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Abstract

	Honey bees (Apis spp.) are important social insects whose ecological and agricultural significance arises primarily from pollination, honey production and their contribution to ecosystem functioning. This narrative review synthesises current knowledge on honey bee biology, colony organisation, foraging behaviour, pollination services, nutrition, colony health and conservation, with particular emphasis on Indian agroecosystems. The literature indicates that colony performance is determined by interacting biological, environmental and management factors rather than by individual stressors acting independently. Adequate and diverse floral resources support nutrition and colony development, whereas pathogens, parasites, pesticides, climatic variability and habitat modification can influence survival, behaviour, immunity, foraging and reproductive performance. Indian studies demonstrate the importance of managed and wild Apis species in agricultural pollination while also highlighting species-specific differences in ecology and management. Recent evidence increasingly emphasises chronic and sublethal pesticide effects, microbiome-mediated health, multi-stressor interactions and landscape-level approaches to pollinator conservation. Sustainable apiculture therefore requires integrated pest management, disease and parasite surveillance, protection of diverse floral resources, responsible colony movement and conservation of natural and semi-natural habitats. Future Indian research should prioritise standardised colony-health indicators, species-specific investigations and long-term monitoring that integrates pollination ecology, environmental stressors and landscape management.
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1. Introduction 

Honey bees are among the best-known social insects and are ecologically important because colony-level organisation allows thousands of individuals to coordinate foraging, brood care, nest defence, thermoregulation and resource storage. Their importance to humans extends beyond honey and beeswax. Bees transfer pollen among flowers and thereby contribute to the reproduction of wild plants and the productivity and quality of many crops. The role of pollinators in agriculture is especially important where crop reproduction depends strongly on animal visitation (Klein et al., 2007; Potts et al., 2010).

The term “honey bee” commonly refers to species of the genus Apis. In India, both managed and wild honey bees occur, including the Asian honey bee Apis cerana, the European honey bee A. mellifera, the giant honey bee A. dorsata and the dwarf honey bee A. florea. Indian apiculture is strongly associated with A. cerana and A. mellifera, whereas A. dorsata and A. florea are important wild or semi-managed resources in many landscapes (Ghosh et al., 2025). The biology and management requirements of these species are not identical, so conservation and production recommendations should avoid treating all Apis species as interchangeable.
The contemporary challenge is not simply whether bees are present. Colony health depends on a network of interacting pressures. Pesticides can influence survival and behaviour; parasites and pathogens can reduce individual and colony fitness; poor floral diversity can limit protein and micronutrient intake; and climatic variability can change flowering phenology, foraging windows and water requirements. These pressures can interact rather than act independently (Bava et al., 2026b; Hsieh & Dolezal, 2024; Foster et al., 2024). Recent Indian evidence reinforces the importance of integrating managed and wild honey bees in agroecosystem research, linking pollination, beekeeping, livelihood value, and species-specific conservation across Apis systems (Rani et al., 2026; Ashaq et al., 2025; Bhat et al., 2025; Sihag, 2025).

This review therefore integrates biology, pollination ecology, health, threats and conservation, with a specific Indian perspective. It is a narrative review rather than a systematic review or meta-analysis and does not present a new experimental dataset or population census (Adit et al., 2024; Ghosh et al., 2025).

Recent evidence indicates that honey bee health and pollination services are influenced by interacting biological, environmental, and agricultural factors rather than by individual stressors acting in isolation. Changes in floral resource availability, pesticide exposure, pathogens and parasites, climate variability, habitat modification, and beekeeping practices can affect foraging activity, nutrition, immunity, colony development, and reproductive performance. These effects may vary among Apis species and across agroecosystems because of differences in ecological adaptations, nesting behaviour, foraging patterns, management intensity, and exposure to environmental stressors. Consequently, an integrated assessment of bee biology, pollination function, colony health, and conservation is important for developing sustainable agricultural and adaptive management strategies (Hsieh & Dolezal, 2024; Foster et al., 2024).

However, Indian evidence remains uneven across Apis species and agroecosystems, with limited integration of pollination, colony-health stressors, and landscape-level conservation.

1.1 Objectives of the Review

The objectives of this narrative review are to:

1) synthesise current knowledge on the biology, diversity, distribution, colony organisation, behaviour, and foraging ecology of honey bees (Apis spp.), with emphasis on species relevant to Indian agroecosystems;

2) examine the contribution of honey bees to pollination services and agricultural productivity;

3) evaluate major factors affecting colony health, including nutrition, pathogens and parasites, pesticides, climate variability, habitat change, and other interacting environmental stressors;

4) summarise sustainable beekeeping, conservation, and adaptive management approaches for maintaining healthy honey bee populations and pollination services; and

5) identify major research gaps and future priorities for integrating honey bee health, pollination biology, biodiversity conservation, and sustainable agricultural practices in India.

2. Literature Search and Review Approach

The review was organised using combinations of the terms “honey bee,” “Apis,” “Apis cerana,” “Apis mellifera,” “Apis dorsata,” “pollination,” “beekeeping,” “colony health,” “pesticides,” “parasites,” “pathogens,” “microbiome,” “climate change,” “India,” and “pollinator conservation.” Peer-reviewed articles, scholarly reviews and Indian agricultural and entomological literature were prioritised. Reference lists of relevant reviews were also used to identify foundational studies.

Priority was given to recent literature while retaining established studies that define major concepts or provide important Indian evidence. Particular attention was given to evidence on pollination services, pesticide exposure, nutrition, disease, climate, microbiome and multi-stressor effects. Indian examples were included where they directly illustrated species biology, agricultural pollination, pesticide risk or beekeeping.

Because this is a narrative synthesis, no pooled effect size or formal meta-analysis was attempted. Conclusions are framed according to the strength and scope of the available literature. Where evidence is species-specific, especially for A. mellifera, it is not automatically generalised to A. cerana, A. dorsata or other bees.

3. Diversity, Taxonomy and Distribution of Honey Bees in India

India supports a diverse honey bee fauna and a long history of apiculture. A. cerana is indigenous and widely adapted to Asian environments, whereas A. mellifera was introduced for commercial beekeeping and became important in organised honey production. Wild species such as A. dorsata and A. florea contribute to natural pollination and honey resources but differ substantially from cavity-nesting managed colonies in nesting biology and management feasibility (Ghosh et al., 2025).

A. cerana is particularly relevant to Indian beekeeping because it can be maintained in hives under a range of climatic conditions. Urban and peri-urban beekeeping studies have also shown that bee flora and hive suitability are important determinants of the feasibility of A. cerana management (Vijayakumar et al., 2023). A. mellifera has high commercial value because strong colonies can exploit mass-flowering agricultural crops, but intensive management can also increase the importance of disease surveillance, forage continuity and responsible movement of colonies.

Open-nesting species require a different conservation perspective. Their populations depend on suitable nesting cliffs, trees or other structures and on the availability of floral resources across large landscapes. The presence of wild honey bees should therefore be treated as part of broader pollinator habitat conservation rather than only as an unharvested honey resource.

Indian apiculture has traditionally emphasised honey yield, but a broader perspective includes beeswax, pollen, propolis, royal jelly, bee venom, pollination services and the ecological value of maintaining pollinator populations. Ghosh et al. (2025) argues that diversification and better disease, resource and stakeholder management are important opportunities for the sector.

4. Colony Organisation, Development and Division of Labour

A honey bee colony is a superorganism-like social system in which the queen, workers and drones have different reproductive and behavioural roles. The queen is the primary reproductive female, workers perform most colony maintenance and foraging activities, and drones contribute to reproduction. Worker behaviour is flexible rather than fixed: tasks change with age, colony needs and environmental conditions.
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Fig. 1. Conceptual pathway linking environmental cues, honey bee behaviour, colony organisation and colony-level outcomes
Brood rearing depends on the availability of food, suitable temperature and worker care. Nectar provides carbohydrates, while pollen is the principal natural source of protein and also supplies lipids, vitamins, minerals and other compounds. Nurse workers process and distribute food to developing larvae, linking floral resources to colony growth. The importance of diet diversity is increasingly recognised because colonies surrounded by species-poor agricultural landscapes may experience nutritional constraints even when a large quantity of a single floral resource is available (DeGrandi-Hoffman & Chen, 2015; Alaux et al., 2010).

The colony also maintains a regulated nest environment. Workers ventilate, heat or cool brood areas and remove debris. Social behaviours can suppress disease transmission through hygienic behaviour, grooming and food-related barriers. Thus, colony health cannot be inferred from individual survival alone.

Fig. 1 summarises the relationship between environmental information, worker behaviour, colony organisation and colony outcomes. It illustrates why changes in floral resources, temperature, pesticides or disease pressure can be translated into altered foraging and colony performance.

5. Honey Bee Behaviour, Communication and Foraging

Honey bee behaviour combines individual sensory abilities with colony-level information exchange. Foragers use visual and olfactory cues to locate flowers and can communicate profitable food locations through movement and recruitment behaviours. Navigation integrates landmarks, solar information and learned spatial cues, allowing workers to return to the nest and revisit resource patches.

Foraging is influenced by temperature, light, wind, rainfall, floral density and nectar quality. Indian work on litchi demonstrated that several Apis species were important flower visitors and that foraging activity varied with environmental variables including temperature and light conditions (Srivastava et al., 2017). Such evidence emphasises that pollination efficiency is not simply a property of the bee; it is produced by interactions among bee species, plant phenology and weather.

Honey bee behaviour is also sensitive to pesticides. Sublethal exposure can alter activity, learning, orientation or foraging even when immediate mortality is low. A 2023 systematic review noted that mortality has historically received more attention than sublethal behavioural outcomes and highlighted major research gaps concerning combined stressors (Dirilgen et al., 2023; Thompson, 2003). Indian experiments have likewise documented pesticide-related effects on A. cerana and A. mellifera under laboratory, semi-field and field conditions (Stanley et al., 2015).

Behaviour is therefore an important bridge between toxicology and colony ecology. Monitoring flight activity, returning foragers, pollen collection, orientation and time spent outside the hive can provide early warning of environmental stress.

6. Pollination Services and Agricultural Importance

Honey bees contribute to pollination when pollen is transferred between flowers during foraging. Their value depends on crop floral biology, bee abundance, visitation frequency, pollen deposition and environmental conditions. Animal pollination contributes to both crop yield and quality, and pollinator-dependent crops can be particularly sensitive to changes in pollinator abundance and landscape quality (Klein et al., 2007; Calderone, 2012; Ollerton et al., 2011).

Indian studies provide direct examples. In litchi, Apis dorsata, A. mellifera, A. cerana and A. florea were reported among the important pollinators, and foraging activity varied with weather conditions (Srivastava et al., 2017). In cucumber, A. cerana pollination was associated with improved fruit-set and seed-related outcomes compared with non-pollinated controls, demonstrating the practical value of managed bee visitation (Chauhan & Singh, 2022).

Pollination should not be reduced to honey production. A strong apiary can be an agricultural input where crop pollination is limiting, while wild bees and other insects provide complementary services. Pollination planning should therefore combine managed colonies with conservation of wild pollinator habitat. A national review of Indian pollination research highlighted the need for stronger knowledge of plant–pollinator interactions and greater integration of pollination biology into conservation and sustainable agriculture (Adit et al., 2024).

Fig. 2 presents a simplified pollination pathway from floral resources through bee visitation and pollen transfer to crop fruit and seed production.

Table 1. Major honey bee species/groups relevant to Indian apiculture and conservation.

	Species / group
	Typical nesting
	Management context
	Major ecological / agricultural relevance

	Apis cerana
	Cavity nesting
	Traditional and managed apiculture
	Indigenous Asian honey bee; pollination and honey production

	Apis mellifera
	Cavity nesting
	Commercially managed
	High-value managed pollinator and honey producer

	Apis dorsata
	Open nesting
	Predominantly wild
	Important wild pollinator and honey resource

	Apis florea
	Open nesting
	Predominantly wild / local management
	Small colonies; pollination and honey resource
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Fig. 2. Simplified pathway from floral resources and bee visitation to pollen transfer and agricultural outcomes

7. Nutrition, Floral Resources and Colony Resilience

Nutrition is a central determinant of colony resilience. Nectar supplies carbohydrates needed for flight and metabolism, while pollen supplies proteins, amino acids, lipids, minerals and vitamins required for growth and brood production. Water is also important for thermoregulation and colony maintenance. Nutritional quality depends not only on the quantity of food but on the diversity and composition of floral resources (Alaux et al., 2010; Khalifa et al., 2021).

Agricultural intensification can create a paradox: mass flowering may temporarily provide abundant nectar, but landscapes dominated by a narrow set of crops can offer long periods of floral scarcity before or after the crop bloom. Nutritional gaps can reduce colony growth and may increase susceptibility to disease or other stressors. Floral strips, hedgerows, native flowering plants and retention of semi-natural habitat can therefore complement apiary management.

Supplementary feeding can help colonies during resource shortages, but it should not be viewed as a universal substitute for diverse natural forage. Recent nutritional reviews emphasise that a varied pollen diet is desirable and that long-term nutritional supplementation requires careful evaluation (Ghosh et al., 2025).

For Indian conditions, floral calendars can be developed at local scales. Such calendars can identify periods of dearth and guide movement of colonies or planting of bee-friendly vegetation. The best approach is landscape-specific because flowering patterns differ among agro-climatic zones.

8. Pathogens, Parasites and Honey Bee Health

Honey bee colonies are vulnerable to viruses, bacteria, fungi and ectoparasites. Among the best-studied threats to A. mellifera is Varroa destructor, which damages developing and adult bees and acts as an important vector and amplifier of viral infections. A systematic review identified V. destructor and Nosema/Vairimorpha-related infections among major global health concerns and emphasised the diversity of infection-management approaches (Nekoei et al., 2023).

Viral disease is especially important because viruses can circulate within and among colonies and their effects may be amplified by parasites and environmental stress. Deformed wing virus and other viruses associated with Varroa are frequently discussed in relation to colony losses (McMenamin & Genersch, 2015). Good hive hygiene, monitoring, appropriate treatment and biosecurity are therefore central to sustainable beekeeping.

Bacterial diseases such as American foulbrood and European foulbrood can affect brood and colony productivity. Management should be based on accurate diagnosis and locally appropriate veterinary or apicultural guidance rather than indiscriminate antimicrobial use. Indian studies have explored disease management approaches in A. mellifera colonies, including work on European foulbrood (Ibrahim et al., 2018).

Health assessment should combine adult bee numbers, brood pattern, food stores, queen status, visible disease signs, parasite loads and seasonal context. No single indicator is sufficient to describe colony health.

9. Honey Bee Gut Microbiota and Immune Function

The honey bee gut microbiota has become an important research area because a relatively small community of host-associated bacterial taxa performs functions relevant to digestion, metabolism, immunity and resistance to pathogens. The microbiota can contribute to processing components of pollen and can influence host gene expression and immune processes (Motta & Moran, 2024).
Honey bee immunity operates at individual and social levels. Individual responses include cellular and humoral mechanisms, while social immunity includes hygienic behaviour, grooming and removal of diseased brood. Nutrition interacts with immunity: nutritionally stressed colonies may be less able to mount effective responses, while pathogen and parasite pressure can increase nutritional demand (DeGrandi-Hoffman & Chen, 2015).

The microbiome is also relevant to environmental exposure. Agrochemicals, antibiotics and dietary changes may disturb microbial communities, potentially influencing metabolism, behaviour and pathogen resistance (Motta & Moran, 2024; Abdi et al., 2023; Navarro-Escalante et al., 2025). Recent work on microbiome engineering has explored probiotics, engineered symbionts and other approaches, but most such strategies still require careful field validation and risk assessment before broad application.

For India, microbiome research could help explain differences among managed species, climatic zones and beekeeping systems. However, evidence from A. mellifera should not automatically be transferred to A. cerana or wild Apis species without species-specific validation (Motta & Moran, 2024).

10. Pesticides and Other Agrochemical Stressors

Pesticide exposure is one of the most extensively studied anthropogenic threats to honey bees. Exposure can occur through contaminated nectar and pollen, direct spray, dust, water, guttation fluids, hive materials and residues transported back to colonies. Acute toxicity may cause mortality, whereas chronic or sublethal exposure may affect feeding, navigation, learning, reproduction, immunity or colony development (Mullin et al., 2010; Dirilgen et al., 2023; Blacquière et al., 2012; Zhu et al., 2014).

Neonicotinoids have received particular attention because they are systemic and can occur in floral resources. A recent critical review showed that accumulation of neonicotinoids in pollen and nectar varies among plant species and depends on uptake and translocation processes (Zhang et al., 2023). Importantly, pesticide risk should not be evaluated only by single-compound acute mortality. Bees may encounter mixtures and simultaneous nutritional, climatic and pathogen stress.

Indian evidence supports the need for careful exposure assessment. Stanley et al. (2015) evaluated pesticide toxicity in A. cerana and A. mellifera across laboratory, semi-field and field settings. Giri et al. (2018) reported effects of thiamethoxam on A. mellifera foraging activity and mortality, while Singh et al. (2023) demonstrated the potential use of A. mellifera as a biological indicator of pesticide pollution. Historical Indian residue studies also detected insecticide residues in honey from managed and wild Apis colonies (Khan et al., 2004).

Risk reduction should prioritise integrated pest management, avoidance of spraying during bee-active flowering periods, selection of less hazardous alternatives where feasible, drift reduction, communication between farmers and beekeepers, and monitoring of residues. Regulatory assessment should increasingly incorporate chronic and behavioural endpoints alongside acute toxicity.

11. Climate Change, Habitat Change and Phenological Mismatch

Climate affects honey bees directly through temperature, rainfall, wind and extreme events and indirectly through flowering phenology, water availability, disease dynamics and landscape productivity. A systematic review of climate-change impacts on honey bees found that temperature, precipitation and wind were among the most frequently studied variables and that many studies reported negative effects on food reserves, plant–pollinator interactions, mortality, gene expression and metabolism (Zapata-Hernández et al., 2024).

Changes in plant phenology can create temporal mismatches. If flowering shifts faster than bee seasonal activity or if the duration of a bloom becomes shorter, colonies may face a narrower foraging window. Climate-driven phenological shifts are well documented in pollinator–plant systems (Bartomeus et al., 2011). Extreme heat may also increase water collection and thermoregulatory demands, while drought can reduce nectar production.

Habitat fragmentation further modifies risk by reducing continuous floral resources and nesting opportunities (Sánchez-Bayo & Wyckhuys, 2019). Agricultural landscapes can be made more pollinator-friendly through flowering margins, hedgerows, reduced disturbance of natural vegetation and restoration of diverse flowering plants. Such measures are especially valuable during periods between major crop blooms.

Climate adaptation in apiculture should therefore be anticipatory. Beekeepers may need locally tailored floral calendars, water availability plans, shade or ventilation management and disease surveillance linked to changing seasons. Conservation planning should preserve landscape heterogeneity rather than relying only on a single crop or a single bee species.

12. Multi-Stressor Interactions and Colony-Level Consequences

Honey bee health is best understood as a multi-stressor problem. A colony may simultaneously experience pesticide residues, parasites, pathogens, poor nutrition, heat stress, habitat loss and management disturbance. The combined effect can differ from the simple sum of individual effects because one stressor may alter the bee's ability to cope with another.

Pesticide exposure, for example, may alter immune or detoxification processes and thereby modify pathogen susceptibility. Varroa can weaken bees and facilitate viral transmission, while poor nutrition may reduce resilience to both chemical and biological stress. Goulson et al. (2015) and Woodcock et al. (2017) emphasised that parasites, pesticides and floral resource loss can interact. More recent reviews similarly highlight the importance of chronic exposure, mixtures and synergistic interactions rather than isolated laboratory endpoints (Bava et al., 2026b).

Fig. 3 presents a conceptual multi-stressor framework. The central point is that colony resilience is an emergent property. Management can reduce some pressures but cannot remove every environmental stressor. Consequently, conservation should seek to increase resilience by improving nutrition, disease control, habitat quality and environmental safety simultaneously.

For research, multi-stressor experiments should be carefully designed to avoid unrealistic combinations or doses. Field-realistic exposure, colony-level endpoints and longitudinal monitoring are particularly valuable. The same principle applies to risk assessment: a pesticide that appears safe under one endpoint may still contribute to colony stress when combined with disease or nutritional limitation.

Table 2. Major stressors affecting honey bee colonies and broad management responses.

	Stress factor
	Primary exposure / mechanism
	Potential outcome
	Priority response

	Pesticides
	Nectar, pollen, spray, dust, water
	Mortality; altered foraging, learning, immunity
	IPM; exposure timing; risk assessment

	Parasites
	Direct feeding; pathogen transmission
	Reduced fitness; viral amplification
	Monitoring; evidence-based control

	Pathogens
	Colony contact, food, vectors
	Brood/ adult disease; colony weakening
	Diagnosis; hygiene; biosecurity

	Poor nutrition
	Low floral diversity or dearth
	Reduced brood production and resilience
	Diverse forage; seasonal planning

	Climate extremes
	Heat, drought, rainfall, wind
	Reduced foraging; phenological shifts
	Water, shade/ventilation, floral planning

	Habitat simplification
	Loss of nesting and floral resources
	Reduced carrying capacity
	Habitat restoration and protection
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Fig. 3. Conceptual multi-stressor framework for honey bee colony health and resilience.

13. Sustainable Beekeeping and Conservation Strategies

Sustainable apiculture should combine productivity with pollinator health and landscape stewardship. First, colonies should be maintained at appropriate stocking densities relative to local forage. Excessive concentration of managed colonies can intensify competition for floral resources and may affect interactions with wild pollinators, especially in resource-limited landscapes.

Second, disease surveillance should be routine. Colonies should be inspected for parasites and brood disease, and movement of colonies should follow appropriate biosecurity procedures. Replacement of indiscriminate antimicrobial use with diagnosis-based management can reduce residues and selection for resistance.

Third, floral resources should be managed across seasons. Planting or retaining diverse flowering species can reduce dearth periods and improve nutritional balance. Urban and peri-urban beekeeping can also be supported where pesticide exposure and forage conditions are appropriate; A. cerana has been discussed as a potential species for urban beekeeping in Bengaluru (Vijayakumar et al., 2023).

Fourth, pesticide management must involve farmers and beekeepers together. Communication before spraying, integrated pest management and protection of flowering vegetation can reduce exposure. The evidence base increasingly supports moving beyond acute mortality toward behavioural and colony-level risk assessment (Dirilgen et al., 2023; Bava et al., 2026b).

Finally, conservation should recognise wild Apis species. Protection of nesting sites, natural vegetation and flowering resources can benefit wild honey bees and other pollinators. Managed A. mellifera colonies should complement, not replace, broader pollinator conservation.

14. Indian Perspective: Opportunities and Research Gaps

India has substantial potential for integrated honey bee research because its agro-climatic diversity creates natural variation in floral resources, temperature, crop systems and beekeeping practices. Yet, national evidence remains uneven. A recent assessment of Indian beekeeping identified strong opportunities for diversification, better disease control, mapping of bee subspecies and improved stakeholder awareness (Ghosh et al., 2025). A national review of pollination research similarly identified gaps in knowledge and the need for stronger investment in plant–pollinator biology (Adit et al., 2024).

Future Indian research should place greater emphasis on standardised colony-health indicators. Studies should report colony strength, brood area, queen status, food stores, parasite load, pesticide exposure and seasonal context using comparable definitions. This would make results more useful across states and agro-climatic regions.

A second priority is species-specific research. Much of the global mechanistic literature concerns A. mellifera, whereas A. cerana and wild Indian Apis species remain less studied for chronic pesticide exposure, microbiome responses and climate resilience. The current evidence base should therefore be expanded rather than generalised.

A third priority is landscape-scale monitoring. Pollination benefits depend on the matrix of crops, semi-natural vegetation, water and pesticide exposure. Remote sensing, GIS, automated hive monitoring and molecular diagnostics can help connect colony-level observations to landscape drivers.

Finally, Indian policy can benefit from stronger coordination among beekeepers, farmers, agricultural extension services, conservation agencies and researchers. The goal should be a pollinator-friendly agricultural system in which honey production, crop productivity and biodiversity conservation are mutually reinforcing.

15. Research Methods for Honey Bee Field and Colony Studies

Reliable honey bee research requires clear operational definitions and standardised observation. A colony-level study should define the sampling unit, observation period, colony selection criteria, environmental variables and endpoints before data collection. Important variables include adult bee population estimates, brood area, food stores, foraging activity, pollen collection, mortality, disease signs and pesticide exposure.

Foraging can be assessed through standardised entrance counts, pollen-trap data where appropriate, video monitoring or automated hive sensors. Behavioural studies can use focal observations or repeated colony-level measures. Repeated observations from the same colony are not independent and should be analysed using suitable longitudinal or mixed-effects approaches.

Table 3. Recommended indicators and approaches for honey bee field and colony studies

	Research domain
	Useful indicators
	Recommended approach

	Colony strength
	Adult bees, brood area, queen status
	Repeated standardized colony assessments

	Foraging
	Entrance activity, pollen collection, trip duration
	Time-standardized observation or automated monitoring

	Nutrition
	Pollen diversity, floral abundance, food stores
	Floral surveys plus hive-level measures

	Disease
	Parasite load, brood symptoms, pathogen tests
	Integrated field and laboratory diagnostics

	Pesticide exposure
	Residues in pollen/nectar/wax/bee tissues
	Field-realistic exposure assessment

	Climate
	Temperature, rainfall, heat events, flowering phenology
	Long-term environmental monitoring

	Landscape
	Crop cover, floral habitat, nesting sites
	GIS/remote sensing linked to colony data



Pesticide studies should distinguish acute mortality from sublethal outcomes. Where feasible, residues should be measured in relevant matrices such as pollen, nectar, honey, beeswax or bee bodies. Experimental exposure should use realistic concentrations and transparent dose descriptions.

Disease studies benefit from combining visual diagnosis with laboratory confirmation where available. Molecular diagnostics can identify pathogens or parasites that are difficult to detect from appearance alone. The 2026 literature increasingly highlights the value of integrated diagnostic and epidemiological approaches rather than relying on a single test (Bava et al., 2026a; Motta & Moran, 2024).
Ethics in bee research includes minimizing unnecessary colony disturbance and avoiding practices that compromise colony survival merely for data collection. Studies should report colony losses, exclusions and missing data transparently.

16. Future Directions

Future honey bee research will increasingly integrate ecology, behaviour, toxicology, microbiology, genetics and precision agriculture. Automated hive scales, acoustic sensors, computer vision and machine-learning systems can provide continuous information on activity, colony weight and behavioural change. These technologies should be validated against expert observations before being used as stand-alone indicators.

Microbiome research is likely to contribute to a better understanding of immunity and environmental stress. Probiotic and microbiome-engineering approaches are promising but should be assessed for ecological safety, stability, host specificity and field performance before broad adoption (Motta & Moran, 2024; Navarro-Escalante et al., 2025).

Climate-smart apiculture is another priority. Long-term datasets linking weather, flowering, colony strength and honey yield could help predict forage gaps and disease risk. Such datasets would be particularly valuable in India, where floral calendars and climate conditions vary strongly among regions.

Risk assessment should also move toward multi-stressor frameworks. Instead of asking whether a single pesticide kills bees at an acute dose, researchers should ask how realistic exposure influences foraging, immunity, nutrition and colony reproduction across time. Recent reviews on pesticide effects and mitigation strongly support this shift (Cappa & Baracchi, 2024; Musah, 2026; Bava et al., 2026b).

Conservation science should integrate managed and wild pollinators. Protecting wild Apis nesting and floral resources can improve ecosystem resilience while managed colonies provide agricultural pollination where appropriate.

17. Integrated Discussion

The literature demonstrates that honey bees connect three systems that are often studied separately: colony biology, agricultural production and environmental change. A colony converts floral resources into social reproduction and pollination services, but the stability of this system depends on ecological context.

The most consistent lesson is that honey bee health is multifactorial. Disease, pesticides, nutrition and climate should not be considered isolated topics. A colony exposed to a single stressor may compensate, whereas several simultaneous pressures can reduce resilience. This explains why management strategies based only on one threat often produce incomplete results.

Indian evidence strengthens the case for locally adapted solutions. A. cerana and A. mellifera differ in biology and management, while wild A. dorsata and A. florea cannot simply be treated as unmanaged versions of apiary bees. Crop systems also differ in flowering period and pesticide exposure. Therefore, pollinator management should be designed at the landscape and seasonal scale.
The review also highlights an important distinction between pollination service and pollinator conservation. Managed honey bees can increase crop pollination, but healthy ecosystems require diverse pollinator communities. Conservation should therefore protect native bees, flowering plants and nesting habitat while maintaining responsible apiary practices.

The future of Indian apiculture lies in integration: evidence-based beekeeping, disease surveillance, floral-resource planning, pesticide stewardship, climate adaptation and long-term research. Such an approach can improve honey production while strengthening the ecological services on which agriculture depends.

The evidence synthesised in this review indicates that honey bee health is best understood as an outcome of interacting biological, environmental and management-related factors. Individual stressors such as pesticides, pathogens, parasites, nutritional limitation or climatic variability may produce measurable effects, but their consequences can be modified by simultaneous exposure to other stressors and by landscape and colony conditions. Therefore, findings obtained under controlled laboratory conditions should be interpreted carefully when considering colony-level outcomes in heterogeneous agricultural landscapes. Species-specific differences are also important because ecological adaptation, nesting behaviour, foraging patterns and management practices vary among Apis species. An integrated approach that combines colony-health monitoring, pollination ecology, landscape assessment and sustainable agricultural management is consequently more informative than assessment of any single stressor in isolation.

18. Conclusion

Honey bees (Apis spp.) are ecologically and agriculturally important organisms whose contributions extend from pollination and food production to biodiversity maintenance and ecosystem functioning. The evidence reviewed demonstrates that colony health and pollination performance are shaped by interconnected biological, nutritional, environmental, climatic, and management-related factors. Pesticides, pathogens and parasites, inadequate floral resources, habitat modification, climate variability, and other interacting stressors can influence bee behaviour, immunity, foraging activity, colony development, and long-term resilience.

In the Indian agroecosystem context, conservation of honey bees requires an approach that integrates sustainable agriculture with pollinator health. Protection and restoration of diverse floral resources, reduction of unnecessary pesticide exposure through integrated pest management, disease and parasite surveillance, responsible beekeeping and hive movement, and conservation of natural and semi-natural habitats are important components of such an approach. Managed honey bees should also be considered alongside wild pollinators because agricultural landscapes depend on diverse pollinator communities.

The major threats are interconnected. Pesticides can affect survival and behaviour; pathogens and parasites can weaken colonies; nutritional shortages reduce resilience; climate change can alter flowering and foraging conditions; and habitat simplification can reduce the continuity of resources. Effective conservation therefore requires a multi-stressor approach.

Future research should prioritise standardised colony-health indicators, long-term and landscape-scale monitoring, comparative studies among Apis species, investigation of multiple-stressor interactions, and stronger integration of pollination ecology with agricultural and conservation planning. Overall,

maintaining healthy honey bee populations requires coordinated efforts among researchers, beekeepers, farmers, conservation practitioners, and agricultural stakeholders to support both pollinator persistence and sustainable food production.

19. Key Recommendations

1) Maintain diverse floral resources across the full annual foraging period rather than relying only on short mass-flowering crops.
2) Use integrated pest management and avoid unnecessary pesticide exposure during periods of bee activity.
3) Monitor colonies routinely for parasites, brood disease, queen performance, food stores and colony strength.
4) Improve biosecurity during colony movement and exchange of bees or hive materials.
5) Develop region-specific floral calendars and climate-informed management plans.
6) Protect nesting and foraging habitat for wild Apis species and other native pollinators.
7) Standardise colony-health and pesticide-exposure indicators in Indian research.
8) Distinguish acute mortality from chronic and sublethal behavioural and colony-level effects.
9) Combine agricultural productivity goals with pollinator biodiversity conservation.
10) Build long-term Indian datasets linking bee health, flowering phenology, climate, pesticides and crop yield.

20. Limitations

This narrative review does not employ a systematic-review protocol, formal quality assessment or meta-analysis, and therefore does not provide pooled estimates of effect size. Evidence is uneven among Apis species, with much of the mechanistic literature focused on A. mellifera, limiting direct generalisation to A. cerana, A. dorsata and A. florea. Indian evidence also varies among regions, agro-climatic zones and research topics. Future systematic reviews and long-term, species-specific studies using standardised colony-health measures would strengthen comparison across Indian agroecosystems.
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