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Impact of Systemic Pesticides on Non-Apis and Wild Bee Populations: A Review


ABSTRACT
The extensive application of systemic pesticides, such as neonicotinoids and phenylpyrazoles, poses a major risk to wild and non-Apis bee populations. Unlike managed honeybees, wild bees including bumble bees (Bombus spp.), solitary bees (Osmia spp.), and stingless bees (Meliponini spp.) have varied foraging, nesting, and life cycles, making them more susceptible to pesticide exposure. These chemicals pose significant risks to non-Apis and wild bee populations, critical pollinators for global ecosystems and agriculture. This review highlights the various ways in which systemic pesticides affect wild pollinators, particularly non-Apis bees. It examines the commonly used types of systemic pesticides, their routes of exposure, and their modes of action, and also discusses the diverse effects these pesticides have on non-Apis bee species. These chemicals, absorbed by plants and disseminated into pollen, nectar, and guttation fluids, expose bees through multiple pathways, leading to lethal and sublethal effects. Sublethal doses disrupt cognitive functions, impair navigation, and reduce brood development, threatening population viability. This review aims to emphasize more regulatory frameworks on the potential stressors to non-Apis species that are often overlooked. The study suggests stricter pesticide regulations, adoption of Integrated Pest Management (IPM), habitat restoration, prioritizing long-term studies on pesticide persistence and synergistic effects with other stressors and the development of pollinator-friendly alternatives.	Comment by Abhishek Garhwal: Remove comma	Comment by Abhishek Garhwal: Remove comma	Comment by Abhishek Garhwal: Actions, remove comma	Comment by Abhishek Garhwal: delete
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1. INTRODUCTION
Systemic insecticides were first introduced in the 1950s with compounds like dimethoate, aiming to control a broad spectrum of pests. The advent of neonicotinoids in the 1990s marked a significant shift due to their effectiveness and systemic properties (Sanchez-Bayo et al., 2013). However, their pervasive use has raised concerns about unintended consequences on non-target organisms, especially pollinators. Pollinators, including non-Apis bees (such as bumble bees and solitary bees) and wild bees, play a crucial role in maintaining ecosystem health by pollinating both wild plants and economically important crops (Vaughan et al., 2014). However, these vital pollinators are facing significant threats due to various stressors. Among these stressors, the use of systemic pesticides has emerged as a major concern. Systemic insecticides, particularly neonicotinoids, have been widely used in agriculture for their effectiveness against pests but have been linked to severe impacts on bee populations (Moreira et al., 2018). Moreover, the combination of neonicotinoids with other pesticides can have synergistic effects, further increasing bee mortality rates (Li et al., 2023; Sgolastra et al., 2017).
Non-Apis bees, encompassing a diverse range of solitary and social species, are vital for the pollination of numerous plants. Unlike managed honeybee colonies, these wild bees do not have human intervention to mitigate environmental stresses, making them particularly vulnerable to chemical exposures (Vaughan et al., 2014). Research indicates that exposure to systemic insecticides can lead to various sub-lethal effects in these bees, such as impaired foraging behavior, reduced reproductive success, and increased susceptibility to diseases (Baines et al., 2017; Koh et al., 2016; Siviter et al., 2018). The significance of this issue extends beyond ecological concerns; it has profound implications for food security and biodiversity. A decline in pollinator populations can lead to reduced crop yields and quality, affecting global food supplies. Moreover, the loss of pollinators disrupts entire ecosystems, as many plant species depend on them for reproduction (Magesh et al., 2017).	Comment by Abhishek Garhwal: remove comma	Comment by Abhishek Garhwal: remove comma	Comment by Abhishek Garhwal: remove full ston and u will be small
Recent studies have highlighted that exposure to systemic insecticides can impair bee behavior, decreased nesting probability, slowed nest construction and reduced population growth (Stuligross & Williams, 2021). The widespread use of neonicotinoids has been associated with declines in both managed honey bee colonies and wild bee populations (Heard et al., 2017). For instance, regions with high neonicotinoid use have seen significant declines in wild bee populations (Guzman et al., 2024). Moreover, the persistence and consistent use of these chemicals in the environment means that their effects can be long-lasting and cumulative across generations (Woodcock et al., 2016).	Comment by Abhishek Garhwal: and
2. WILD BEE POPULATIONS: ECOLOGY AND IMPORTANCE
Wild bees are crucial components of ecosystems worldwide, playing pivotal roles in pollination, biodiversity, and food security. Wild bees comprise a highly diverse group within the more than 20,000 known bee species, with many exhibiting solitary or semi-social behaviors, in contrast to the eusocial structure of honeybees (Apis mellifera) and certain bumblebee species (Bombus spp.) (Siviter et al., 2021). Unlike the social structure of honeybees, many wild bees are solitary, with each female constructing and provisioning her own nest (Antoine & Forrest, 2021). These bees are vital pollinators of both wild plants and agricultural crops, contributing significantly to global food production. Approximately 80% of the plants we consume rely on bees for pollination, including fruits, vegetables, coffee, and chocolate (Siviter et al., 2021). The presence of non-Apis bees significantly enhances pollination efficiency by improving the foraging behavior of honey bees. These interspecific interactions influence movement patterns, benefiting crops like almonds. Orchards with diverse pollinator communities achieve greater fruit set than those dependent solely on honey bees (Brittain et al., 2013).	Comment by Abhishek Garhwal: remove comma	Comment by Abhishek Garhwal: and
Their ecological role extends beyond pollination; they are also a food source for various birds and other animals, supporting complex trophic web (Floris et al., 2020). Wild bees have adapted to a multitude of environments, from tropical regions to arid deserts (Hrncir et al., 2019), thus help in pollinating the different flowering plants growing in these areas. In agricultural systems, wild bees enhance the yield and quality of crops such as tomatoes, blueberries, and almonds. For instance, bumblebees (Bombus spp.) are effective pollinators of crops like tomatoes and peppers due to their unique buzz pollination behavior, which releases pollen more efficiently from certain plants (Vaughan et al., 2014). The presence of diverse wild bee species can also improve pollination services, ensuring crop pollination even when honeybee populations face challenges.
Managed bees, such as honeybees, are crucial for commercial agriculture but can sometimes negatively affect wild bees through competition, plant community changes, and pathogen transmission (Mallinger et al., 2017). Bees, such as the European honeybee (A. mellifera), are often maintained by beekeepers for honey production and crop pollination services. While they are vital to agriculture, relying solely on managed bees can be problematic. Honeybees are generalist foragers and may not be as efficient as certain wild bees in pollinating specific crops (Rondeau & Raine, 2024). Moreover, the introduction of managed bees into new environments can lead to competition with native wild bees for floral resources, potentially displacing local species. Studies have shown that in some cases, the presence of managed honeybees can negatively impact wild bee populations through resource competition and the transmission of pathogens (Wojcik et al., 2018). Unlike some native bees, honeybees are not at risk of extinction; beekeepers can split colonies to maintain their numbers. However, this practice does not address the declines observed in wild bee species, which are often more specialized and less adaptable to changing environments. Therefore, conservation strategies should prioritize the protection and support of wild bee populations to maintain ecological balance and ensure the resilience of pollination services.	Comment by Abhishek Garhwal: and	Comment by Abhishek Garhwal: may times used unlike, start with other words
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Wild bee populations are facing significant threats, including habitat loss, pesticide use (Belsky & Joshi, 2020), climate change, and disease (Heard et al., 2017) (Figure 1). Habitat loss, often due to agricultural intensification and urbanization, is a major driver of decline, as it reduces the availability of nesting sites and foraging resources (Koh et al., 2016). Pesticides, particularly systemic insecticides like neonicotinoids, pose a significant risk by contaminating soil and water, affecting both adult bees and their larvae (Belsky & Joshi, 2020). Climate change alters the timing of plant-bee interactions, disrupting pollination services (Freimuth et al., 2022). Wild and solitary bees are more vulnerable to such climate-induced shifts in plant-pollinator synchrony (Schenk et al., 2018).	Comment by Abhishek Garhwal: and	Comment by Abhishek Garhwal: and
3. OVERVIEW OF SYSTEMIC PESTICIDES
Since their introduction, the use of systemic herbicides, fungicides, and insecticides has increased significantly. Systemic insecticides, particularly neonicotinoids, are among the most extensively used, accounting sales of approximately one-third of the global pesticide market (Simon-Delso et al., 2015). The versatility of these pesticides has led to their widespread application in agriculture, horticulture, and even urban pest management. Systemic pesticides have been a cornerstone in modern agriculture, providing effective pest control by being absorbed and distributed throughout plant tissues. The development of systemic pesticides dates back to the 1950s with the introduction of organophosphorus (OP) compounds like dimethoate. These early systemic pesticides were valuable for controlling sucking pests and burrowing larvae due to their ability to translocate through plant tissues. The 1960s saw the introduction of carbamates such as aldicarb, which further expanded the range of systemic options available for farmers (Sanchez-Bayo et al., 2013). In recent decades, neonicotinoids emerged as a prominent class of systemic insecticides. Developed in the 1980s by scientists at Shell and Bayer, neonicotinoids were initially seen as safer alternatives due to their lower mammalian toxicity compared to earlier compounds (Kollmeyer et al., 1999). Neonicotinoids quickly gained widespread use globally due to their effectiveness against a broad spectrum of pests without requiring direct contact with insects.
Systemic pesticides are characterized by their water solubility, allowing them to be absorbed by plants through roots or leaves. Once inside plant tissues, these chemicals can be present in pollen, nectar, sap—making them toxic not just to target pests but also non-target organisms like bees when they feed on treated plants (Simon-Delso et al., 2015). Neonicotinoids specifically mimic neurotransmitters like acetylcholine in insects’ central nervous systems. By binding irreversibly to nicotinic acetylcholine receptors (nAChRs), they cause overstimulation leading eventually to paralysis or death (Sanchez-Bayo et al., 2013). Their selectivity towards insects over mammals is attributed mainly to differences in receptor structures between species. Fipronil is another type of systemic pesticide that inhibits neuronal receptors rather than mimicking neurotransmitters. Both neonicotinoids and fipronil disrupt neural transmission effectively but can also impact non-target species through sublethal effects or environmental persistence (Simon-Delso et al., 2015).
The global use of systemic pesticides has evolved significantly, with neonicotinoids emerging as one of the most widely used classes since their introduction. Imidacloprid, in particular, has been extensively utilized since its commercialization in the mid-1990s. A major trend in their application involves prophylactic seed coatings, especially in crops like corn and soybeans across North America (Simon-Delso et al., 2015). This method reduces drift risk compared to foliar sprays but raises environmental concerns due to the persistence of these chemicals, leading to contamination in water bodies. 
4. MODE OF ACTION OF SYSTEMIC PESTICIDES
Understanding the mechanism through which these pesticides function is essential for assessing the risks posed by systemic insecticides to wild bee populations and for developing strategies to mitigate these impacts. Bees absorb systemic insecticides primarily through ingestion of contaminated nectar and pollen. These chemicals can also be absorbed through contact with treated surfaces (Thompson & Pamminger, 2019) or contaminated crops, weeds, seed dusts and soil (Krupke et al., 2012). Once absorbed, the insecticides are distributed throughout the bee’s body, potentially affecting various organs and systems (Serrão et al., 2022), including the nervous system (Paoli & Giurfa, 2024). Bees use enzymes like cytochrome P450s, glutathione transferases, and carboxylesterases to metabolize toxins (Magesh et al., 2017). However, honey bees have fewer detoxification genes compared to other insects, which may limit their ability to handle multiple toxins simultaneously (Rand et al., 2015). The efficiency of excretion can thus vary, with some toxins persisting in the body and affecting bee health over time.	Comment by Abhishek Garhwal: and	Comment by Abhishek Garhwal: serrao	Comment by Abhishek Garhwal: and
Systemic insecticides, such as neonicotinoids, target nicotinic acetylcholine receptors in the bee’s nervous system, impairing functions like navigation, learning, and communication (Belsky & Joshi, 2020). Early neurological symptoms include paralysis, excessive grooming, proboscis extension, and hyperactivity. Late-onset symptoms included neuromuscular dysfunction, loss of orientation, and ataxia (Baines et al., 2017). Exposure to sublethal doses can lead to impaired reproductive capacity, reduced colony growth, and increased susceptibility to diseases and other stressors (Baines et al., 2017; Siviter et al., 2018). Some studies suggest that some insecticides may act as endocrine disruptors, potentially causing long-term adverse effects on bee health (Baines et al., 2017). The combination of pesticide exposure with other stressors like climate change can intensify impacts on bee populations, leading to synergistic declines in health and survival (Albacete et al., 2023).	Comment by Abhishek Garhwal: and	Comment by Abhishek Garhwal: remove comma before and from each sentances
5. ROUTES OF EXPOSURE
Systemic insecticides, such as neonicotinoids, are absorbed by plants and translocated to all tissues, including nectar and pollen. When bees forage on these contaminated floral resources, they ingest the toxins, leading to potential sublethal or lethal effects (Ward et al., 2022). Non-Apis and wild bee populations encounter systemic insecticides not only through direct contact but also via indirect exposure pathways, which can significantly impact their health and survival. The indirect exposure pathways of systemic insecticides present significant challenges for the conservation of non-Apis and wild bee populations. Neonicotinoids are persistent in the environment, with residues found in soils, waterways, and non-target plants. This persistence increases the likelihood of chronic exposure to non-target organisms, including pollinators (Simon-Delso et al., 2015). Non-Apis and wild bees encounter systemic insecticides primarily through direct exposure during foraging activities.
Contaminated Nectar and Pollen: Crops and flowers are often sprayed and drenched with pesticides entering the whole plant. Systemic pesticides are absorbed by plants and distributed to all tissues, including pollen and nectar, which bees consume during foraging (Cowles & Eitzer, 2017). Hinarejos et al. (2019) put consumption of pollen and nectar contaminated with pesticides as the primary route through which bees and non-Apis bees are exposed to pesticides. Now the nectar collected is not eaten by the adult bees alone it is also fed to the growing larvae thus affecting the young developing bees (Ward et al., 2022).	Comment by Abhishek Garhwal: and
Contaminated Surfaces: Field border plants, such as hedgerows and forb strips, provide vital habitats and food sources for wild bees. However, they often accumulate pesticide residues from nearby agricultural fields (Ward et al., 2022). Bees foraging on these plants risk exposure through contact with contaminated surfaces, ingestion during grooming, or transferring residues to their nests, potentially impacting their health and colony stability (Wu et al., 2011). Dust containing systemic insecticides can be released into the air. Foraging bees flying through these areas can encounter airborne particles, leading to direct contact exposure (Gradish et al., 2019).
Contaminated water: Bees require water for various physiological functions, including thermoregulation and feeding their young (Nicolson et al., 2022). Water sources, such as puddles, ponds, or dew on plants, can become contaminated with systemic insecticides through agricultural runoff or drift (Berens et al., 2021; Samson-Robert et al., 2014). When bees consume this contaminated water, they ingest toxins that can impair their health, affecting behaviours such as foraging efficiency and navigation (Samson-Robert et al., 2014). While direct studies on non-Apis bees are limited, it is reasonable to infer that those similar risks apply, given their reliance on water sources.
Contaminated seeds: Seeds are coated with neonicotinoids to protect crops from early-season pests that attack seedlings. This method, known as seed treatment, allows the insecticide to be absorbed by the plant as it grows, making it toxic to pests that feed on its tissues (Douglas et al., 2015). Neonicotinoid seed coatings reduce the need for foliar sprays, minimize direct exposure to beneficial insects, and offer long-lasting pest protection (Budge et al., 2015). However, these applications come with its disadvantages. Studies have shown that neonicotinoid-coated seeds reduce the density of wild bees and impair their nesting activities. This is particularly concerning for solitary bees, which are crucial for pollination in various ecosystems (Rundlöf et al., 2015). Exposure to neonicotinoids can lead to reduced colony growth and reproduction in wild bees. For example, bumblebee colonies exposed to these chemicals may produce fewer queens, impacting their long-term survival (Rundlöf et al., 2015). Chronic exposure to neonicotinoids can affect various aspects of bee biology, including larval development, sex ratios, and adult longevity. This chronic exposure can have compounding negative effects when combined with other stressors like pathogens (Tetlie & Harmon-Threatt, 2024).	Comment by Abhishek Garhwal: Rundlof	Comment by Abhishek Garhwal: Rundlof	Comment by Abhishek Garhwal: and
Contaminated nests: Many wild bees, particularly solitary species, construct nests using materials collected from their environment, such as soil, leaves, or plant resins (Nooten et al., 2020). When these materials are contaminated with systemic insecticides, bees can inadvertently introduce toxins into their nests. This exposure poses risks to both adult bees and their developing offspring, potentially leading to developmental abnormalities or increased mortality rates. Research indicates that non-Apis bees may experience higher pesticide doses through contact or oral exposure compared to honey bees (Gradish et al., 2019).
Contaminated soil: A significant proportion of bee’s nest underground, with estimates ranging 64% to 83% (Antoine & Forrest, 2021). Many solitary bees nest in the soil, and systemic insecticides can persist in the soil for extended periods (Bonmatin et al., 2015). Bees that dig nests in contaminated soil are at risk of direct contact with these chemicals, which can affect their survival and the development of their offspring. In addition to this some bee species don not have avoidance behaviour. Studies show that certain bee species, such as Osmia lignaria, do not avoid soils contaminated with imidacloprid, even at high residue levels, which increases their risk of exposure (Fortuin & Gandhi, 2021). The persistence of these insecticides in the soil environment poses a long-term risk to ground-nesting bee species, as residues can remain active and toxic over time. Studies show residues that neonicotinoid residues persist in soil for weeks to months leading to chronic exposure even after pesticide application. Furthermore, these systemic insecticides can persist in woody plants for over a year, significantly increasing the exposure risk for pollinators (Bonmatin et al., 2015).	Comment by Abhishek Garhwal: and	Comment by Abhishek Garhwal: and
Pesticide drift: Pesticide drift is a significant but frequently overlooked pathway by which pesticides indirectly affect wild bees. Unlike ground-level applications, airborne pesticides disperse over vast areas, with wind carrying droplets and dust beyond target crops. This contaminates nearby wildflowers, shrubs, and nesting habitats, increasing exposure risks for both foraging and ground-nesting bees (Krupke & Long, 2015). Pesticides can be airborne in three main ways—(1) Dust-drift, (2) Aerial sprays and (3) contaminated dusts. Dust drift refers to the airborne dispersal of fine, pesticide-laden particles often originating from treated seeds or soil applications released during sowing or cultivation. These particles can be carried by wind beyond the target area, posing a risk to non-target organisms while planting coated seeds, such as pesticide-treated corn or soybeans (Georgiadis et al., 2012). Aerial spraying refers to the application of liquid pesticide formulations such as insecticides or herbicides—using aircraft, including planes, helicopters, or drones, to treat large agricultural fields or forested areas. This method, while efficient for broad coverage, often results in the downwind drift of airborne spray beyond the intended application zone (Felsot et al., 2010). Contaminated dust refers to particulate matter—such as soil (Nuyttens et al., 2013), pollen or organic debris (Cappellari et al., 2024), that accumulates pesticide residues following application. This contamination may result from environmental deposition (e.g., wind erosion of treated soil), settling of spray or drift particles, or pesticide-laden debris from treated crops (Nuyttens et al., 2013). Additionally, residues from formulation materials such as talc used in seed planters can persist on surfaces or in the air, serving as secondary sources of exposure to plants, wildlife, and humans (Schaafsma et al., 2018).	Comment by Abhishek Garhwal: and
Reduction of Floral Resources: Floral resource availability is a key determinant of wild bee populations, yet habitat loss, agricultural intensification, and urbanization have drastically reduced nectar and pollen sources, driving bee declines. Many wild bees exhibit specialized foraging behaviours, relying on specific plant species for survival. Land-use changes that eliminate these plants disrupt bee life cycles and reproductive success (Potts et al., 2010). Monoculture farming and heavy pesticide use further erode floral diversity, replacing biodiverse wildflower habitats with resource-poor landscapes (Goulson et al., 2015). As a result, bees must forage over greater distances, increasing energy expenditure and exposure to environmental stressors (Roulston & Goodell, 2011). Nutritional deficiencies also weaken immune function, heightening susceptibility to diseases and parasites (Vaudo et al., 2015).	Comment by Abhishek Garhwal: and
6. ACUTE TOXICITY
Recent systematic laboratory studies on acute oral toxicity have provided crucial insights into how systemic insecticides affect wild bees. These investigations have established the 48-hour LD50 values for several widely used pesticides, revealing significant variations in toxicity. The values of the LD50 are given in Table 1. The comparative sensitivity of honey bees and bumblebees further highlights the limitations of relying on a single model species for risk assessment. While both sulfoxaflor and thiamethoxam are highly toxic to both species, they are approximately 7.5 and 4.2 times more toxic to Bombus impatiens than to A. mellifera (Mundy-Heisz et al., 2020). Conversely, flupyradifurone exhibits greater acute toxicity to honey bees than to bumblebees.
Table 1. Medium lethal dose of adult bees exposed to systemic insecticides.
	Species
	Pollutant
	Route of Exposure
	LC50/LD50	Comment by Abhishek Garhwal: 50 on lower case
	References

	Centris analis (male)
	Dimethoate
	Oral
	32.78 ng/bee (LD₅₀)
	(Tadei et al., 2023)

	Centris analis (female)
	Dimethoate
	Oral
	43.84 ng/bee (LD₅₀)
	(Tadei et al., 2023)

	Osmia bicornis
	2,4-D
	Oral
	>1,437.5 mg/L (LC₅₀)
	(Belsky & Joshi, 2020)	Comment by Abhishek Garhwal: and

	Bombus terrestris
	Thiamethoxam
	Oral
	6.63 ng/bee (LD₅₀)
	(Siviter et al., 2022)

	B. terrestris
	Clothianidin
	Oral
	3.12 ng/bee
	(Sgolastra et al., 2017)

	Osmia bicornis
	Clothianidin
	Oral
	1.17 ng/bee
	

	Tetragonisca angustula 
	Fipronil
	Oral
	0.4 ng/bee
	(Mena et al., 2023)

	Tetragonisca angustula 
	Imidacloprid
	Oral
	35 ng/bee
	

	Bombus impatiens
	Thiamethoxam
	Oral
	0.0012 µg/bee
	(Mundy-Heisz et al., 2020)

	Bombus impatiens
	Sulfoxaflor
	Oral
	0.0194 µg/bee
	

	Bombus impatiens
	Cyantraniliprole
	Oral
	>0.54 µg/bee
	

	Bombus terrestris
	Cyantraniliprole
	Oral
	>0.28 µg/bee
	

	Apis mellifera
	Cyantraniliprole
	Oral
	>0.11 µg/bee
	

	Bombus impatiens
	Flupyradifurone 
	Oral
	>1.7 µg/bee
	

	B. terrestris
	Dimethoate
	Oral
	2.188 mg/L
	(Heard et al., 2017)



A study by Witwicka et al. (2024) showed that acute effects led to an up-regulation of genes involved in detoxification and stress response. Additionally, oxidative stress response genes were similarly up-regulated. Furthermore, there was an increase in the expression of apoptosis-inducing genes, indicating mechanisms that may contribute to immediate cellular stress and potential cell death (Witwicka et al., 2024). Also, acute and chronic exposure to clothianidin resulted in the death of 54% and 29% of bees, respectively. This suggests that the impact of clothianidin does not intensify with time. Bees appear to be more capable of tolerating prolonged lower-level exposure compared to acute exposure (Witwicka et al., 2024).

7. SUBLETHAL TOXICITY
While acute toxicity data is crucial, studies have emphasized the need for further research on long-term exposure effects to fully understand the ecological impact of these pesticides (Mundy-Heisz et al., 2020). Systemic pesticides pose a serious threat to wild bees, not only causing immediate mortality but also triggering long-term sublethal effects. Even at low concentrations, they disrupt foraging, reproduction, and colony stability, gradually weakening populations (Siviter et al., 2021). Honey bee brood combs often contain high levels of pesticide residues, including insecticides, fungicides, and miticides, which can persist in wax for extended periods, leading to chronic exposure and long-term colony decline. Worker bees reared in contaminated combs experience slower development, especially in early stages, which may further compromise colony health. Additionally, delayed bee development could create favorable conditions for Varroa destructor mites, enhancing their reproductive success and increasing colony vulnerability (Wu et al., 2011).
7.1 Reproductive and Developmental Impairments
Systemic pesticides exert profound effects on wild bee reproduction and development, threatening population sustainability. In horned mason bees (Osmia cornuta), exposure to the systemic fungicide fenbuconazole significantly reduced male mating success. Treated males exhibited lower amplitude thoracic vibrations, essential for mate assessment, and altered cuticular hydrocarbon profiles, affecting chemical communication. These changes impaired sexual signaling, ultimately reducing their ability to successfully attract and mate with females (Boff et al., 2022).
Similarly, studies examining the effects of systemic pesticides on larval development reveal concerning patterns across multiple bee species. When eggs of the Japanese orchard bee (Osmia cornifrons) were exposed to pollen contaminated with systemic pesticides, including the fungicide dodine and insecticides acetamiprid, flonicamid, and sulfoxaflor, researchers observed delayed larval development, reduced body weight, and increased pupal mortality (Phan et al., 2024). These developmental disruptions occurred even at concentrations considered sublethal, demonstrating how early life stage exposure can compromise adult bee vigor and survival. The transgenerational impacts of pesticide exposure further compound these concerns. Research on ground-nesting squash bees (Xenoglossa pruinosa) showed that exposure to the butenolide insecticide flupyradifurone altered offspring production patterns (Rondeau & Raine, 2024). More alarmingly, combined exposure to multiple pesticides, a scenario common in agricultural settings, reduced the overall number of emerging offspring compared to individual pesticide treatments, suggesting synergistic adverse effects that exceed what might be predicted from single-compound assessment (Rondeau & Raine, 2024). The pesticide exposure also led to hyperactivity and reduced pollen collection. 	Comment by Abhishek Garhwal: and	Comment by Abhishek Garhwal: and	Comment by Abhishek Garhwal: and
7.2 Behavioral and Physiological Alterations
Sublethal exposure to systemic pesticides disrupts essential behavioral and physiological functions critical for bee survival and ecological performance. Field-realistic doses of flupyradifurone (FPF) induce significant behavioral abnormalities, including impaired coordination, hyperactivity, and lethargy. Forager bees exhibit greater sensitivity to FPF than in-hive bees, with short-term impairments occurring within just one hour of exposure (Tosi & Nieh, 2019). Such behavioral impairments can significantly reduce foraging efficiency, navigation ability, and overall colony fitness. In bumblebees (Bombus terrestris), exposure to clothianidin-treated oilseed rape (Brassica napus) resulted in reduced body mass in developing bees and smaller adult body. Notably, no major effects on pathogen levels or gut bacteria were observed, indicating that clothianidin’s detrimental effects on colony performance occur independently of microbial interactions (Wintermantel et al., 2018). These morphological changes can directly impact flight capability and foraging range, with consequences for both individual survival and pollination services.	Comment by Abhishek Garhwal: and
Systemic pesticides also disrupt essential physiological processes in wild bees. Studies examining immune response and oxidative status following exposure to neonicotinoids like thiacloprid and clothianidin document significant alterations to these crucial defense systems. The results demonstrated that sublethal concentrations of both neonicotinoids induce oxidative stress in honeybees, compromising their immune defense. Exposure also led to elevated levels of malondialdehyde (MDA) and increased acetylcholinesterase (AChE) activity, indicating potential neurotoxic effects and heightened susceptibility to environmental stressors (Orčić et al., 2022). For social species, these physiological disruptions can cascade through colonies as affected individuals fail to perform their specialized tasks effectively. Synergistic pesticide interactions worsen effects.	Comment by Abhishek Garhwal: orcic
Exposure of Tetragonisca angustula and A. mellifera to fipronil resulted in signs of oxidative stress, showing a clear dose-dependent increase in lipid peroxidation (LPO) levels, particularly noticeable in T. angustula. This indicates that fipronil can cause damage to cell membranes via oxidative processes (Mena et al., 2023). 
7.3 Immune Response Alterations
Hemocytes are immune cells in honey bee hemolymph, essential for their innate immunity. Lacking an adaptive immune system, bees rely on hemocytes for defense. These cells perform phagocytosis, encapsulation, and nodulation to eliminate pathogens while also releasing immune factors, playing a vital role in both cellular and humoral immunity (Hystad et al., 2017). Pamminger et al. (2018) highlight a connection between the nervous and immune systems in insects, revealing that hemocytes are highly susceptible to neurotoxic pesticides. Exposure to neonicotinoids weakens pollinator immune defenses, amplifying susceptibility to viral, bacterial, fungal, and protozoan infections. These chemicals likely disrupt immune regulation by impairing haemocyte receptor function. Developmental exposure hinders immune maturation, affecting metamorphosis and raising mortality rates (Pamminger et al., 2018).	Comment by Abhishek Garhwal: highlighted
Pesticide exposure, even at low doses, triggers immune and stress-related pathways in honeybees, activating genes involved in antimicrobial peptide (AMP) production and detoxification, such as CYP9E2 (Bartling et al., 2021). Notably, pesticide exposure induces nitric oxide synthase (NOS), suggesting nitric oxide (NO) plays a role in honeybee defense. Catalase, an enzyme that neutralizes reactive species, is upregulated post-NO production, preventing cellular damage. This coordinated response helps bees combat stressors while mitigating oxidative damage. Thiacloprid and pendimethalin exposure significantly reduced lifespan, whereas fungicide effects varied (Bartling et al., 2021). While this indicates that bees’ immune systems recognize and respond to these chemicals as threats, the continuous activation of immune pathways represents a metabolic cost that may compromise other physiological functions. These studies and findings were conducted on honey bees, but they are likely applicable to other pollinators and wild bee species as well.
Immunosuppression may facilitate disease transmission, threatening pollinator populations and ecosystem stability. Sublethal exposure to systemic insecticides weakens pollinator immunity, making them more vulnerable to pathogens, including viruses, bacteria, fungi, and protozoa, such as Nosema spp. and Deformed Wing Virus (DWV). Impaired foraging of bees due to pesticide exposure can lead to poor nutrition, and insecticides can have direct effects on the immune system of bees making them more susceptible to different diseases (Kaur et al., 2021). Bees exposed to thiamethoxam exhibited chromatin condensation in brain cells, indicating potential neurotoxic effects that could impair cognitive functions and behavior. Additionally, significant structural changes were observed in the midgut, including epithelial disorganization and the degradation of digestive cells. These alterations may compromise nutrient absorption and overall digestive efficiency, further weakening bee health and survival (Moreira et al., 2018).
8. FUTURE DIRECTIONS
The impact of systemic pesticides on bee populations has become a critical research focus, particularly as evidence highlights species-specific differences in sensitivity. This has significant implications for environmental risk assessments, which have historically relied on the honey bee (A. mellifera) as a proxy for all bee species. However, growing research suggests that this approach fails to adequately protect non-Apis bees, such as bumblebees and solitary bees, due to their distinct biological and ecological traits (Thompson & Pamminger, 2019). Studies indicate that some wild bee species often exhibit greater sensitivity to agricultural chemicals than managed honey bees, with certain pesticides proving substantially more toxic to bumblebees (Mundy-Heisz et al., 2020). A. mellifera, may underestimate the true impact of pesticides on stingless bees and other native pollinators (Mena et al., 2023). Findings by Moreira et al. (2018) suggest that stingless bees may be more sensitive to some insecticides than A. mellifera, reinforcing the need for species-specific risk assessments. Differences in pesticide sensitivity also exist among wild bee species. For example, Bombus spp. have shown strong negative effects from neonicotinoid exposure, while Osmia spp. exhibit varying sensitivity levels, highlighting the need for species-specific toxicity assessments (Siviter et al., 2021). Therefore, assessing and comparative analysis account of toxicity in diverse animal models, particularly those that are potent biological indicators is desirable. This will enrich the data for promoting more realistic conservation strategies, which may perhaps minimize the risks that effect of long-term persistence of the animal population in general.	Comment by Abhishek Garhwal: and
Broadening research beyond neonicotinoids is essential, as current studies primarily focus on these compounds despite the widespread agricultural use of other insecticide classes. Pyrethroids, organophosphates, and carbamates also pose significant risks to both honeybees and non-Apis bees (Pervez & Manzoor, 2021), yet their effects remain understudied. Additionally, research must move beyond mortality as the primary endpoint, as sublethal impacts on behavior, reproduction, and colony development can drive long-term population declines. Understanding these effects is crucial for developing comprehensive risk assessments and conservation strategies that address the full spectrum of pesticide threats to pollinators.	Comment by Abhishek Garhwal: and
Methodological standardization represents another essential advancement needed. Current toxicity testing protocols designed for honeybees fail to account for the unique life histories and exposure routes of diverse wild bees. Ground-nesting species, which constitute a large proportion of wild bee species (Rondeau, 2024), face distinct risks from soil-bound pesticide residues that current regulatory frameworks ignore. Future risk assessment procedures must incorporate these species-specific vulnerabilities to provide meaningful protection.
Expanding geographic research efforts is essential to address the gaps and improve global pesticide risk assessments. Additionally, understanding how insecticides interact with other environmental stressors remains critically underexplored, despite the potential for synergistic effects. Future studies should also focus on safer alternatives, such as refined botanical insecticides, emphasizing repellence and sublethal mechanisms to balance agricultural productivity with pollinator conservation.
9. CONCLUSION
The impact of systemic insecticides on non-Apis and wild bee populations is a pressing concern with far-reaching ecological and agricultural consequences. While these chemicals are widely used for pest management, their unintended effects on pollinators threaten biodiversity and ecosystem stability. Systemic insecticides persist in plant tissues, leading to prolonged exposure that results in sublethal effects such as impaired foraging, weakened immunity, and reduced reproductive success. The decline of wild bees, crucial pollinators in both natural and agricultural systems, poses significant risks to food security and habitat integrity. Addressing this issue requires a multifaceted approach, including stricter regulations, integrated pest management strategies, and habitat restoration efforts.
Recent findings indicate that soil drench applications of neonicotinoids result in significantly higher insecticide residues in pollen and nectar compared to foliar sprays, often reaching bee-toxic concentrations (Cowles & Eitzer, 2017). Thus, adopting safer pesticide application methods is essential for reducing pollinator exposure. Additionally, habitat degradation and floral scarcity create seasonal bottlenecks that threaten solitary bees and bumble bees (Burkle et al., 2013). Thus, protecting and restoring floral diversity is crucial for reversing wild bee declines. Given that T. angustula is a key pollinator in tropical ecosystems, regulatory measures should consider the effects of pesticides on non-Apis bee species to prevent biodiversity loss (Mena et al., 2023).	Comment by Abhishek Garhwal: and
Future research should prioritize long-term studies on pesticide persistence, synergistic effects with other stressors, and the development of pollinator-friendly alternatives. Sustainable agricultural practices that minimize insecticide reliance are vital to ensuring pollinator health, biodiversity conservation, and the stability of global food production systems.
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