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ABSTRACT

Industrialization and legacy pollution have increased the concentrations and environmental persistence of heavy metals (e.g., Pb, Cd, Cu,
Zn, Ni, As) in soils, vegetation, nectar, pollen, and water. Pollinators — including honey bees (Apis spp.), bumblebees (Bombus spp.),
solitary bees, butterflies, and other floral visitors — are exposed to these contaminants while foraging and nesting, with consequences
ranging from sublethal physiological and behavioral impairment to colony-level declines. This review synthesizes evidence (2015-2020)
on sources and landscape distribution of metals in industrial contexts, exposure pathways into pollinator habitats, the physiological and
behavioral effects on pollinators, ecological and trophic-level consequences, the role of pollinators as biomonitors, and mitigation
strategies. We highlight consistent findings that (1) pollinators accumulate metals in predictable ways related to proximity to point and
diffuse sources; (2) even environmentally realistic, sublethal metal concentrations can impair cognition, development, and reproductive
success; and (3) metal contamination interacts additively or synergistically with other stressors (pesticides, pathogens, poor nutrition),
amplifying ecological risk. We identify key knowledge gaps and propose research priorities and practical interventions to reduce risk to

pollinators in industrial landscapes.
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1.Introduction

Pollinators are essential components of terrestrial ecosystems,
providing critical services for both wild and cultivated plants.
Approximately 75% of global food crops depend, at least
partially, on animal-mediated pollination [1]. Bees, butterflies,
hoverflies, beetles, and other pollinating insects contribute not
only to agricultural productivity but also to the maintenance of
biodiversity, genetic variation, and ecosystem stability.
However, during the past few decades, numerous studies have
reported alarming declines in pollinator abundance, diversity,
and health across different regions of the world [2]. Although
habitat loss, pesticide exposure, pathogens, and climate change
are well-established drivers of these declines, heavy metal
contamination has emerged as a pervasive but underrecognized
threat to pollinator populations, particularly in industrial and
urban environments.

Heavy metals such as lead (Pb), cadmium (Cd), arsenic (As),
mercury (Hg), copper (Cu), nickel (Ni), and zinc (Zn) are
released into the environment through mining, smelting, fossil
fuel combustion, metal manufacturing, electronic waste, and
vehicular emissions [3]. Unlike many organic pollutants, these
metals are non-biodegradable and persist in soils, sediments,
and vegetation for extended periods, leading to long-term
ecological exposure. Industrial landscapes—comprising
factories, power plants, refineries, and densely populated urban
zones—often function as continuous sources of metal
emissions. These contaminants can accumulate in nearby soils
and plants, becoming integrated into the food web, including the
floral resources upon which pollinators depend [4].

Pollinators encounter heavy metals through multiple exposure
pathways. Metals absorbed by plants from contaminated soil or
deposited on aerial plant parts can enter nectar and pollen, the

primary food sources for bees and other pollinators [5],
airborne particulates settle on flowers and insect bodies, while
contaminated water sources such as puddles, irrigation runoff,
or dew serve as ingestion routes. Ground-nesting bees and
wasps may also be exposed through direct contact with polluted
soils during nest construction [6]. Because foraging and nesting
behaviors are species-specific, exposure levels can vary widely
across pollinator taxa, with some species—particularly solitary
ground-nesters—being disproportionately affected by
localized contamination.

Once ingested or absorbed, heavy metals can accumulate in
pollinator tissues, including hemolymph, fat bodies, and glands,
disrupting physiological homeostasis and leading to oxidative
stress, impaired enzyme activity, and neurotoxicity [6].
Sublethal concentrations have been shown to reduce learning,
memory, and foraging efficiency, as well as impair brood
development and queen reproduction in both honeybees
(Apismellifera) and bumblebees (Bombusterrestris) [7]. These
effects, though often subtle, can accumulate over time and
translate into colony-level declines, reduced pollination
efficiency, and ultimately, ecosystem-level consequences. The
combined exposure to heavy metals and other stressors such as
pesticides, pathogens, and nutritional deficiencies may act
synergistically, further exacerbating pollinator vulnerability [8].
At the ecosystem scale, heavy metal accumulation in pollinator
habitats can disrupt plant-pollinator networks, alter floral
visitation patterns, and shift plant community composition
toward metal-tolerant species [9]. This not only diminishes
pollination services but also affects food web dynamics and
biodiversity within industrial and peri-urban ecosystems. Given
the persistent and non-degradable nature of heavy metals, their
ecological impacts can endure long after industrial activities
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cease, emphasizing the need for long-term environmental
monitoring and mitigation strategies.

In recent years (2015-2020), growing scientific attention has
focused on the dual role of pollinators as both vulnerable
species and bioindicators of environmental contamination [10].
Honeybees and other pollinators have been effectively used to
monitor spatial and temporal patterns of metal deposition,
given their wide foraging ranges and capacity to integrate
contamination signals from the surrounding environment. Yet,
despite accumulating evidence of metal contamination in
pollinator habitats, the ecological consequences of such
exposure remain underexplored compared with pesticide or
pathogen stressors.This review synthesizes current knowledge
on the ecological and biological effects of heavy metal
accumulation in pollinator habitats across industrial
landscapes. It examines the sources and pathways of metal
contamination, summarizes physiological, behavioral, and
ecological effects on pollinators, and discusses broader
implications for ecosystem functioning and conservation.
Furthermore, it highlights emerging research on mitigation and
remediation strategies and identifies critical knowledge gaps
requiring future investigation. The integrating findings from
recent studies (2015-2020), this review aims to advance
understanding of how industrial pollution intersects with
pollinator health and to inform sustainable management
practices that safeguard these indispensable species.

2. Sources, Landscape Distribution, and Environmental
Fate of Heavy Metals

Industrial activities produce both point-sources (mines,
smelters, foundries, industrial plants) and diffuse sources (road
traffic, urban runoff, atmospheric deposition) of heavy metals.
Metals deposited on soils can be taken up by plants and
concentrated in floral tissues or persist in soils where they
influence community composition of plants and insect fauna.
Studies conducted across urban-industrial gradients show
elevated Pb, Cd, Cu, and Zn in soils and in plant tissues near
roads and industrial sites, and these elevated concentrations are
mirrored in foraging insects that visit plants in these areas.
Spatial heterogeneity is high: metal concentrations often
decline with distance from the point source but can remain
elevated in soils and biota for decades in legacy sites. Pollinator
foraging range matters — social bees may average exposure
over many hectares, while solitary bees and other pollinators
with small foraging ranges can reflect fine-scale contamination
patches.(Representative studies demonstrating accumulation
patterns and spatial gradients are reported in the literatureor
empirical assessments of landscape-scale accumulation and
impacts.

3.Exposure Pathways into Pollinator Habitats

Pollinators are exposed to heavy metals through multiple
environmental routes that reflect both plant physiology and
landscape-level contamination dynamics. The main pathways
include floral resources, surface deposition, water, and nesting
substrates.

Floral rewards (nectar and pollen): Plants growing in
contaminated soils or exposed to atmospheric metal
particulates can accumulate heavy metals such as cadmium
(Cd), lead (Pb), copper (Cu), and zinc (Zn) within floral tissues.
These contaminants are then transferred into nectar and pollen,
the primary nutritional resources for pollinators [1].

Pollen generally exhibits higher concentrations of metals than
nectar, making it a major exposure route, particularly for larvae
fed on pollen provisions. Several field and laboratory studies
have reported measurable levels of Cd, Pb, Cu, and other metals
in pollen collected from hives located near industrial and urban
areas [2].

Surface deposition: In addition to internal uptake by plants,
airborne metal particulates can directly settle on floral surfaces
and the external body surfaces of foraging insects. Honeybees,
with their densely hairy bodies, readily collect particulate
matter during foraging trips. These particles are subsequently
transferred to the hive through grooming and food exchange
behaviors, leading to secondary contamination of hive products
such as honey, wax, and propolis [3].

Water sources: Pollinators also ingest metals through
contaminated water sources, including puddles, irrigation
runoff, and dew found in polluted areas. Water is essential for
honeybee thermoregulation, food dilution, and brood rearing,
meaning that even trace levels of heavy metals can contribute to
chronicexposure [4].

Nesting substrates and soil: Ground-nesting bees and wasps
experience additional exposure through direct contact with
polluted soils used in nest excavation or construction. Metals
such as Pb, Cd, and Ni can persist in soils for decades, posing
long-term exposure risks to solitary bees whose brood cells are
constructed from local materials [5].The relative importance of
each exposure pathway depends on landscape context, metal
speciation, and pollinator ecology. Species that collect large
amounts of pollen, such as bumblebees (Bombus spp.) and many
solitary bees, may be disproportionately affected by pollen-
borne metals. In contrast, nectar-specialist pollinators may
primarily accumulate metals from contaminated floral nectar or
water sources [6]. Understanding the variability among these
pathways is essential for accurate risk assessment and for
designing mitigation strategies in polluted environments.

4. Physiological and Behavioral Effects on Pollinators
4.1.Sublethal Physiological Effects

Heavy metals interfere with fundamental physiological and
metabolic processes in insects. Even at sublethal
concentrations, they can impair antioxidant defense systems,
induce oxidative stress, and disrupt enzyme regulation, which
collectively hinder normal development and longevity [1].
Laboratory bioassays have demonstrated that cadmium (Cd),
lead (Pb), and copper (Cu) exposure at environmentally
relevant levels significantly alter survival rates, developmental
duration, and adult body mass in honey bees (Apismellifera) and
bumblebees (Bombusterrestris) [2]. Controlled feeding
experiments further reveal delayed larval development and
reduced adult emergence following dietary exposure to these
metals, indicating disruption of cellular homeostasis and
impaired energy metabolism [3]. Prolonged or chronic
exposure may also affect detoxification pathways, leading to
bioaccumulation in tissues such as the midgut, fat body, and
Malpighian tubules [4].

4.2.Cognitive and Behavioral Impairment

Metals including Pb, Cu, and arsenic (As) exhibit neurotoxic
properties, even at sublethal doses. Experimental studies have
shown thatbees exposed to these metals demonstrate reduced
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learning and memory capacity in associative conditioning tasks,
altered foraging efficiency, and diminished homing ability [5].
Such impairments are linked to interference with neuronal
transmission, disruption of acetylcholinesterase activity, and
oxidative damage in neural tissues [6]. Behaviorally, exposed
individuals display erratic flight patterns, reduced flower
constancy, and impaired communication within the colony,
which together compromise foraging success and resource
acquisition. Moreover, exposure to mixtures of metals often
leads to additive or synergistic effects, amplifying toxicity
beyond that of single-metal exposure [7]. These combined
effects are particularly concerning in urban and industrial
environments where multiple contaminants coexist.

4.3.Reproduction and Colony-Level Outcomes
At the colony level, heavy metal exposure translates into

tangible reductions in brood survival, worker production, and
queen fecundity. Field and experimental studies across
industrial and urban gradients consistently report smaller
colony sizes, delayed brood development, and decreased larval
survival among colonies exposed to elevated metal
concentrations [8]. In honey bees, accumulation of Cd, Pb, and
Cuwithin hive matrices (wax, pollen, and honey) correlates with
reduced brood rearing efficiency and lower adult bee
emergence [9]. Bumblebee colonies exposed to contaminated
floral resources exhibit limited worker production and reduced
reproductive output, reflecting the energetic costs of
detoxification and stress responses [10]. These sublethal and
chronic impacts can ultimately weaken pollinator population
resilience, decrease foraging capacity, and impair ecosystem
pollination services, especially when combined with other
environmental stressors.

Table 1. Representative Studies on Heavy Metal Accumulation in Pollinators and Hive Products (2015-2020)

Location / Habitat Type Pollinator / Matrix Metals Analyzed Main Findings Reference

France (urban & rural) Honey bee, honey, wax Pb, Cd, Zn, Cu Higher Pb and Cd near traffic and industrial zones; wax retained metals [1]
longer than honey.
Apismelli brood &
USA (agro-industrial) pisme ;j(;el;(is() roo Cd, Cu, Pb Metals accumulated in brood and adults; Cd caused developmental delay. [2]
Jordan (industrial vs. . . . . . .
: Bee pollen Cu, Zn, Pb, Ni Pollen metal concentrations correlated with ambient air and soil levels. [3]
agricultural)
Italy (urban-industrial) Honey & bees Hg, Cr, Pb, Cd Bees and honey showed strong spatial correlation with emission sources. [4]
H bees, hi . T . . .
Spain (urban monitoring) on;i/odze:ts tve Cd, Pb, Cu Demonstrated use of hives as bioindicators for air quality surveillance. [5]
Italy (temporal analysis) Honey & bee tissue Cd, Pb, Zn Seasonal variation observed; peak contamination in summer foragers. [6]
Table 2. Documented Physiological, Behavioral, and Ecological Effects of Heavy Metal Exposure on Pollinators

Pollinator Species Metal(s) Observed Effect(s) Exposure Route / Context Reference
Apismellifera Cd, Cu, Pb Reduced larval survival, delayed pupation Dietary exposure (lab bioassay) [7]
Bombusterrestris Cu, Pb Increased oxidative stress, enzyme disruption Laboratory feeding & soil exposure [8]
Honey bee Pb, Cu Impaired learning and memory, altered foraging Artificial nectar exposure 9]
Bombus impatiens Multiple metals Reduced colony size and reproduction Field (urban gradient) [10]
Apismellifera Cd, Pb Reduced brood production, lower adult emergence Controlled feeding study [11]
Mixed pollinator community Multiple metals Altered network structure, lower diversity Field study (contaminated landscapes) [12]

5.Ecological and Trophic-Level Consequences

Heavy metal contamination in pollinator habitats generates
cascading ecological effects that extend far beyond individual
organisms, influencing plant reproduction, community
composition, and overall ecosystem stability. Because
pollinators serve as keystone taxa in both natural and
agricultural ecosystems, their impairment by metal exposure
disrupts multiple ecological interactions.

5.1.Loss of Pollination Service Quality and Quantity
Declines in pollinator abundance and foraging efficiency
directly reduce pollination rates for both wild flora and
economically important crops [1]. Sublethal metal exposure
impairs navigation, floral fidelity, and learning behaviors in
bees, leading to decreased visitation frequency and less
effective pollen transfer [2]. This decline can significantly lower
fruit and seed set, particularly in plant species dependent on
specific pollinator taxa. Long-term reductions in pollination
services may consequently diminish plantreproductive success,
alter genetic diversity, and reduce agricultural productivity [3].
Field-based assessments have confirmed that sites with
elevated Pb, Cd, and Cu concentrations exhibit lower pollinator
visitation rates and decreased crop yields compared with
uncontaminated reference sites [4].

5.2. Shifts in Community Composition and Network
Structure

Heavy metal contamination often induces selective pressures
that favor metal-tolerant taxa among both plants and

pollinators. In polluted habitats, tolerant plant species—often
those with metal sequestration or exclusion
mechanisms—become overrepresented, while sensitive
species decline [5]. Similarly, pollinator communities shift
toward metal-tolerant or generalist species, leading to
reductions in functional diversity and simplification of
plant-pollinator interaction networks [6]. This restructuring of
ecological communities can have profound implications for
ecosystem resilience, as network specialization and
redundancy are key determinants of stability. Empirical studies
have reported reduced species richness and weakened
mutualistic interactions in bee assemblages collected from
industrial and urban landscapes with high soil and air metal
loads [7]. Such compositional shifts can disrupt co-evolved
relationships, ultimately reducing ecosystem functionality and
adaptability.

5.3.Trophic Transfer and Bioaccumulation

Heavy metals accumulated in floral nectar, pollen, and resin are
not restricted to primary consumers such as bees and
butterflies; they can be transferred through multiple trophic
levels [8]. Predators, parasitoids, and scavengers feeding on
contaminated pollinators or hive materials can ingest and
bioaccumulate metals, contributing to the spread of
contaminants through terrestrial food webs [9]. For instance,
insectivorous birds feeding on contaminated bees or wasps
have been shown to exhibit elevated levels of Pb and Cd in
tissues, linking pollinator exposure to higher-order ecological
effects [10].
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Additionally, secondary exposure of decomposers and soil
organisms through contaminated detritus can alter nutrient
cycling and microbial processes, thereby influencing ecosystem
functioning at multiple trophic levels [11].Such trophic transfer
underscores that heavy metal pollution acts as a diffuse, long-
term ecological stressor. The persistence and non-degradability
of these contaminants ensure that even localized pollution can
have extensive spatial and temporal consequences.

5.4.Ecosystem-Level Implications

The combined effects of reduced pollination efficiency, altered
community structure, and contaminant propagation lead to
weakened ecosystem resilience. Meta-analyses and field
observations demonstrate consistent patterns of reduced
colony fitness, altered foraging behavior, and community-level
restructuring in metal-polluted landscapes [12]. These effects
may compound other anthropogenic stressors such as habitat
fragmentation, pesticide exposure, and climate change,
amplifying declines in pollinator populations and further
jeopardizing food security and biodiversity conservation.

6. Pollinators as Bioindicators and Monitoring Tools
Because of their wide foraging ranges and ability to collect and
concentrate environmental materials, bees and other
pollinators function as effective bioindicators of heavy metal
contamination. Honey bees (Apismellifera), bumblebees
(Bombus spp.), solitary bees, and their associated hive products
(honey, wax, pollen, and propolis) have been used extensively to
monitor spatial and temporal patterns of metal pollution [1].
These organisms integrate contaminants from multiple
environmental compartments—air, water, soil, and
vegetation—thereby providing a holistic view of local
contamination levels [2].Empirical studies demonstrate strong
correlations between metal concentrations in atmospheric or
soil samples and those found in bee tissues and hive matrices
[3]. For example, Pb, Cd, Cu, and Zn levels in bee bodies have
been shown to track industrial emissions and urban traffic
density with remarkable precision [4]. However, interpretation
of such data requires careful consideration of foraging range,
colony location, species-specific biology, and temporal
variability, as metal accumulation can fluctuate seasonally with
foraging activity and landscape use [5].Standardized sampling
protocols are critical for comparability among studies. Matrix
selection—whether bee tissue, honey, pollen, or wax—is an
important determinant of sensitivity and interpretation [6]. Bee
bodies and pollen often reflect acute exposure, while honey and
wax provide longer-term integrated records of environmental
contamination [7]. Consequently, pollinators and their products
are now widely recognized as practical biomonitoring tools for
atmospheric and terrestrial metal surveillance, enabling the
mapping of contamination gradients and early detection of
emerging pollution risks [8].

7.Interactions with Other Stressors

Heavy metals seldom act as isolated toxicants in real-world
environments. Instead, pollinators experience multiple,
overlapping stressors that can interact additively or
synergistically to amplify negative outcomes [9].

Pesticide interactions: Metal exposure can impair
detoxification enzymes such as cytochrome P450s, reducing the
ability of bees to metabolize and excrete pesticides [10].

Combined exposures to insecticides (e.g., neonicotinoids) and
metals have been shown to increase mortality and reduce
learning and memory performance compared to single-stressor
treatments [11].

Pathogens and parasites: Metals compromise immune
competence by disrupting hemocyte function and antioxidant
defenses, heightening susceptibility to pathogens such as
Nosema ceranae, deformed wing virus (DWV), and other
microbial infections [12].

Nutritional and habitat stress: Metal exposure often co-
occurs with habitat fragmentation and limited floral diversity.
Nutritional deficiencies, particularly of amino acids and
antioxidants, can reduce detoxification capacity and tissue
repair efficiency, exacerbating the physiological damage caused
by metals [13].

These interacting pressures complicate ecological risk
assessments. Multifactorial experimental designs that consider
realistic combinations of pollutants, pathogens, and nutritional
stressors are therefore essential to accurately evaluate
pollinator health in contaminated environments [14].

8.Mitigation, Remediation,and Management Strategies
8.1.Source Control and Land-Use Planning

The most effective mitigation strategy is to reduce emissions at
their source. This includes enforcing industrial discharge
controls, implementing traffic emission reduction policies, and
remediating legacy contamination sites [15]. Restoration and
urban greening projects should incorporate contamination risk
assessments before establishing pollinator habitats to avoid
inadvertent exposure [16]. Mapping of soil and air
contamination levels can guide the placement of apiaries, nest
boxes, and pollinator refugia away from hotspots [17].

8.2.Phytoremediation and Soil Management
Phytoremediation—the use of plants to extract, stabilize, or
immobilize metals—offers a sustainable approach to reduce
bioavailable contaminants in pollinator habitats [18].
Hyperaccumulator species (e.g., Brassica juncea, Sedum alfredii)
can remove metals from soils, while amendments such as
biochar, lime, and compost reduce metal mobility and uptake by
plants [19]. However, species selection is critical, as
hyperaccumulators can inadvertently create new exposure
routes if their flowers attract pollinators. Integrating non-
flowering or managed-flowering phytoremediators can help
mitigate this risk [20].

8.3. Pollinator-Centered Interventions

Direct management practices can minimize pollinator exposure
and enhance colony recovery. Recommended strategies include
locating apiaries and nesting habitats in cleaner areas,
providing uncontaminated forage and filtered water sources,
and temporarily relocating colonies when contamination spikes
occur [21]. Field evidence suggests that hive relocation from
high-exposure industrial zones to cleaner rural environments
can restore colony vigor and reduce metal residues in hive
products over time [22].

8.4.Policy and Stakeholder Engagement

Integrating heavy metal risk assessment into pollinator
protection policies is critical for sustainable ecosystem
management.
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Policymakers should mandate soil and air quality monitoring as
part of urban restoration and agricultural planning [23].
Incentivizing the remediation of brownfields and prioritizing
low-contamination zones for pollinator conservation can
promote safer habitat restoration [2]. Cross-sector
collaboration between environmental scientists, urban
planners, and agricultural managers will be key to aligning
biodiversity goals with pollution control and public health
objectives [23].

10. Conclusion

Heavy metals in industrial landscapes pose a persistent and
often underestimated threat to pollinators. A growing body of
evidence from 2015-2020 shows that metals accumulate in
floral rewards, bee tissues, and nests and can negatively affect
physiology, behavior, reproduction, and colony growth. Metals
interact with other anthropogenic stressors to amplify decline
risk. Addressing these challenges requires integrated
approaches: rigorous monitoring (using bees as bioindicators
where appropriate), source reduction, careful planning of
restoration projects, targeted remediation, and
multidisciplinary research that spans landscape ecology,
toxicology, and conservation biology. Protecting pollinators in
industrial landscapes is both an ecological necessity and a
practical requirement to sustain pollination services on which
natural ecosystems and agriculture depend.
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