-year-old Saudi male cultivator who was admitted to the emergency department with a history of fever, disorientation, lower abdominal pain, vomiting, etc. They reported that this may be the first reported case of leukocytoclastic vasculitis due to skin contact with imidacloprid and inhalation exposure. Kim et al. [12] reported a retrospective analysis involving cases of neonicotinoid ingestion in Korean emergency departments from March 2002 to February 2010. Of the 24 patients analyzed, the most common signs of neonicotinoid toxicity were gastrointestinal symptoms, including nausea, vomiting, and abdominal pain, as well as respiratory symptoms, cardiovascular symptoms, metabolic imbalance, and renal dysfunction. Moderate toxicity was reported in 83.3% of the patients, and 16.7% sustained fatal conditions with an overall mortality rate of 4.2% [12]. Since imidacloprid, thiacloprid, thiamethoxam, dinotefuran, clothianidin, and acetamiprid fall under the class of neonicotinoids, the details of each one are presented in the below sections.



Imidacloprid: Of the many neonicotinoids, imidacloprid is the most prominent. Imidacloprid is a colorless crystal and is generally acknowledged as a useful pesticide for pest management, especially for insects with piercing and sap-feeding mouthparts [15]. Imidacloprid is used to protect crops, turf, and decorative plants from pests, such as termites and fleas, by acting on their nicotinic receptors, which are transmembrane allosteric proteins that play a critical physiological role in the body by enabling the transduction of chemo electrical signals throughout the nervous system [16]. Through calcium ion imbalance, mitochondrial dysfunction, oxidative stress, and effects on DNA, imidacloprid causes failure to the nervous system that ultimately leads to death.



Applications of imidacloprid include leaf spraying as well as soil and seed treatments, which can impact non-target organisms such as pollinators or other insects that are beneficial to farming, which can be financially unfavorable. For example, the individual immunity of bees can be affected by imidacloprid, which may diminish their defenses, making them vulnerable to parasites and pathogens [15].



Recently, there has been a growing concern about imidacloprid’s impact on the ecosystem and human health. Such concerns have been investigated, and it was uncovered that imidacloprid is toxic to humans and has acute toxic effects including severe respiratory failure and loss of consciousness [15]. Pang et al. [15] further reported that imidacloprid is toxic to mammals, including human beings, and it can kill bees, bats, earthworms, fish, and other non-target organisms; thus, the development of cost-effective and eco-friendly methods, such as biological oxidation utilizing microbial consortium with degrading enzymes, is necessary. Shadnia and Moghaddam [17] reported a fatal case of imidacloprid insecticide poisoning. They further reported that a 35-year-old male farmer ingested 350 mL of imidacloprid in a suicide attempt; thus, the patient displayed disorientation, drowsiness, dizziness, palpitations, and vomiting, which progressed to coma, tachycardia, hypertension, fever, leukocytosis, hypokalemia, etc. [17]. It is important to mention that the level of toxicity is very much dependent on the frequency and quantity or dose taken; hence, the safe field application of these chemicals may not cause such severe symptoms.



Clothianidin: Clothianidin is a neonicotinoid pesticide that is used against sucking and chewing insects [18]. As a broad-spectrum systemic insecticide, clothianidin is potent to a variety of pest species, including hemipterans, thysanopterans, orthopterans, coleopterans, lepidopterans, dipterans, hymenopterans, and isopterans [19]. It can be applied as a seed treatment or a soil or foliar spray [18]. Clothianidin products can have various agricultural or non-agricultural uses and can be formulated as granular, dust, or seed treatments; solid agars; pressurized liquids; emulsifiable or soluble concentrates; or ready-to-use solutions. Agriculturally, clothianidin can be used to protect vegetable and field crops, as well as tree fruits and nuts, from insect attacks. Clothianidin can be used non-agriculturally as well for turf and ornamental plants or for indoor and outdoor residential, commercial, and industrial sites [20].



Acetamiprid: Acetamiprid has low toxicity in mammals; however, severe toxicity can result from ingesting large amounts [21]. As it is still a relatively new insecticide, acetamiprid poisoning is fairly uncommon. Todani et al. reported that a 79-year-old man experienced consciousness disturbances, hypotension, nausea, vomiting, and hyperglycemia two hours after ingesting acetamiprid [22]. The next day, he was discharged from the hospital with improved symptoms [21,22]. Pirasath et al. reported the case of a middle-aged farmer who experienced severe lactic acidosis, myocardial ischemia, refractory hypotension, and severe hypokalemia after ingesting 150 g of acetamiprid dissolved in water [21]. Pravinson et al. reported the case of a 27-year-old man who presented vomiting, shortness of breath, and dizziness after the intake of 50 mL of acetamiprid [23]. The patient developed severe lactic acidosis, myocardial suppression, hyperglycemia, and intestinal obstruction [23].



Thiacloprid: Based on animal studies, the World Health Organization (WHO) classified thiacloprid as a class 2 pesticide that is moderately hazardous as it is likely a carcinogen [24]. Vinod et al. reported a fatal case of thiacloprid poisoning [24]. After the deliberate ingestion of 100 mL of thiacloprid suspension mixed with ethanol, a 23-year-old man experienced nausea, vomiting, tachycardia, hypertension, mydriasis with loss of light reflex, and respiratory paralysis. The patient eventually developed bradycardia, experienced cardiac arrest, and died 36 h after ingestion [24].



Thiamethoxam: First registered for use in the United States in 1999, thiamethoxam is an insecticide that is commonly used to control piercing and sucking insects, such as aphids, leafhoppers, and whitefly. Thiamethoxam is widely used for field, forage, fruit, spice, and vegetable crops, as well as for non-agricultural applications such as for residential dwellings, food handling establishments, and commercial, institutional, and industrial areas [20].



Sulfoximine: Other substitutes of neonicotinoids include sulfoximine. In a recent work, Azpiazu et al. [25] studied the acute oral toxicity of sulfoxaflor alone and in combination with a single dose of fluxapyroxad, a succinate dehydrogenase inhibitor (SDHI) fungicide, in three bee species: Apis mellifera, Bombus terrestris, and Osmia bicornis. They found that sulfoxaflor is somewhat less toxic than the recently banned neonicotinoids imidacloprid, thiamethoxam, and clothianidin, but much more toxic than other neonicotinoids (acetamiprid and thiacloprid).



Ospina et al. [26] found that 49.1% of the USA’s general population 3 years of age and older have been exposed to neonicotinoids. They report that metabolites are more suitable biomarkers to assess background exposures than parent compounds. The Centers for Disease Control and Prevention (CDC, 2019) [27] is a good source of information on human exposure to environmental chemicals, including some of the most commonly used neonicotinoids. Han et al. [28] reviewed the exposure levels, potential toxicity, and health effects of neonicotinoids on humans. They reported that methods for determining damage from neonicotinoids are still in the research stage and deserve further studies to determine whether neonicotinoids will have harmful effects on humans, especially among vulnerable populations. Table 1 lists the characteristics of the potent insecticides that fall under the class of neonicotinoids.



Currently, the aforementioned active ingredients of pesticides are sold under various brand names at various concentration levels. Individual brands can either include one or more active ingredients of the compounds mentioned. From the 1990s to 2000s, neonicotinoids became widely used in corn (more than 80%) and soybean (more than 40%) farming for their proven effectiveness against pests and their ability to improve crop yields. In the USA, heavy neonicotinoid usage is found in the corn belt region, which includes South Dakota, North Dakota, Indiana, Ohio, Wisconsin, Michigan, and Kentucky. Since the 2000s, many case studies have been published, which reveal the effects of neonicotinoids on the ecosystem and crop yields [29].




3. The Reasons for Neonicotinoid Use over Other Insecticides


Neonicotinoid-based insecticides are widely used since they have a large number of advantages. Neonicotinoids are more toxic to invertebrates than mammals, meaning that the pesticide is safer for humans while being very effective for controlling pests. In fact, neonicotinoid-based pesticides are one of the safest pesticides currently on the market. Another advantage of neonicotinoids is that they are water-soluble. Their solubility allows neonicotinoids to be applied as seed treatments or directly to soil rather than as a spray to the surface of the vegetation. The vegetation can then absorb the pesticide through the vascular system from the roots, and the pesticide can migrate to the stems, leaves, flowers, pollen, and nectar [30]. Since neonicotinoid pesticides become part of the vascular systems of plants, they target aphids, sap sucking, and biting insects. Since the insecticide remains active, protection can last for an entire season [31].




4. The Spread of Neonicotinoids into the Ecosystem


There are two common ways that neonicotinoids enter the ecosystem. The first method is through seed treatment, and the second method involves applying the pesticide directly to soil. Seed treatment involves applying the pesticide directly to the seed prior to planting. As the plant grows and develops, the neonicotinoid pesticide becomes part of the plants’ vascular system, making it very effective against aphids and biting insects. While this is one of the most effective methods of applying the pesticide, seed treatment generates a large amount of dust containing high concentrations of neonicotinoids.



Planter dust is often generated during the planting process or shortly after the seed is planted and can migrate past field margins, reaching other vegetation. This causes exposure of the toxin to non-target insects [27]. Direct soil application involves creating trenches in the soil around the plant or crop of interest. The trenches are then filled with the neonicotinoid insecticide, which is absorbed through the roots of the plant through its vascular system. However, only about 20% of the applied pesticide is absorbed through the vascular system of the plant. The remaining 80% of the pesticide migrates through the soil beyond field margins and enters groundwater and surface water and affects other organisms.




5. Contamination of Groundwater and Surface Water


One of the main problems of neonicotinoids being in water is related to human health, as the main exposure route is through dermal contact and ingestion. Studies show that exposure to neonicotinoids results in immunosuppression, hormone disruption, reduced intelligence, reproductive distortion, and cancer [32]. Studies show that imidacloprid, clothianidin, thiamethoxam, and high levels of thiamethoxam were detected mainly in the winter and fall, as these chemicals can be immobile in dry soil [33]. To understand how neonicotinoids reach groundwater, it is important to know about the coefficients used to evaluate pesticide sorption in soil. The soil adsorption coefficient (Kd), octanol–water partition coefficient (Kow), organic content in the soil, etc., play important roles in the sorption and transport of neonicotinoids in soil and water. Neonicotinoids have a low Kow value, which means there is a low probability of them being adsorbed into the organic portion of the soil, thus contributing to the leaching of neonicotinoids into groundwater. The majority of neonicotinoids are applied as seed treatments, where only 5% of the active ingredients are absorbed by the target crop [34]; thus, the un-adsorbed amount is either degraded or enters soil and water and generally, leading to higher levels of pesticides in surface water. Zhang et al. [35] studied the human exposure potential of neonicotinoids through the consumption of safe drinking water, and the results show that drinking water had an upper middle level of neonicotinoid contamination. They reported that anthropogenic activity, the human age group, weather conditions, seasonal and regional influence, etc., play important roles.




6. Neonicotinoids’ (‘Nicotine-Like Insecticides’) Effects on Pollinators (i.e., ‘Bees’)


The word neonicotinoids means ‘new nicotine-like insecticides’ in the literal sense. Similar to nicotine-based pesticides, neonicotinoid-based pesticides are addictive to organisms and act on various receptors of the nervous system [31].



A study was conducted in which bees were given two bowls of water, one laced with sugar, and another laced with neonicotinoid. After the bees ingested a small dosage of neonicotinoids, they preferred the neonicotinoid-laced water instead of the sugar water, thus proving their addictive properties [36]. Neonicotinoids affect the nerve synapse of insects by acting on certain receptors, which leads to fatality. However, the toxicity of neonicotinoids is much higher when ingested by invertebrates (i.e., insects, worms, etc.) compared to higher organisms such as birds. The lethal dosage for honeybees is much lower than that of mammals since only less than 0.023 μg is needed to kill a honeybee, which is one of the best pollinators in the agricultural industry [29]. Although the lethal dosage is higher for other organisms, such as birds, fish, etc., the toxic effects of neonicotinoids can bio-accumulate. Bioaccumulation occurs through extended periods of pesticide exposure or through ingesting other neonicotinoid-affected organisms that are lower in the food chain [29].



When neonicotinoids were first introduced into the farming industry, they were thought to have low toxicity to beneficial insects. However, in recent years, it was recognized through studies that bees and other beneficial insects are negatively affected by contact with nectar and pollen that are laced with neonicotinoid-based pesticides. Low-level exposure to neonicotinoids may not result in immediate death for beneficial insects, but the toxins reduce the insects’ ability to function correctly. For example, when natural pollinators such as bees are exposed to neonicotinoids, their ability to forage nectar may be reduced. Also, bees may cease to remember the locations of flowers or the way back to their hives [31].



Ihara and Matsuda [37] reported that neonicotinoids currently make up of about 30% of insecticide sales worldwide, and due to their adverse impacts on pollinators such as honeybees and bumble bees, neonicotinoids are being banned in the EU. Since it is crucial to understand the mechanism underlying neonicotinoid actions on pollinators as well as on other pests, they researched the molecular mechanisms of neonicotinoid actions at an atomic level and proposed relevant research topics for further studies for pest management. In a recent study, Dirilgen et al. [38] presented the existing research on other herbicides, fungicides, and insecticides which come with a range of environmental concerns, such as the effects of insecticides on non-target organisms such as bees. Their study also focused on non-neonicotinoid insecticides and non-honeybees.



Furthermore, neonicotinoids caused alterations in the bees’ immune systems, causing the bees to be susceptible to viral infections that healthy bees normally have immunity to. Aside from bees, neonicotinoids also have a negative impact on other wildlife, such as birds and aquatic invertebrates. Neonicotinoids cannot be completely broken down into harmless chemicals by the natural ecosystem or even with chemical treatment methods. Residues of neonicotinoid pesticides can come from soil and seeds, which lead to residues in plants. Neonicotinoids can also affect pollen, nectar, surface water, etc. [2].



In addition to environmental effects, neonicotinoids, when applied as seed treatments, become more and more dilute in plants as they grow. The pesticides become ineffective after a specific duration depending on the type of vegetation, and the effects of the pesticides often do not last until harvest. This means that vegetation is potentially susceptible to pests before it is harvested. A study revealed that when soybean seeds have been treated with neonicotinoids, the concentration begins to decline during the growing cycle and becomes very low right before the flowering stage. As a result, the plants are no longer protected against aphids (i.e., soybean aphids) [39].




7. Environmental Regulations on the Use of Neonicotinoids


Since the early 1990s, neonicotinoids have been used in Ontario, Canada. For two decades, after neonicotinoids became available to the public, their use drastically escalated. Many patents for neonicotinoid products will be expiring in the future, and this will lead to a flood of neonicotinoid-related products that are generic copies of pre-existing products in the market. Farmers will have to pay more attention to the contents of active ingredients shown on the labels. In Ontario, Canada, labels are available for all neonicotinoids that are registered for use on the Pest Management Regulatory Agency (PMRA) label site [4]. The labels clearly indicate that neonicotinoid-related active ingredients are toxic to bees, aquatic invertebrates, fish, birds, and small mammals. On the PMRA label site, the labels for all registered products can be easily identified based on active ingredients. However, Ontario farmers have an overall lack of awareness of products that contain neonicotinoids since they tend to purchase products based on brand names rather than by their designated pesticide classes. In many cases, farmers can be unaware of the properties of neonicotinoids.



Within Ontario, Canada, hundreds of crops have been registered for neonicotinoid use. The types of crops registered include both ‘major’ crops as well as ‘minor’ crops. Examples of ‘major’ crops include soybeans, wheat, corn, and canola. Examples of ‘minor’ crops include field crops, greenhouse vegetable crops, and orchard crops. Neonicotinoids are also used for specialty crops, such as ginseng, turf grass, sweet potatoes, herbs, and non-food crops. They are used in golf courses, but the allowable rate is much higher compared to that for food crops. In 2008, the Ontario Ministry of Agriculture conducted a pesticide census for Ontario [4]. This census does not include information on using neonicotinoids as seed treatments. Aside from the 2008 census, another study was conducted in 2014, which is more comprehensive in terms of information on neonicotinoids. Treated seeds are produced by applying neonicotinoids to seeds before they are purchased by farmers. The use of neonicotinoid products is difficult to regulate since the treated seeds are more likely to be produced outside of Ontario or even outside of Canada. In Canada, each provincial government is responsible for classifying and regulating pesticides for their sale, use, storage, transportation, and disposal. Class 12 pesticides are a class of pesticides that refer to corn and soybean seeds treated with neonicotinoids that include one of the three active ingredients discussed above: imidacloprid, thiamethoxam, or clothianidin. Based on the Ontario regulations for neonicotinoid-related products, growers are required to follow the Pest Assessment Guideline. When growers order neonicotinoid-treated seeds, they will be required to provide evidence that mitigation strategies have been considered for the growing season. Furthermore, growers must carefully review the instructions provided on the neonicotinoid-treated seed bag, and they are required to keep record of all purchased and planted seeds that were treated with neonicotinoids. Neonicotinoid-treated seeds can only be planted in farm areas that have been clearly identified in a pest assessment report or seed amount declaration. In order to purchase products from vendors, farmers must provide the declaration, which must include information on the amount of land on which they intend to plant neonicotinoid-treated corn or soybean seeds as well as the amount of land on which they intend to plant non-treated corn and soybean seeds [40]. Integrated pest management (IPM) focuses on using environmentally and economically sustainable ways to control and manage pests. Based on IPM concepts, pesticides should be considered as the last resort after all other possible available options have been considered for pest control.



In Europe, regulations regarding the active ingredients of neonicotinoids are stated in Annex I of the EU Commission Implementing Regulation (EU) 540/2011 [41]. The active ingredients include acetamiprid, clothianidin, thiamethoxam, thiacloprid, and imidacloprid. There are several provisions that have been set out for these substances. For example, one of the provisions states that to protect non-target organisms, particularly honeybees, seed coating should be carried out in professional seed treatment facilities.




8. Ways to Minimize Neonicotinoid Use


Endorsing immediate bans on the use of neonicotinoids may cause serious economic instability among farmers and communities. Along with regulations that restrict the use of neonicotinoids, different farming operations or prevention methods need to be investigated. The benefits of each method need to be looked into based on their economic, environmental, and social values. The general public mostly obtains its food supply from farms that involve large-scale outdoor operations.



According to the U.S. Department of Agriculture (USDA), the average size of a farm in America is 434 acres. Operations of this size require the use of large machinery [42]. All of the essential components of growing crops, such as seeding, harvesting, watering, eliminating pests, etc., must be carried out mechanically. Such activities use an incredible number of resources, and the infrastructure does not support sustainable expansion.



Arguably, the most labor-intensive part of the farming process is pest control. Naksata et al. [43] reported that wearing appropriate personal protective equipment during the application of pesticides is important in reducing dermal exposure to pesticides. They developed a type of personal protective clothing (PPC) coated with gum rosin and investigated the efficiency of its level of protection. A comparison of its protection efficiency against that of cotton fabrics was made, and they reported that the gum-rosin-coated clothing provided satisfactory levels of protection against insecticides and could be considered suitable protective clothing for pesticide applicators.



Matthews et al.’s study [44] is a good reference for proper pesticide application methods that cover integrated pest management, the formulation of pesticides, different types of sprayers, controlled droplet application, aerial application, seed treatment, dust and granule application, space treatment by fogging, specialist application techniques (injection, fumigation, and other techniques), and safety precautions.



8.1. Organic Farming


Organic farming follows the idea that every part of the farming process should be handled in the most natural way possible. This means that organic farmers cover their plots for months prior to growing in order to kill weeds, utilize some type of composting system to make their own fertilizer, and avoid the use of commercial pesticides or fertilizers.



There are many varying beliefs within the organic farming community on what exactly ‘organic’ is supposed to mean. In areas where regulations specify what is classified as organic or not organic, there are inevitable shortfalls that appear. In certain jurisdictions, the bar is set so low for what constitutes an organic item that it is a seemingly arbitrary concept. Sometimes, it has been reduced to nothing more than a marketing buzzword that is used with the goal of selling more produce. Even among the community, there is a multitude of different practices that are debated over. An operation that is run in a truly organic way will not cause anywhere near the environmental impact that large-scale farms will. Without the use of pesticides and fertilizers, there are no pollutants from organic farming that will harm the environment, and without the use of heavy machinery, there is no release of greenhouse gases.



Souto et al. [45] reported that the indiscriminate use of synthetic pesticides over time creates several issues, including pesticide resistance and the contamination of water, air, and soil. They suggest that in order to improve the efficiency of crop production and reduce the food crisis, plant-derived pesticides can be used as a green alternative to synthetic ones. Plant-derived pesticides are inexpensive, biodegradable, eco-friendly, and less of a hazard to humans and the environment. They further reported that plant products with bioactivity toward insects include several classes of molecules, such as terpenes, flavonoids, alkaloids, polyphenols, cyanogenic glucosides, quinones, amides, aldehydes, thiophenes, amino acids, saccharides, and polyketides. They further reported on the factors that contribute to the commercialization of plant-derived pesticides.




8.2. Effective Use of NPK Fertilizer


All plants require a healthy and specific mix of nitrogen (N), phosphorus (P), and potassium (K). Most fertilizers sold commercially are called NPK fertilizers. Nitrogen is generally thought to be a contributor to a plant’s leaf count and overall greenness, while phosphorus promotes stem health, and potassium is used by plants to strengthen their roots [46]. The use of these fertilizers as a wide-spread solution results in several consequences to the environment.



Approximately 40–60% (depending on crop) of any given component in NPK fertilizers is taken up by the plant. This leaves the rest to accumulate in the soil, leach into surrounding groundwater reservoirs, travel via runoff, and harm ecosystems. The excess fertilizer has many negative effects on the wildlife of small bodies of water. These added nutrients will cause an explosion of growth in primary species, like algae. The layer of algae that forms on top of a pond will block any potential sunlight from reaching the plants or organisms living below the surface of the water. Furthermore, the oxygen concentration in the water will reduce significantly and start to suffocate the species living within. This effect is compounded by the thick layer of algae, which will start to decompose and siphon even more oxygen from the water. Thus, the oversupply of nutrients leads to the suffocation of all life within a pond. This means that any type of fertilizer use will require close monitoring of the amounts so as not to destroy the surrounding ecosystems.



Monitoring is needed in areas where crops are planted because they all require a tailored combination of the three primary nutrients. For example, a section of land is used to grow lettuce. Lettuce is mostly composed of leaves, and it requires a larger amount of nitrogen than either phosphorus or potassium. After repeatedly growing lettuce in an area, the soil will become drained of its nitrogen content while simultaneously accumulating an abundance of both phosphorus and potassium. This plot of land will soon become unavailable for growing lettuce because it needs nitrogen. The plot of land will also become completely unavailable for growing anything else once the phosphorus and potassium levels become too high to support other species. It is therefore in a grower’s best interest to rotate crops in a way that will balance these three primary nutrients.




8.3. Soil-Free Hydroponic Farm Operations


Operations that involve growing crops in a medium that is not soil are referred to as hydroponic farm operations. In these methods, the roots of the crop sit in a nutrient solution that contains the perfect amount for the application. If a certain crop requires certain nutrients, the concentrations of said nutrients can be easily controlled by a variety of methods. A grow tray holds the plants via some type of pot or permeable container. This grow tray is kept at a desirable level and is connected to the reservoir by a circulation pump. This pump periodically floods the grow tray with the nutrient solution in order to maintain ideal nutrient concentrations.



The benefits of growing in water versus soil alone should be enough to change the perspective of the general public. Hydroponic operations can more easily be implemented in indoor settings. This means that they can operate without ever inadvertently polluting nearby ecosystems. The hydroponic system can be run in a near-closed manner. The water in a hydroponic setup is recycled until it is not suitable for use, thus maximizing water efficiency, preventing pollution, and eliminating neonicotinoid use.



Aquaponics are a subset of hydroponics, and they involve the use of fish in the nutrient cycle. In the nutrient cycle, fish food is supplied to grow fish; subsequently, the ammonia produced by fish is metabolized, with the help of microbes, into nitrites and nitrates, which are then absorbed by the plants. The incorporation of multiple types of farm operations, as discussed above, is needed to meet food demands while maintaining environmental sustainability.



Rajaseger et al. [47] reported an interesting technology that incorporates hydroponics with smart technology in farming operations. This technology is novel and promising for effective and environmentally friendly crop production, and it eliminates the need for soil and reduces water usage. The IoT (Internet of Things) and automation allow for the constant monitoring of soil conditions, nutrient levels, and plant vitality. Smart farming lessens the need for organic chemical inputs, and it promotes safe methods of pest management.



A life cycle analysis (LCA) helps to assess the environmental impacts and aids in decision making by prioritizing values and resources to determine the best and most innovative countermeasures [48]. One can compare hydroponic versus conventional farm operations using an LCA. The indicators for environmental sustainability can include land use, water footprint, and the level of pollution. The indicators used for economic sustainability can include the production rates and efficiency of production. Social sustainability can be based on speculation from both environmental and economic indicators.



It is reported that hydroponically grown tomato plants have, on average, a higher leaf count and higher quality than those grown in soil [49]. A hydroponic producer is able to control the growing environment better; on the other hand, a soil growing environment is primarily dependent on weather conditions. Hydroponic operations require much less water usage and typically cost less to initiate and operate than conventional farms. The price of land makes it much more expensive if multiple acres of land are needed for soil farming. If the price of electricity is very high (i.e., in extreme hot/cold climate regions), there is a necessity for constant heating/cooling; thus, it may become prohibitively expensive to operate a hydroponic farm. The water demand for conventional farming will always be much higher than that of a hydroponic farm. These factors suggest that, from environmental and social perspectives, future farming methods will include a balanced combination of outdoor soil farming and hydroponic methods. Since indoor operations do not have a requirement for pesticides, such as neonicotinoids, hybrid operations will minimize the release of pesticides into the environment.





9. Conclusions


In summary, neonicotinoid insecticides are toxic to human health, have adverse effects on our ecosystem and ground and surface water bodies, and pose a threat to pollinating species that contribute to the food industry through healthy farming operations. This review provides a summary on the class of neonicotinoids that includes imidacloprid, thiacloprid, thiamethoxam, dinotefuran, clothianidin, acetamiprid, and sulfoximine, which have varying degrees of human toxicity and effects on soil, drinking water, and pollinating species such as bees. The application of neonicotinoids and its components are strictly regulated by governments. Thus, taking precautions during insecticide application and wearing appropriate personal protective clothing, such as clothing coated with gum rosin, can provide protection against insecticide poisoning. Furthermore, mitigation methods to reduce neonicotinoid insecticide use include soil-free hydroponic farm operations, the use of hydroponics with smart technology (IoT) applications, the use of plant-derived pesticides, and the effective use of NPK fertilizers. Sustainable farming operations are possible with applications of innovative technology and best hazardous waste management practices, which will keep humans, our ecosystems, farming operations, and beneficial pollinators safe.
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Figure 1. An overview of neonicotinoids and their components. 
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Figure 2. Neonicotinoids eliminate sap-feeding insects and negatively affect pollinators. 
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Table 1. Potent insecticides that fall under the class of neonicotinoids and their characteristics.
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	Neonicotinoids
	Remarks
	References





	Imidacloprid
	
	―

	
A colorless crystal, controls insects with piercing and sap-feeding mouthparts




	―

	
Applications include leaf spraying as well as soil and seed treatments




	―

	
Protects crops, turf, and decorative plants from pests such as termites and fleas




	―

	
Affects non-target organisms such as pollinators or other insects that are beneficial to farming




	―

	
Causes failure to the nervous system, respiratory failure, loss of consciousness, disorientation, drowsiness, hypokalemia, etc.






	[15,16,17]



	Clothianidin
	
	―

	
Used against sucking and chewing insects, including hemipterans, thysanopterans, orthopterans, coleopterans, lepidopterans, dipterans, hymenopterans, isopterans, etc.




	―

	
Protects vegetables, field crops, turf, ornamental plants, etc.; applied as a seed treatment or spray; formulated as granular, dust, or seed treatments, soluble concentrates, etc.






	[18,20]



	Acetamiprid
	
	―

	
Low toxicity in mammals; severe toxicity can result from ingestion




	―

	
Reported health effects include hypotension, nausea, vomiting, hyperglycemia, vomiting, shortness of breath, dizziness, etc.






	[21,22,23]



	Thiacloprid
	
	―

	
Moderately hazardous, likely a carcinogen




	―

	
Health effects include nausea, vomiting, tachycardia, hypertension, mydriasis with loss of light reflex, respiratory paralysis, cardiac arrest, etc.






	[24]



	Thiamethoxam
	
	―

	
Controls piercing and sucking insects such as aphids, leafhoppers, and whitefly




	―

	
Widely used for field, forage, fruit, spice, and vegetable crops as well as for non-agricultural purposes




	―

	
Sold under various brand names at various concentrations






	[20]



	Sulfoximine
	
	―

	
Less toxic than the recently banned neonicotinoids imidacloprid, thiamethoxam, and clothianidin




	―

	
More toxic than other neonicotinoids (acetamiprid and thiacloprid)






	[25]
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