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Review Article

Global Decline of Pollinators: Drivers, Consequences and Mitigation Strategies
ABSTRACT
Pollinators represent the unseen foundation of both global food production and natural ecosystems, playing a pivotal role in sustaining agricultural yields, enhancing crop quality, and maintaining biodiversity. Nearly three-quarters of the world’s food crops rely, at least in part, on animal-mediated pollination provided by diverse species such as bees, butterflies, flies, beetles, birds, and bats. However, mounting evidence over the past two decades reveals widespread and persistent declines in pollinator populations, affecting both wild species and managed systems. These declines are driven by a complex interplay of factors, including habitat degradation, intensive pesticide application, climate change, invasive alien species, emerging pathogens, and the compounded pressures resulting from their interactions. The consequences of pollinator loss extend well beyond ecological disruption. They threaten global food security, reduce nutritional diversity, and undermine economic stability, with cascading impacts on human health and livelihoods. This review synthesizes current understanding of the scale, drivers, and repercussions of pollinator decline at global and regional levels. It further examines a range of mitigation strategies, including habitat restoration, agroecological approaches, integrated pest management, policy interventions, incentive frameworks, and emerging technological innovations. Despite significant progress in pollination research, critical knowledge gaps persist, especially in tropical and developing regions where dependence on pollination services is high but empirical data remain scarce. Bridging these gaps is essential for designing locally relevant, evidence-based solutions. Ultimately, safeguarding pollinators is not merely an environmental concern but a global imperative for securing agricultural resilience, conserving biodiversity, and ensuring the sustainability of human societies.
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1. INTRODUCTION
The rapid expansion of human industrial activities has degraded ecosystems worldwide, driving an alarming loss of biodiversity across the tree of life (Parmesan, 2006; Davidson et al., 2009; Hoffmann et al., 2010; Stork, 2010; Dirzo et al., 2014; Urban, 2015; Ripple et al., 2016, 2017; Finn et al., 2023). Among the many taxa in decline, pollinators have received particular attention due to the profound ecological and socio-economic costs associated with their loss (Biesmeijer et al., 2006; National Research Council, 2007; Potts et al., 2010; vanEngelsdorp et al., 2010). Pollinators, ranging from insects such as bees, butterflies, moths, flies, and beetles to vertebrates including birds and bats, are crucial yet often underappreciated contributors to ecosystem functioning and agricultural productivity. By transferring pollen between flowers, they facilitate plant sexual reproduction, ensuring fruit and seed development. Without their services, many plants would experience reduced reproductive success, threatening both global food security and the stability of natural ecosystems. It is estimated that approximately 75% of the world’s major food crops—including fruits, vegetables, oilseeds, nuts, and beverages such as coffee and cocoa—benefit from animal-mediated pollination (Klein et al., 2007; Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 2016; Ollerton, 2021). While insect pollinators have received the majority of research attention (Biesmeijer et al., 2006; Kleijn & Raemakers, 2008; Potts et al., 2010; vanEngelsdorp et al., 2010; Roulston & Goodell, 2011; Carvalheiro et al., 2013; Vanbergen & Initiative, 2013; Ollerton et al., 2014; Scheper et al., 2014; Goulson et al., 2015; Powney et al., 2019), vertebrate pollinators remain comparatively understudied. Yet, they play significant roles, especially in the tropics, where plant dependence on vertebrate pollination is particularly high (Fleming & Muchhala, 2008; Fleming et al., 2009; Ratto et al., 2018). Birds are estimated to pollinate around 5% of regional floras and up to 10% in island ecosystems (Anderson, 2003; Kato & Kawakita, 2004; Bernardello et al., 2006). Similarly, bats are key pollinators of nearly 1,000 economically important tropical plant species (Bumrungsri et al., 2008; Aziz et al., 2017; Sritongchuay et al., 2019; Tremlett et al., 2020). Although the European honey bee (Apis mellifera) is the most widely managed and studied pollinator, wild pollinators such as bumblebees (Bombus spp.), stingless bees (Meliponinis pp.), solitary bees, hoverflies, butterflies, and moths often provide equal or even greater services depending on the crop and landscape (Garibaldi et al., 2013; Dainese et al., 2019). Beyond agriculture, pollinators sustain biodiversity by supporting wild plant reproduction, maintaining genetic diversity, and stabilizing ecological networks. Pollination underpins plant–animal interactions that support herbivores, seed dispersers, and predators, ensuring ecosystem resilience across trophic levels (Potts et al., 2016; Rader et al., 2020). Conserving pollinators is therefore not only critical for food security and human well-being but also fundamental for safeguarding biodiversity worldwide.

1.1 Global Decline of Pollinators

Over the past few decades, extensive research across continents has revealed a worrying trend of pollinator decline, both in abundance and diversity. Long-term monitoring programs in Europe and North America have shown steep reductions in insect biomass and species richness, signaling an ecological crisis in pollination systems (Hallmann et al., 2017; Powney et al., 2019). The Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES, 2016) reported that nearly 40% of global insect pollinator species are at risk of extinction, a projection reinforced by more recent meta-analyses (Ollerton, 2021; Wagner et al., 2021) (Figure.1).

Managed pollinators, particularly the European honey bee (Apis mellifera), are also under significant stress. Beekeepers worldwide have documented heavy colony losses attributed to multiple drivers, including pests such as Varroa destructor, viral and fungal diseases, pesticide exposure, poor nutrition from habitat loss, and the poorly understood phenomenon of Colony Collapse Disorder (CCD) (Potts et al., 2010; Goulson et al., 2015; Le Conte and Navajas, 2022) (Figure 2; Figure 3). These stressors often interact synergistically, amplifying their impacts on pollinator survival.

One of the most cited studies highlighting this crisis is the German long-term monitoring project, which reported a staggering 75% decline in flying insect biomass over nearly three decades (Hallmann et al., 2017). Such drastic losses are not restricted to Europe. In North America, bumblebee populations have declined markedly, with species like Bombus affinis now listed as endangered (Cameron et al., 2011; Soroye et al., 2020). Similarly, studies in South America, Asia, and Africa are beginning to reveal comparable declines in native bees, butterflies, and vertebrate pollinators such as bats and birds (Baldock, 2020; Powney et al., 2019; Ratto et al., 2018).

These global trends point toward far-reaching ecological consequences. As pollinators are central to the reproduction of nearly 75% of crop species and over 85% of flowering plants, their decline threatens not only food security but also the stability and resilience of natural ecosystems (Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 2016; Klein et al., 2007; Rader et al., 2020). Without urgent intervention, the erosion of pollinator communities could undermine biodiversity conservation, ecosystem services, and human well-being at a planetary scale.

1.2 Indian Context of Pollinators decline
India, one of the 17 globally recognized megadiverse countries, harbours exceptional pollinator diversity that plays a vital role in sustaining both ecosystems and agriculture. Recent research shows that vertebrate pollinators, particularly bird species, are especially diverse in the Western Ghats and Himalayan regions, while several mammalian pollinators are increasingly threatened due to habitat loss and climate change (Kallivalappil, 2024). Native bees remain central to Indian agro-ecosystems. For instance, in Odisha, Apis species have been reported to significantly improve yields in mango, mustard, and guava, directly contributing to smallholder incomes and the honey industry in tribal communities (Anonymous, 2025a). In the Himalayan region, managed colonies of Apis cerana indica were shown to improve cucumber yields by around 25%, with notable effects on fruit quality as well (Anonymous, 2023a). Similarly, field trials revealed that the use of sugar or jaggery solutions as attractants markedly increased the activity of Apis cerana indica, enhancing seed yields in crops such as Aster (Anonymous, 2025b) and niger (Guizotia abyssinica) (Anonymous, 2025c). Landscape-level studies further highlight pollinator diversity. A survey in Karnataka’s Kodagu district recorded 79 insect pollinator species across six orders, with Hymenopterans dominating overall abundance, though a decline of 2.8% in species diversity was noted between 2020 and 2023 (Monappa and Sekarappa, 2024). In the Kashmir Himalaya, a complex meta-network involving 230 plant and 80 pollinator species with nearly 2,000 interactions has recently been documented, underscoring the intricate ecological relationships in the region (Rather, 2023). Taxonomic progress also continues to expand knowledge of India’s pollinator wealth. The discovery of Apis karinjodian, endemic to the Western Ghats, has added to India’s honey bee diversity, while also raising the possibility of Apis cerana indica being recognised as a distinct species rather than a subspecies (Wikipedia, 2025). Beyond scientific research, community-based initiatives are gaining prominence. In Nagaland, stingless bees such as Tetragonula iridipennis and Lepidotrigona arcifera were shown to enhance chilli yields by up to 60%, while also providing medicinal honey as an additional source of farmer income (TOI, 2025a). Similar efforts at the Central University of South Bihar promote pollinator-friendly gardens, beekeeping training, and climate-resilient practices (TOI, 2025b). Experts further recommend planting nectar-rich trees in degraded lands to sustain bee populations (TOI, 2025c). In western India, farmers have begun planting passion fruit vines to maintain bee foraging activity during the monsoon, addressing seasonal gaps in nectar resources (TOI, 2025d).

Together, these studies and initiatives highlight both the ecological significance and socio-economic potential of pollinators in India, while also stressing the urgency of their conservation under changing climatic and land-use conditions.

1.3 Why Pollinator Conservation Matters?

The decline of pollinators carries profound ecological, agricultural, and socio-economic consequences across the globe. Pollinators contribute to the reproduction of nearly 87% of flowering plant species worldwide, underpinning not only food production but also the functioning of natural ecosystems (Ollerton, 2021). From an economic perspective, the global value of pollination services is estimated between USD 235 and 577 billion annually, highlighting their role as a cornerstone of global food security (IPBES, 2016). In the Indian context, where over 60% of the population relies on agriculture for livelihood, pollinator decline poses a direct threat to rural economies (Rahman et al., 2021; Baiju et al., 2023). Many high-value crops such as mango, apple, cardamom, coffee, mustard, and various vegetables are highly dependent on animal pollination, and reductions in pollinator abundance can lead to lower yields, poor fruit set, and reduced quality of produce (Abrol, 2012; Klein et al., 2007; Khalifa et al., 2021) (Figure 4.) Smallholder farmers are particularly vulnerable, as they often lack access to costly alternatives like artificial pollination or hybrid seed systems (Rader et al., 2020).

Beyond agriculture, pollinator loss undermines biodiversity conservation by threatening plant-pollinator interactions that maintain ecosystem resilience (Wagner et al., 2021). Declines in wild pollinators can lead to cascading ecological impacts, such as altered plant community composition and reduced habitat stability (Potts et al., 2016). Furthermore, the erosion of pollination services can weaken climate adaptation strategies, since diverse ecosystems with robust pollinator populations are more resilient to climate variability (Le Conte & Navajas, 2022). Thus, pollinator conservation is not merely an agricultural issue but a vital ecological and developmental priority.

1.4 Emerging Awareness and Policy Response

Recognizing the seriousness of pollinator decline, international organizations such as the Food and Agriculture Organization of the United Nations (FAO) and the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) have emphasized the need for urgent action. FAO’s Global Action on Pollination Services for Sustainable Agriculture provides technical guidance to countries on integrating pollination management into farming systems, while IPBES (2016) has produced landmark assessments that underscore the socio-economic value of pollinators and the threats they face. Several governments have responded by framing policies and initiatives to conserve pollinators. The European Union (EU) has enforced restrictions and partial bans on harmful neonicotinoid insecticides, a measure widely regarded as a milestone in pollinator protection (EFSA, 2018; Pisa et al., 2021). Countries such as the United Kingdom and the United States have developed National Pollinator Strategies to promote habitat creation, reduce pesticide use, and strengthen monitoring systems (Dicks et al., 2021). These policy frameworks highlight a growing international consensus that pollinator decline is not just an ecological issue but a pressing agricultural and economic challenge.

In India, awareness and interventions are steadily increasing. The All India Coordinated Research Project (AICRP) on Honey Bees and Pollinators has been instrumental in conducting nationwide surveys, identifying pollinator-friendly crops, and promoting beekeeping as both an agricultural input and a rural livelihood strategy (Baiju et al., 2023). The National Beekeeping and Honey Mission (NBHM), launched under the Ministry of Agriculture and Farmers’ Welfare, has prioritized scientific beekeeping, pollinator-based farming, and honey value-chain development to enhance farmers’ income and crop productivity. At the urban level, initiatives such as pollinator-friendly gardens, rooftop beekeeping, and school awareness programs are slowly emerging, although they remain localized and fragmented.

Despite these positive developments, significant challenges persist. Unregulated pesticide application, widespread habitat destruction due to land-use change, monoculture farming, and low public awareness continue to undermine pollinator conservation in India and globally (Raina et al., 2022; Wagner et al., 2021). Addressing these gaps requires not only scientific interventions but also policy integration across agriculture, biodiversity conservation, and rural development.

This review synthesizes current evidence on pollinator decline, its multiple drivers, and the cascading consequences for agriculture, biodiversity, and human nutrition. Special emphasis is placed on the Indian context, where research remains scattered but urgently needed to secure sustainable farming systems. By combining global and national perspectives, the article highlights conservation strategies, policy responses, and emerging research priorities. Ultimately, pollinator conservation must be recognized as a keystone strategy for food security, biodiversity protection, and climate resilience not just for saving insects, but for sustaining the ecological foundations of life on Earth.

2. EVIDENCE OF POLLINATOR DECLINE
The global decline of pollinators has emerged as one of the most alarming biodiversity crises of the 21st century. While natural fluctuations in insect populations are expected, consistent long-term data from multiple regions confirm that the reduction in pollinator abundance and diversity is widespread, severe, and persistent. The drivers vary across continents, but the downward trends are remarkably consistent, raising concerns about ecological stability and food security. This section reviews evidence from Europe, North America, other parts of the world, and finally focuses on the Indian subcontinent.

2.1 Global Evidence

The most compelling long-term datasets originate from Europe and North America, where systematic insect monitoring programs have been maintained for decades. In Germany, Hallmann et al. (2017) reported a staggering 75% decline in flying insect biomass within protected areas over a 27-year period, suggesting that habitat protection alone is insufficient if broader landscapes remain hostile due to intensive agriculture. More recent evidence from the UK highlights similar trends, with large-scale citizen science surveys revealing widespread declines of pollinating insects across Britain, particularly among specialist species (Powney et al., 2023). Butterfly monitoring in Europe also shows sharp declines, with species associated with semi-natural habitats being the most severely affected (Fox et al., 2015). Local extinctions of bumblebee species such as Bombus cullumanus and Bombus pomorum have further illustrated the vulnerability of specialist pollinators (Nieto et al., 2014).

In North America, long-term monitoring has revealed dramatic declines in wild bee populations. Cameron et al. (2011) reported that several bumblebee species had lost up to 96% of their historical abundance and more than half of their geographic range. More recently, Soroye et al. (2020) demonstrated that climate-driven range contractions are accelerating bumblebee declines across the continent. Honey bee colonies, central to commercial pollination, are also under stress, with annual mortality rates in the USA and Canada often exceeding 30%, particularly during winter (VanEngelsdorp & Meixner, 2010; Seitz et al., 2016). Although the mysterious syndrome known as Colony Collapse Disorder (CCD) peaked in the mid-2000s, colony losses remain high due to combined pressures from pests, pathogens, pesticides, and climate extremes (Wagner et al., 2021).

Beyond Europe and North America, evidence is rapidly accumulating from Asia, Africa, and South America, though datasets remain fragmented. In China, rapid land-use change and high pesticide use threaten both wild pollinators and managed Apis cerana colonies (Partap & Ya, 2012). In Brazil, deforestation in the Amazon and Atlantic Forest has reduced native pollinator diversity, with knock-on effects for crops such as açaí, guarana, and coffee (Freitas et al., 2009). African studies similarly suggest pollinator declines driven by habitat conversion, pesticide misuse, and climate variability (Kasina et al., 2009). Global syntheses now warn that these trends are not isolated, with expert assessments confirming that habitat loss, intensive agriculture, pesticides, diseases, invasive species, and climate change act synergistically to drive worldwide pollinator declines (Dicks et al., 2021; Sánchez-Bayo & Wyckhuys, 2023). Collectively, these findings demonstrate that pollinator decline is not restricted to the temperate Global North but represents an escalating global crisis.

2.2 Regional Variability and Knowledge Gaps

Although the overarching trend of pollinator decline is clear, regional variability complicates the picture. In some regions, certain pollinator groups appear relatively stable, or even increasing, particularly where conservation measures or traditional agroecological practices are still prevalent. For example, extensive smallholder farming systems in parts of Africa and Asia, which often rely on mixed cropping, crop rotation, and lower pesticide intensity, continue to support rich and diverse pollinator communities (Klein et al., 2007; Classen et al., 2014). Similarly, landscapes with remnant natural habitats, such as tropical forests and semi-natural grasslands, provide crucial refuges for wild bees, butterflies, and other pollinators (Garibaldi et al., 2013).

However, these refuges are shrinking rapidly under pressure from industrial agriculture, urban expansion, and climate change. The tropics home to the world’s highest pollinator diversity—remain particularly under-studied despite being global hotspots for both biodiversity and agriculture. Baseline data on species richness, population dynamics, and ecosystem services are still sparse in regions such as South Asia, Southeast Asia, and Sub-Saharan Africa (Archer et al., 2021; Potts et al., 2016). Without systematic monitoring, it is difficult to quantify the scale and drivers of decline in these areas, leaving a critical blind spot in global pollinator research.

Compounding this gap, most long-term datasets originate from Europe and North America, creating a geographical imbalance in knowledge production (Dicks et al., 2021). These bias risks overlooking declines in tropical pollinators that may be occurring at equal or greater magnitudes. Establishing standardized monitoring networks, capacity-building in underrepresented regions, and integrating local ecological knowledge are therefore urgent priorities to develop a more representative global understanding of pollinator status and trends.

2.3 Evidence from India

India’s agricultural and ecological landscapes present both opportunities and vulnerabilities for pollinator populations. Despite its position as a biodiversity hotspot, the country lacks long-term, standardized pollinator monitoring systems, and existing studies remain largely localized and crop-specific. Nonetheless, emerging evidence consistently points toward worrying declines. The Indian beekeeping sector, which depends on the Asiatic honey bee (Apis cerana indica) and the introduced European honey bee (Apis mellifera), is under mounting stress. Recent reports from Punjab and Haryana highlight rising colony losses in A. mellifera due to pesticide exposure in mustard, sunflower, and moong fields, compounded by heat stress and disease outbreaks (Joshi & Joshi, 2022). In Himachal Pradesh, predatory wasps such as Vespa mandarinia have caused mean losses of nearly 15% in both A. mellifera and A. cerana colonies (Motmayen & Sharma, 2025). Beyond managed bees, crop-based studies emphasize the growing ecological and economic risks of pollinator scarcity: mango orchards in Uttar Pradesh have shown drastic reductions in fruit set when pollinators are excluded (Singh et al., 2017); cucurbits in eastern India suffer yield decline under reduced visitation (Kumar et al., 2019); and apple orchards in Himachal Pradesh experience falling yields linked to mismatched flowering phenology and declining pollinator activity (Bhagat et al., 2021). Similar trends are seen in oilseeds like mustard and sunflower, where bee visitation boosts productivity, but field surveys reveal lower activity in intensive monocultures (Abrol, 2012; Sharma et al., 2023). Regional case studies further confirm the crisis. In Odisha’s Koraput and Rayagada districts, native bee richness has plummeted, with four of five species declining by up to 90% over decades (Anjum, 2025). In the Western Ghats, cardamom and coffee plantations once supported rich pollinator assemblages, yet recent findings show shrinking wild bee diversity and reduced yields (Rao & Raju, 2002; Ali et al., 2022). The Indo-Gangetic Plains, dominated by pesticide-intensive agriculture, show collapsing floral diversity and weakened bee colonies (Basu et al., 2020). Conversely, Northeastern India still sustains diverse pollinators through traditional agroforestry and shifting cultivation, though chemical intensification and deforestation are emerging threats (Saikia et al., 2021). Urban areas present a mixed picture: while habitat fragmentation reduces resources, managed green spaces in Bengaluru support robust native bee diversity (Bhatta & Kumar, 2021), and institutional gardens in Udaipur provide refuges for diverse Hymenoptera and Lepidoptera (Meera Girls College study, 2023). Yet, despite these scattered insights, the absence of systematic, long-term datasets remains a major gap. Non-bee pollinators—flies, beetles, wasps, and moths—remain largely ignored, despite playing vital roles in crops like mango, guava, and cucurbits (Sivakumar et al., 2022). Coupled with the informal nature of beekeeping, weak institutional support, and intensifying climate change, these factors underscore that the true scale of pollinator decline in India is uncertain. Nevertheless, the converging evidence strongly indicates a growing and urgent problem that threatens both biodiversity and food security.
3. DRIVERS OF POLLINATOR DECLINE
Pollinator decline is rarely the result of a single cause but emerges from the interaction of multiple pressures. Habitat loss from agricultural expansion, deforestation, and urbanization reduces floral resources and nesting sites, while intensive pesticide use—especially neonicotinoids and organophosphates—undermines foraging efficiency, immunity, and colony survival (Potts et al., 2010; Siviter et al., 2021). Climate change exacerbates these stressors by disrupting synchrony between crop flowering and pollinator activity, altering species distributions, and amplifying extreme events (Settele et al., 2016). Pathogens such as Varroa destructor and Nosema spp., along with invasive species, further compromise pollinator resilience (VanEngelsdorp et al., 2009; Goulson et al., 2015).

In India, these global drivers converge with rapid agricultural intensification. The Indo-Gangetic Plains, dominated by monocultures of rice, wheat, mustard, and cotton, are heavily dependent on pesticides, which have been directly linked to honey bee mortality and reduced colony strength (Chauhan et al., 2020; Joshi, 2022). Recent studies from Odisha reported sharp declines in wild bee abundance—up to 90% in some districts—attributed to pesticide overuse and habitat simplification (Anjum, 2025). Climate variability compounds these risks: in Himachal Pradesh, mismatches between apple flowering and bee activity have lowered fruit set, while in Uttar Pradesh, mango and litchi yields are declining due to reduced pollinator visitation linked to erratic weather (Bhagat et al., 2021; Singh et al., 2017).

Emerging threats are also significant. Predatory wasps such as Vespa mandarinia have caused measurable colony losses in Himachal Pradesh (Motmayen and Sharma, 2025), while heavy-metal pollutants in peri-urban regions have been shown to impair bee physiology and behavior (Bhatta and Kumar, 2021). Although traditional agroforestry and mixed cropping in Northeastern India and the Western Ghats continue to sustain diverse pollinator communities, deforestation, plantation expansion, and chemical inputs are eroding this resilience (Saikia et al., 2021).

Together, habitat degradation, pesticide misuse, climate variability, invasive pests, and emerging pollutants are accelerating pollinator declines in India. The fragmented nature of monitoring makes it difficult to assess the full scale of the crisis, but existing evidence clearly demonstrates that the drivers are intensifying and demand urgent, region-specific mitigation strategies.

3.1 Habitat Loss and Fragmentation

Habitat destruction is universally recognized as one of the most significant threats to pollinators. Expansion of monocultures, clearing of hedgerows, deforestation, infrastructure development, and rapid urbanization have drastically reduced floral diversity and nesting sites. Fragmented habitats also disrupt plant–pollinator interactions, reducing reproductive success in plants and limiting gene flow among pollinator populations (Kennedy et al., 2013).

India has witnessed dramatic land-use changes over the past five decades. The Green Revolution introduced large-scale monocultures of rice, wheat, sugarcane, and cotton, leading to the loss of traditional mixed farming landscapes that once supported diverse pollinators. Hedgerows, fallows, and wildflower patches that provided forage have been steadily replaced. In the Indo-Gangetic plains, intensive double and triple cropping systems leave little room for flowering weeds, depriving pollinators of nectar and pollen.

Deforestation in the Western Ghats and northeastern India further threatens pollinator habitats. Conversion of diverse forests into monoculture tea, coffee, eucalyptus, or rubber plantations has reduced nesting sites for wild bees such as Apis dorsata and stingless bees (Tetragonula iridipennis). In urban India, rapid expansion of built-up areas has fragmented green spaces, although gardens and peri-urban farms can still act as refuges if managed properly (Basu et al., 2020).

3.2 Pesticides and Agrochemicals

Among all anthropogenic pressures, pesticides remain one of the most direct and well-documented threats to pollinators. Neonicotinoids, systemic insecticides widely used since the 1990s, impair navigation, foraging efficiency, and reproduction, often at sublethal doses (Goulson, 2013). Fungicides and herbicides add indirect effects by reducing floral resources or altering pollinator gut microbiomes (Woodcock et al., 2017). Crucially, pesticide risks are amplified when combined with other stressors, such as diseases.

India is one of the world’s largest consumers of pesticides, with states such as Punjab, Haryana, Maharashtra, and Andhra Pradesh leading in usage. Neonicotinoids like imidacloprid and thiamethoxam are commonly applied in cotton, rice, and vegetable crops. Studies have demonstrated adverse effects on Apis cerana indica and Apis mellifera. For example, exposure to imidacloprid reduced foraging activity and homing success of A. cerana indica in field conditions (Yadav et al., 2020).

Spray practices in India often involve high dosages, lack of protective equipment, and application during flowering-maximizing exposure to pollinators. In litchi and mango orchards, pesticide spraying coincides with peak flowering, directly harming visiting insects. Furthermore, smallholder farmers may tank-mix insecticides, fungicides, and fertilizers, creating unpredictable synergistic toxicities.

The lack of strong pesticide regulation compounds the issue. Unlike the European Union, which banned several neonicotinoids in 2018, India has been slower in restricting pollinator-harming chemicals. Though the Insecticides Act (1968) governs pesticide registration, enforcement and awareness among farmers remain limited.

3.3 Climate Change

Climate change is emerging as a pervasive driver of pollinator decline worldwide. Rising temperatures, altered rainfall patterns, and extreme weather events influence pollinator physiology, foraging behavior, and distributions. Shifts in flowering times (phenology) may create mismatches between plant blooming and pollinator activity, reducing reproductive success for both plants and insects (Bartomeus et al., 2011; Kudo & Ida, 2013).

India’s highly diverse agroecologies-from the Himalayan apple orchards to tropical mango orchardsare increasingly affected by climate variability. In Himachal Pradesh and Uttarakhand, apple farmers report reduced fruit set as traditional apple belts shift to higher altitudes due to warming temperatures. At lower elevations, premature flowering is mismatched with bee activity, while erratic rains damage blossoms (Bhagat et al., 2021).

In Andhra Pradesh and Telangana, mango flowering has become irregular due to rising winter temperatures, disrupting synchronization with pollinator emergence. Cardamom plantations in Kerala and coffee estates in Karnataka are experiencing declines in yield linked to both pollinator reduction and erratic rainfall during flowering (Murugan et al., 2019).

Heat waves, increasingly frequent in India, reduce foraging activity in bees, while heavy rains during flowering periods wash away pollen and deter insect visits. Climate change also expands the ranges of pests and pathogens (e.g., Varroa mites), indirectly affecting pollinator populations.

3.4 Pathogens and Parasites

Pathogens and parasites are major threats, particularly to managed honey bees. Varroa destructor, a parasitic mite originally associated with Apis cerana, has spread globally, devastating A. mellifera colonies by transmitting viruses and weakening bees. Nosema spp. infections, bacterial diseases such as foulbrood, and multiple viruses further contribute to colony collapse (Rosenkranz et al., 2010).

In India, both Apis cerana indica and Apis mellifera are vulnerable to pathogens. Varroa destructor has spread to A. mellifera apiaries in Punjab and Himachal Pradesh, causing significant mortality. Nosema infections are frequently reported in Kerala and Tamil Nadu. Traditional A. dorsata and A. florea, which nest in the wild, are somewhat more resilient, but habitat loss exposes them to new risks.

The spread of pathogens is worsened by poor hive management practices. Migratory beekeeping, where hives are transported across states for pollination services (e.g., mustard in Rajasthan, litchi in Bihar, apple in Himachal Pradesh), facilitates pathogen transmission. Small-scale beekeepers often lack training in disease diagnosis and management, exacerbating losses.

3.5 Invasive Alien Species

Introduced predators, competitors, and parasites disrupt native pollinator communities. In Europe, the invasive Asian hornet (Vespa velutina) has devastated honey bee populations (Monceau et al., 2014). Globally, non-native honey bees sometimes outcompete native pollinators for floral resources.

The introduction of Apis mellifera into India in the 1960s improved honey production but also created competition with native Apis cerana indica and wild Apis dorsata. Field studies show that A. mellifera often monopolizes floral resources, reducing foraging opportunities for native bees (Abrol, 2012). This has ecological implications, as native bees are better adapted to pollinate certain indigenous crops and wild plants.

Other invasive threats include pests such as wax moths (Galleria mellonella), which damage hives, and exotic weeds that alter floral landscapes, reducing nectar quality. For example, Parthenium hysterophorus (Congress grass) spreads aggressively in many Indian landscapes, displacing native flora and offering limited nectar to pollinators.

3.6 Emerging Stressors

Beyond traditional drivers, new stressors are increasingly recognized.

· Air pollution: Ozone and particulate matter alter floral scent cues, making it harder for pollinators to locate flowers. In Delhi–NCR, heavy smog is suspected to disrupt foraging of bees and butterflies, although systematic studies are lacking.

· Light pollution: Streetlights and urban illumination disorient nocturnal pollinators like moths and bats, reducing pollination of night-blooming crops (e.g., jasmine).

· Noise pollution: Traffic and industrial noise can interfere with the acoustic communication of pollinators like bees and bats.

· Microplastics and heavy metals: Emerging studies suggest accumulation in bee guts and hive products, though Indian data are still scarce.

3.7 Multiple Stressor Interactions
Perhaps the most challenging aspect of pollinator decline is the interaction of multiple stressors. For example, pesticide exposure weakens bee immunity, making them more vulnerable to pathogens. Habitat loss reduces floral diversity, limiting nutritional options that could buffer other stresses. Climate change exacerbates pesticide toxicity and alters pathogen dynamics. In Punjab, A. mellifera colonies exposed to neonicotinoids showed higher susceptibility to Nosema infections. In Himachal apple orchards, climate variability has compounded low pollinator abundance, leading to reduced fruit set despite pesticide-free management. Such interactions make it clear that addressing pollinator decline requires integrated approaches rather than tackling single drivers in isolation.

4. CONSEQUENCES OF POLLINATOR DECLINE
The decline of pollinators is a multidimensional crisis affecting food production, rural livelihoods, biodiversity, and public health. Because over 75% of major global food crops benefit from animal-mediated pollination (Klein et al., 2007), any disruption in pollinator services directly undermines ecological stability and agricultural economies. In India, where nearly half of the population depends on agriculture, the implications are particularly severe, especially for smallholder farmers cultivating pollinator-dependent crops.

4.1 Agriculture, Food Security, and Economic Losses

Pollinators increase yields and improve the quality of fruits, vegetables, oilseeds, and spices. Their decline reduces pollination efficiency, leading to poor fruit set and yield instability. Globally, the economic value of pollination services is estimated at USD 235–577 billion annually (IPBES, 2016). Approximately 10% of the world’s agricultural production depends directly on pollination (Gallai et al., 2009).

In India, crops such as mango, apple, guava, cucurbits, mustard, sunflower, cardamom, and chilli are highly pollinator-dependent (Partap & Ya, 2012). For example, reduced bee activity in apple orchards of Himachal Pradesh and Kashmir has lowered fruit set, forcing farmers to rent colonies of Apis mellifera (Thakur et al., 2020). Similar declines are reported in mustard yields in Rajasthan and cardamom plantations in Kerala, where yield reductions of up to 30% have been documented (Murugan et al., 2019). These declines threaten both farm incomes and national food security, given India’s reliance on horticulture for agricultural GDP.
4.2 Rural Livelihoods and Beekeeping

Pollinators not only sustain crops but also support rural economies through apiculture. The global beekeeping industry contributes honey, wax, propolis, and pollination services worth billions of dollars annually (Aizen & Harder, 2009). In India, nearly 3 lakh rural households depend on beekeeping, with Punjab, Haryana, West Bengal, and Kerala as key producers (Kumar et al., 2022).

However, bee diseases such as Varroa destructor infestations in Punjab and Nosema infections in Kerala have caused large-scale colony losses (Neupane et al., 2021). Declines in bee health threaten women’s self-help groups engaged in stingless bee honey production, particularly in southern states (Sharma et al., 2019). Despite government initiatives like the National Beekeeping & Honey Mission (NBHM), pollinator declines undermine livelihood diversification efforts.

4.3 Biodiversity and Ecosystem Resilience

Beyond agriculture, pollinators sustain natural ecosystems. More than 85% of wild flowering plants depend on animal pollination (Ollerton et al., 2011). Declines reduce seed set and plant reproduction, leading to cascading biodiversity losses and weakened ecosystem resilience (Garibaldi et al., 2013).

India’s biodiversity hotspots—Western Ghats, Himalayas, Indo-Burma, and Sundalands—are particularly vulnerable. For instance, stingless bees (Tetragonula iridipennis) pollinate many endemic medicinal plants in the Western Ghats (Kumar & Roubik, 2019). In the Eastern Himalayas, wild bumblebees pollinate rhododendrons and large cardamom, both vital for ecosystems and local livelihoods (Partap et al., 2019). Mangrove ecosystems along India’s coasts also rely on insect and bat pollination for regeneration, contributing to climate resilience and coastal protection (Mitchell et al., 2020).

4.4 Human Nutrition, Health, and Culture

Pollinator decline has indirect but profound impacts on public health and culture. Reduced pollination lowers the availability of fruits, vegetables, and micronutrient-rich foods, exacerbating risks of malnutrition, diabetes, and cardiovascular diseases (Smith et al., 2015; Chaplin-Kramer et al., 2014). Hand pollination, already practiced in parts of China, is costly and unsustainable for smallholder farmers (Partap & Ya, 2012).

In addition, pollinators contribute to cultural heritage. Honey is one of the five sacred substances (panchamrit) in Hindu rituals, and bees are associated with deities such as Bhramari Devi. The erosion of pollinator populations thus represents both ecological and cultural loss (Kevan & Imperatriz-Fonseca, 2002). Urban green spaces rich in pollinators also provide mental health benefits, linking their decline to reduced human well-being (Hall et al., 2017).

4.5 Long-Term Risks and Irreversible Tipping Points

Pollinator declines carry long-term risks of ecosystem collapse. Once mutualistic networks between plants and pollinators break down, recovery may become impossible due to genetic bottlenecks and disrupted interactions (Memmott et al., 2004). In biodiversity hotspots like the Western Ghats, a collapse of wild bee populations could permanently eliminate endemic plant–pollinator networks.

For India, such risks threaten progress toward the Sustainable Development Goals (SDGs), including Zero Hunger (SDG 2), Good Health (SDG 3), Gender Equality (SDG 5), Decent Work (SDG 8), and Life on Land (SDG 15) (UN, 2015).

5. MITIGATION AND CONSERVATION STRATEGIES
Safeguarding pollinators demands integrated solutions across ecological, agricultural, socio-economic, and policy dimensions. Since multiple stressors—habitat loss, pesticides, climate change, invasive species, and diseases—act simultaneously, mitigation strategies must operate from the farm to the landscape level, and from local to global scales (Dicks et al., 2021; Le Féon et al., 2022).
5.1 Habitat Conservation and Agroecological Approaches

Habitat loss is a major driver of pollinator decline, making conservation and restoration central to mitigation. Globally, measures such as wildflower strips, hedgerows, agroforestry, and ecological corridors have been shown to enhance pollinator diversity (Albrecht et al., 2020; Garibaldi et al., 2021). In India, similar strategies include integrating nectar- and pollen-rich plants along field margins, conserving forest patches and village commons, and restoring orchards and home gardens, which serve as pollinator refuges. Agroforestry initiatives such as Telangana’s Haritha Haram provide opportunities for pollinator-friendly landscapes when integrated with suitable flowering trees.

5.2 Sustainable Agriculture and Pesticide Risk Reduction

Adoption of agroecological practices—such as intercropping, mixed farming, organic production, and reduced tillage—provides floral resources while minimizing pesticide dependence (Kovács-Hostyánszki et al., 2022). In India, models like Zero Budget Natural Farming (ZBNF) and the System of Rice Intensification (SRI) indirectly support pollinator health by lowering chemical inputs. Pesticide regulation is equally critical. The European Union’s restrictions on neonicotinoids provide global examples (Bass et al., 2022), while India still uses these widely in cotton and vegetable systems. Stronger enforcement of the Pesticide Management Bill (2020), farmer training through IPM programs, and adoption of bee-safe spraying protocols are urgently required.

5.3 Beekeeping and Managed Pollination

Beekeeping offers dual benefits of livelihood and ecosystem service provision. Globally, pollination services are increasingly commercialized, while in India, the National Beekeeping and Honey Mission (NBHM) has boosted honey production and pollination support (Choudhary et al., 2021). Expanding managed pollination services for horticultural crops such as apple, litchi, and cardamom, combined with selective breeding of resilient strains of Apis cerana indica and stingless bees, can strengthen both farmer income and pollinator resilience. Women-led self-help groups (SHGs) in rural India also demonstrate the potential of linking beekeeping with social empowerment.

5.4 Policy Integration and Community Engagement

Policies that incentivize biodiversity-friendly farming are vital. Payment for ecosystem services (PES), agri-environmental schemes, and subsidies for pollinator-friendly practices have shown success in Europe and Latin America (Smith et al., 2021) (Figure 5). In India, reorienting input subsidies toward ecosystem services, embedding pollinator targets in the National Mission on Sustainable Agriculture (NMSA), and mainstreaming them into the National Biodiversity Action Plan (NBAP) would create systemic support. At the community level, traditional practices such as sustainable honey hunting by tribal groups and protection of sacred groves in states like Kerala and Meghalaya represent culturally rooted conservation. Integrating these into formal policies ensures both ecological and social acceptance.

5.5 Climate Change Adaptation, Research, and Monitoring

Climate change alters flowering patterns and pollinator phenology, especially in fragile ecosystems like the Himalayas and Western Ghats. Adaptive measures include aligning sowing dates with pollinator activity, diversifying crops, and conserving wild pollinators such as bumblebees critical for high-altitude crops (Rasmont et al., 2021). India also needs systematic pollinator monitoring—through a National Pollinator Census, digital tools (AI, drones, mobile apps), and coordinated platforms linking ICAR, universities, and NGOs. Such monitoring, combined with international collaborations under the Convention on Biological Diversity (CBD) and FAO’s International Pollinator Initiative, will strengthen resilience against future shocks.

6. FUTURE RESEARCH GAPS
Despite growing awareness of pollinator decline, significant knowledge gaps persist across ecological, agricultural, and socio-economic dimensions. Addressing these is crucial to designing effective conservation and management strategies, particularly in countries like India, where biodiversity, smallholder farming, and agro-ecological diversity are vast but under-researched. The following five key domains highlight priority research directions.

6.1 Biodiversity, Taxonomy, and Monitoring

Although over 20,000 bee species are described globally, many remain undocumented, particularly in the tropics. Non-bee pollinators—flies, beetles, butterflies, moths, and birds—are also poorly studied. In India, rich diversity exists from Apis dorsata and Apis cerana to stingless bees (Trigona spp.) and bumblebees (Bombus spp.), yet systematic taxonomic surveys are sparse. Similarly, standardized long-term monitoring schemes—common in Europe and the USA—are absent in India, leaving population trends and distribution patterns largely unknown.
Research priority: Establish a National Pollinator Inventory integrating taxonomy, DNA barcoding, and citizen science, alongside long-term monitoring across agro-climatic zones.

6.2 Pollination Services and Agricultural Dependence

Globally, around 75 % of food crops depend on pollinators for yield and quality improvements (Klein, Vaissière, Cane, Steffan-Dewenter, Cunningham, Kremen and Tscharntke, 2007). In India, limited quantification exists for major staples and cash crops such as mango, litchi, cotton, and sunflower. Underutilized crops (e.g., drumstick, amla, jackfruit) are even less studied despite their livelihood importance. Economic valuation of pollination services is still underdeveloped, leading to policy under-prioritization.
Research priority: Conduct region-specific multi-crop valuation studies linking pollination services with yield, farmer income, and food security outcomes.

6.3 Stressors: Pesticides, Diseases, and Climate Change

While neonicotinoids and other systemic pesticides are strongly associated with pollinator decline (Woodcock, Isaac, Bullock, Roy, Garthwaite, Crowe and Pywell, 2016), most toxicological research is limited to Apis mellifera under laboratory conditions. Effects on native bees, stingless bees, and solitary pollinators remain poorly understood. Furthermore, interactions with pathogens (Varroa, Nosema, viruses) and invasive species (e.g., Apis mellifera competition, exotic weeds like Lantana camara) are understudied in India. Climate change adds further complexity by altering flowering phenology and pollinator emergence, potentially causing mismatches, especially in the Himalayas and Western Ghats (Kerr, Pindar, Galpern, Packer, Potts, Roberts, Rasmont, Schweiger, Colla, Richardson, Wagner, Gall, Sikes and Pantoja, 2015).
Research priority: Expand pesticide risk assessment to native species, establish bee health labs to monitor pathogens, and implement long-term phenological studies to model climate-driven mismatches.

6.4 Socio-Economic Dimensions, Traditional Knowledge, and Urban Systems

Farmer awareness of pollinator importance is low, with pollinators often mistaken for pests. Beekeeping adoption is constrained by lack of training, credit, and markets. Pollinator-friendly schemes, common in Europe and North America, are rare in India. Indigenous practices—such as stingless beekeeping and honey hunting traditions remain poorly documented. Additionally, Indian cities, despite hosting diverse pollinators, lack studies on urban gardening, peri-urban agriculture, and threats such as light pollution.
Research priority: Conduct socio-economic studies on pollinator contributions to rural livelihoods, integrate indigenous knowledge into conservation, and promote pollinator-friendly practices in urban planning.

6.5 Technology, Policy, and Cross-Sectoral Integration

Advances in genomics, AI, and remote sensing offer transformative potential for pollinator research but remain underutilized in India. Governance frameworks also lag; pollinator protection is not explicitly mainstreamed into agricultural or biodiversity policies. Coordination between agriculture, forestry, and environment departments is limited, and pesticide risk assessments rarely consider pollinator impacts. Alignment with global commitments such as the Convention on Biological Diversity’s International Pollinator Initiative is needed.
Research priority: Invest in genomics and digital monitoring tools, mainstream pollinators into agricultural policy, and build cross-sectoral platforms linking ICAR, NBHM, universities, and NGOs.

7. CONCLUSION
Pollinators form the foundation of both ecological stability and agricultural productivity. Their role extends far beyond crop yield enhancement, shaping biodiversity, ecosystem resilience, and human well-being. Yet, their continued decline poses serious risks to food security, livelihoods, and natural ecosystems. In India, the urgency is even greater. With its immense agricultural diversity and dependence on pollinator-driven crops, any disruption to pollinator communities directly threatens smallholder farmers and national food sustainability. Despite their importance, pollinators remain largely overlooked in mainstream agricultural planning, policy frameworks, and research agendas. Securing the future of pollinators demands a multi-pronged approach- restoring habitats, promoting diversified and sustainable farming practices, minimizing harmful chemical use, and strengthening community-based conservation. Beekeeping and indigenous knowledge systems can play a critical role if integrated with modern scientific advances. Protecting pollinators is not an optional add-on to agriculture but a central pillar of sustainable development. By prioritizing their conservation, India can safeguard biodiversity, ensure stable harvests, and build resilient food systems capable of supporting generations to come.
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Figure 1: Multiple stressors driving pollinator decline
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Figure 2

The life cycle of Varroa destructor involves phoretic periods on adult bees and reproductive periods in brood cells. Several chemicals
mediate nearly every step of this cycle.




Figure 2. Varroa destructor on a honey bee host (Nazzi & Le Conte, 2016)


Figure 3. Colony collapse disorder (CCD) (Ellis et al., 2010)


Figure 4. Challenges faced by pollinators (Khalifa et al., 2021)

Figure 5. Framework for pollinator conservation


