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Abstract: Pollinators play important roles in providing pollination services, maintaining biodiver-
sity, and boosting crop production. Even though pollinators are essential to the environment and
agriculture, their decline has been noted across multiple studies in the recent past. Both natural
and anthropogenic factors have contributed to their decline. Much of the focus has been placed on
climate change, habitat loss, pests and pathogens, and synthetic pesticides, but relatively little is
known about the effects of biopesticides. Biopesticides are biological control agents derived from
living organisms and are classified into three groups: microbial, biochemical, and plant-incorporated
protectant-based products. Biopesticides are formulated similarly to their synthetic counterparts and
are readily available and used within urban and agricultural settings by pest management experts
and household residents. The general public and much scientific literature support the prevailing
idea that biopesticides are environmentally safe and pollinator friendly in comparison with synthetic
versions. However, such generalizations are based on studies with a few key pollinator species and
may not be relevant to several other species that provide crop pollination services. Studies focused on
native pollinators have shown that some biopesticides have lethal and sublethal effects. Because each
biopesticide exhibits varying effects across pollinator species, it could be dangerous to generalize their
non-toxicity across taxa and environmental settings. In this article, recent research in this direction
is discussed.
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1. Introduction

Flower pollination is essential for the reproduction of plants, seed /crop production,
and maintenance of ecosystem biodiversity [1]. A variety of animals pollinate, including
reptiles, mammals, and insects [2-5]. Of the many pollinator groups, insect pollinators
are considered the most important in nature and agriculture [6]. This is because insect
interactions with flowering plants directly affect the stability of ecoregions and terrestrial
biodiversity [6]. The loss of even a single bee species has been shown to reduce plant
reproduction efficacy and floral fidelity [7], ultimately leading to a decline in biodiversity.
Additionally, an approximated 75% of leading global food crops are dependent on insect-
mediated pollination [8]. Production of various economically important crops depends on
different species of pollinators [9,10]. Crops, such as those from the Rosaceae plant family,
have a noticeable increase in fruit production when pollinated by a wide range of native
insect pollinators [11]. A decline in insect pollinators would negatively impact agricultural
production [12].

Even though insect pollinators play important roles in ecosystem pollination services
and agricultural produce output, it is widely accepted that insect pollinators are on the
decline [6,13-15]. Some studies suggest that pollinators such as bees are especially at risk
of local and regional extinction [1,13]. The causes believed to contribute to global insect
pollinator and other beneficial insect decline are grouped into two categories: (1) nat-
ural and (2) anthropogenic. Natural causes include parasites, pathogens, and intraspe-
cific/interspecific competition [7,16]. Anthropogenic causes are climate change, habitat
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destruction/alteration, pesticide use, and many others. Climate change and agriculture
are thought to be the two causes most responsible for insect pollinator decline [17-19]
because both can lead to alteration/loss of habitat, foraging biodiversity loss, and the
introduction of exotic species. Studies show that for every 1 °C change in climate, insect
flight patterns and plant flowering dates are altered by four days [1]. The altered phenology
typically affects 17-50% of pollinators and their foraging supply (floral food resources) due
to temporal mismatch [20]. Pesticides have also gained interest due to their prolific use in
agricultural/urban settings and their effects on the environment.

Synthetic pesticides have been commercially available since the 1940s [21] and are
widely used for pest management in different ecosystems. Concerns for the environ-
ment and human health started to appear in the 1960s, leading to the ban on chlorinated
organic pesticides [22]. Chlorinated organic pesticides, such as DDT (dichlorodiphenyl-
trichloroethane), have half-lives of 4-30 years in soil, accumulate in animals and plants for
human consumption, are toxic to most forms of life [23], and are likely to contaminate soil
for a longer duration [24-26]. Even though bans have been implemented to limit the use
of extremely harmful pesticides, the increase in commercial agricultural production has
also increased the application of pesticides in the environment [27]. While pesticides are an
integral part of pest management, increased volumes of pesticides have a higher probability
of contaminating soil, air, and water through runoff, leaching, volatilization, and erosion.
The perceived hazardous nature of synthetic pesticides has led to the creation of movements
such as The Pesticide Risk Reduction Program and organic farming, which aim to limit the
use of synthetic pesticides to maximize animal welfare [28]. These programs assume that
organic biopesticides, agents derived from living organisms, are minimally harmful to the
environment and pollinators; this assumption aligns with the general public’s view [28].
Many synthetic pesticides, especially systemic insecticides, and other active ingredients are
well known to cause lethal and sub-lethal impacts on pollinators [29]. While biopesticides
are generally not as harmful in comparison to their synthetic counterparts, biopesticides
may still pose a significant threat to beneficial non-target insects such as different pollinator
species [30,31]. In commercial production, biopesticides are relatively new, accounting for
only 5% of total pesticide use [32]. Their small contribution to total pesticide use potentially
helps to mask their negative effects in comparison to more established factors such as
climate change, land use, and synthetic pesticide application, which have been present for
decades. Studies show that biopesticides have an annual growth of 10% in their use and
are expected to surpass synthetic pesticides by the mid to late 2050s [33]. At this point,
biopesticides will potentially represent a greater threat to pollinators and other non-target
insects due to more extensive use and may have unforeseen sub-lethal and detrimental
effects. Therefore, it is important to examine biopesticide effects on non-target species.

The guidelines for testing pesticide toxicity set forth by the United States Environmen-
tal Protection Agency (US EPA) are divided into three tiers. Tier I is meant to quickly assess
a pesticide’s risk level. These tests are performed in a controlled setting and look at acute
oral toxicity, chronic oral toxicity, adult acute contact toxicity, and the toxicity of residue on
foliage to determine LDs levels, sublethal/lethal effects, and if residues are still toxic to
25% or more of the adult insects tested. Tiers II and III are reserved for compounds that
show potential risk. Tier II focuses on a colony (if eusocial) and is performed in semi-field
conditions. Tier II looks at three metrics: (1) the effect of the compound on a pollinator
colony in an enclosed space, (2) the effect of the compound on insects in a field setting
when fed predetermined amounts, and (3) exposure effects when the compound is applied
at the recommended field rate. Tier III focuses on the long-term effects of compounds
in real-world settings (application by experts or non-experts, proper use, environmental
variables, etc.), including agricultural and urban environments [34]. In this context, we
discuss the toxicity of current biopesticides and exposure risk to pollinators in urban and
agricultural settings.



Agrochemicals 2024, 3

72

2. Biopesticides: Types of Biopesticides, Their Formulations, and Modes of Action

Biopesticides are classified into three groups based on the ingredients used or extrac-
tion sources: (1) microbial pesticides, (2) biochemical pesticides, and (3) plant-incorporated
protectants (PIPs). Microbial pesticides are derivatives of bacteria, viruses, and fungi [35].

2.1. Microbial Pesticides

Bacteria are unicellular organisms ranging in length from <1 um to a few pm in
size. Most entomopathogenic bacteria are found in five bacterial families [36]. The most
common example of bacteria used for pest management is the bacteria Bacillus thuringiensis
[Bacilli: Bacillaceae] (Bt). Bt as a biopesticide has dominated the biocontrol market. In
1990, Bt accounted for 90% of all biopesticide sales [37]. This is because different strains
of Bt are effective against a few target species. For example, the Bt strains kurstaki and
aizawai target lepidopterans, while the strain israelensis targets mosquitoes [38], making
them environmentally safe. The mechanisms of action for bacteria such as Bt are ingestion
and the subsequent release of toxins to kill the pests [39]. A virus is a complex of genetic
material housed in a protective protein/lipoprotein capsule [40]. Entomoviruses are split
into two categories: those that release inclusion bodies (IVs) and those that do not (NIVs).
IVs are further broken down into polyhedron viruses (PVs) and granulosis viruses (GVs)
based on the inclusion bodies released. These PVs can then inhabit either the cytoplasm
(CPVs) or the nucleus (NPVs) [41]. The virus family, Baculovirus, is the most studied for
commercial biopesticide use [42]. This virus family is characterized by its supercoiled,
double-strand DNA arranged circularly and ranging from 80 to 180 kbp [41]. The virus
works by infecting its target, replicating exponentially, and eventually killing the pest
between 3 days to 4 weeks [38]. Fungi are single cell or multi-celled organisms that drain
nutrients from their environment to survive [43]. Currently, more than 700 species of fungi
are considered entomopathogenic [44]. The two major fungi used as insect biopesticides are
Beauveria bassiana [Hypocreales: Cordycipitaceae] and Metarhizium anisopliae [Hypocreales:
Clavicipittaceae] [45]. Fungi begin the infection process by penetrating the integument,
forming germinative tubes that release enzymes and eventually kill the host [38].

2.2. Biochemical Pesticides

Biochemical pesticides are derived from naturally present compounds such as insect
pheromones and plant byproducts. These compounds act in non-toxic ways to eliminate
target pests, are target-specific compared to synthetic pesticides, and can be classified
further into three distinct subgroups: insect pheromones, plant-based extracts, and insect
growth regulators (IGRs) [46].

Insect pheromones are used for communication and elicit a behavioral response [47],
such as attracting other insects, finding mates, locating areas for ovipositing, and trail-
following behavior [48]. The first sex pheromone was identified in 1959 from the silk
moth [49] and since then, large amounts of progress in the field have been made. The three
major reasons pheromones, especially sex pheromones, potentially make great biopesticides
is because they are highly species specific, require small concentrations to be effective, and
many are not known to be toxic to non-target organisms (NTOs) due to their specificity [50].
Additionally, pheromone biopesticides induce a decrease in pest populations over long
periods of application while conventional pesticides do not [51,52]. Pheromone-based
biopesticides are used commonly in two strategies: detection/monitoring of a pest and
mating disruption [48,50]. Detection/monitoring involves traps with the pest’s pheromone-
based attractant as a lure [53]. A relationship is then extrapolated between the number
of males caught, the amount of damage per insect, and the estimated pest population
to determine thresholds [54]. This same strategy can be changed into a mass trapping
strategy by simply adding more traps to an area to reduce pest density [55,56]. This
control strategy is particularly effective against pests with slow reproductive life cycles and
when both sexes aggregate to the same attractant [57]. The successful use of this strategy
was implemented against bark beetles that cause damage to coniferous forests. A field
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study showed that the tree mortality rate of a 2000 ha forest infested with Ips duplicatus
[Coleoptera: Curculionidae] (double-spined spruce bark engraver) was down to 17% when
using a pheromone blend trap of E-myrcenol and ipsdienol [58]. Other successful uses of
mass trapping against pests include red palm weevils, olive fruit fly, cotton boll weevil,
and the Japanese beetle, among others [50].

Mating disruption involves the release of volatile sex pheromones in large quantities,
causing either sensory overload or “false trails” that prevent pests from finding partners
and thus mating [59]. Currently, this strategy is the most developed in terms of disrupting
moth pests [60]. The sex pheromones are emitted via aerial dispensers, microencapsulation,
matrix formulations, or hand application [61]. A variety of factors determine the overall ef-
fectiveness of mating disruption. First, the physiological state of an insect and consequently
its age and species determine if a response occurs. For example, Agrotis ipsilon [Lepidoptera:
Noctuidae] (black cutworm) juveniles will not respond to sex pheromones. On the other
hand, males only mate once every night and do not respond to sex pheromones temporarily
afterward [62], making mating disruption less effective. Other factors include the density
of the pest population. For example, mating disruption is ineffective in orchards heavily
infested with Platynota idaeusalis [Lepidoptera: Totricidae] (tufted apple bud moth) [63] and
forests with a high density of spongy moths [64]. The mating disruption approach can fur-
ther be changed into a push—pull tactic by incorporating both attractants and repellents [65].
The repellents keep (or push) pests away from target crops while the attractants lure (or
pull) pests to traps or trap crops. The attractant blend may also lure natural enemies,
compounding the pest control effects of the biopesticide. For example, a three-year study
focused on alfalfa fields and aphids showed that the aphid’s pheromone blend attracted
parasitoids and significantly reduced the aphid’s abundance [66].

Since at least 4000 years ago, botanicals have been used to control pests [67]. This is
because the plant kingdom is recognized as the leading source of biochemical compounds
effective at controlling insects [68], and the use of locally available plants simplified pest
control in ancient times [69]. Now, many botanical extracts exist as biopesticides since
they induce anti-feeding behavior, toxicity, and repellence towards various pests [70,71].
Botanical extracts used for biopesticides are classified as secondary metabolites and are
further subdivided into three groups: phenolics, terpenes, and nitrogen-containing com-
pounds [72]. Some of the more prominent secondary metabolites often used include
pyrethrins, nicotine, and rotenone [73]. Pyrethrum is the most heavily used botanical
biopesticide and is derived from Tanacetum cinerariifolium [ Asteraceae] flowers. The cost
to produce natural pyrethrins and their instability under environmental conditions make
the natural form seldom used [69,74]. However, their synthetic counterparts, pyrethroids,
are more toxic, long-lasting, and do not break down too quickly under environmental
conditions [75].

Nicotine is a synaptic poison that mimics acetylcholine, an important neurotransmitter
in insects [76]. Nicotine is an aqueous extract from the tobacco plant (Nicotiana spp.), which
is used extensively. However, its high toxicity to humans has mostly phased it out in
Europe and North America [77]. Nicotinoids are synthetic versions of nicotine and exhibit
similar properties and modes of action. Nicotinoids include the popular biopesticide
imidacloprid, as well as thiamethoxam, acetamiprid, and dinotefuran [69]. Rotenone is a
botanical biopesticide declining in agricultural use but is still on the market for organic
farming, home, and gardens. Rotenone is isolated from the rhizomes of plants of the genera
Derris, Lonchocarpus, and Tephrosia. It is commonly found in dust formulations for urban
applications or liquid formulations for organic farming operations [78]. It acts as a contact
or ingested cytotoxin that disrupts vital respiratory enzymes in insects [79].

The first recorded use of an IGR was in 1956 when juvenile hormone was isolated
from the abdominal crude extract of male cecropia moths. Its topical application prevented
further insect multiplication [80]. However, it was not until 1965 that the “paper effect”
was observed in Pyrrhocoris apterus [Hemiptera: Pyrrhocoridae] during an unrelated study.
It was this accidental discovery that sparked industrial interest in IGRs [80]. Now, a large
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variety of IGR formulations exist, such as buprofezin for scale insects and lufenuron for
fleas [81,82]. Currently, work is ongoing to control insects by either disrupting reproduction
or metamorphosis. For example, chitin synthesis inhibitors (CSIs) disrupt the production
of chitin. Chitin is a major component of the inset cuticle separating the insect from the
external environment and provides support for major physiological systems such as the
gut lining, respiratory system, and some gland/reproductive glands [80]. Since CSlIs dis-
rupt chitin production, they are most effective as larvicides, the insect life-cycle stage that
requires large amounts of chitin production and molting and makes insects extremely vul-
nerable to failed or abnormal molts, resulting in subsequent death [83]. Juvenile hormone
analogs (JHA) are another major IGR. Juvenile hormone (JH) is responsible for many vital
physiological processes in insects, such as embryogenesis, reproduction, communication,
molting, and metamorphosis, among others [84]. JHAs work to disrupt the JH equilibrium
and therefore disrupt the physiological processes preventing the insect from successfully
reproducing or reaching its adult form. JHAs are also often used as ovicides or larvicides
due to their fatal effects in early life stages [85]. The first JHA released for market use was
methoprene. It is primarily used for household pests due to its low residual activity [86].
However, other more effective JHA pesticides have been developed and are available
for use.

2.3. Plant-Incorporated Protectants

PIPs are unique biopesticides because target genetic material is incorporated into
the plant’s genome. The plant then produces the compound associated with the genetic
material, boosting its pest resistance [46]. The first transgenic crop was reported in 1987 and
expressed Cry protein biotoxins from B. thuringiensis [87,88]. Today, the main transgenic
crops are soybean, maize, and cotton, each making up 77%, 26%, and 49% of their total
respective crop type [89]. Many of them express Bt PIP and produce Cry proteins. In
insects, Cry toxins are ingested along with plant material, interact with epithelial cell
membranes, and cause lysis through the formation of transmembrane pores [90]. Different
Cry proteins are used against different insect orders, such as Cry3 for Coleopterans and
Cryl for Lepidopterans [88]. As of June 2017, the U.S. Environmental Protection Agency
(EPA) approved a new class of PIPs known as RNA interference (RNAi) [91]. RNAi
works by targeting specific gene pairings and then suppresses their expression at the
post-transcriptional level, preventing protein synthesis [92]. Like Cry proteins, the double-
stranded RNAi is ingested and transported to target cells. From there, dsRNAI is cleaved
into smaller RNAi molecules that disrupt the insect’'s mRNA translation, eventually causing
insect mortality [91].

2.4. Biopesticide Formulations

Biopesticide formulations are typically similar to those used for synthetic pesticides.
They can either be dry (e.g., dusts, powders, granules/micro-granules) or liquid (emul-
sions or suspension concentrations) [93,94]. Dusts are formulated by having their active
ingredient absorbed into a finely ground mineral powder. The size of dust particles usually
ranges from 50 to 100 um and dust formulations can be directly applied via manual or
mechanical methods [95]. Granules are formulated in a similar manner except they are
composed of larger particles; 100-600 microns and 100-1000 microns for micro-granules
and granules, respectively. Biopesticides formulated in the form of granules are applied
directly to soil where they gradually release their active compound [96,97]. Powders for
seed treatment are typically formulated by mixing a fine active ingredient with an inert
ingredient that facilitates adherence to seeds. The seeds are then tumbled with the mix-
ture [98] and processed for further use. Water-dispersible granules are intended to be used
with water, and they break up into a homogenous suspension. The suspension is then
applied with conventional or specialized spray equipment. Biopesticides in granular form
are formulated using extrusion granulation, fluid bed granulation, spray drying, and other
processing techniques [99]. Emulsions are a mixture of an immiscible liquid with liquid
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droplets of the active ingredient dispersed within. They are designed to be mixed with
water and then applied [100]. Wettable powders are similar to water-dispersed granules
except the particles of wettable powders are smaller in size (5 microns) [101]. Suspension
concentrates are formulated with a mixture of a liquid (commonly water) and a finely-
ground active ingredient. The mixture needs to be agitated to homogenously disperse the
solid active ingredient [96,98]. Oil dispersions are formulated in the same manner as a
suspension concentrate. The difference is that oil dispersions use non-aqueous liquids such
as oils derived from plants [100]. While a few other formulations do exist, these are the
most common in use for biopesticides today.

3. Biopesticide Uses and Routes of Exposure in Urban and Agricultural Ecosystems

The world’s population continues to grow exponentially and is predicted to reach
8-10 billion people by 2050 [102]. According to the United Nations Department of Eco-
nomic and Social Affairs [103], 55% of the world’s population resides in urban areas. That
number is expected to reach 68%, or 5-7 billion people, in 2050. The expansion in popula-
tion and urbanization has decreased natural habitats while increasing the need for food
production [104]. Consequently, these changes have also increased the number of pests and
pesticide use in urban areas. Common examples of pests are wasps in urban structures,
ant hills in gardens, housefly invasions, and cockroach infestations. To lessen the negative
impact caused by the overuse of pesticides, integrated pest management (IPM) programs
were created [105]. These IPM programs incorporate chemical, biological, and cultural
methods to reduce pest levels below the economic injury threshold in both agricultural
and urban settings [37,105]. For example, Kass et al. [106] focused on mice and cockroach
infestations in New York urban settings. The study compared the effectiveness of standard
pesticide applications to the incorporation of an IPM. In this case, the IPM involved denying
food sources, water sources, movement between buildings, and nesting sites, as well as
improving the structural and sanitary conditions of the building. Simultaneously, the [IPM
reduced the volume of pesticide applied and outperformed regular pesticide applications
in mitigating the abundance of these pests. The reduced application of pesticides makes
it less likely that non-target organisms will be negatively affected. Unfortunately, IPM
knowledge diffusion and proper incorporation can be slow. It is typically sponsored by
universities, government/non-government agencies, or private companies and involves
knowledge dispersion ranging from non-intensive, learning-intensive, to cost-intensive
sessions, mass media campaigns, or a series of educational meetings, making it unattractive
to some [107]. Even though IPM strategies call for more environmentally friendly control
methods such as biopesticides, non-target pollinators are still exposed in various ways to
the active ingredients when applied. The three common modes of biopesticide application
in urban and agricultural landscapes are topical spray applications, dust/particle dispersal,
and PIPs integrated into a plant population [45]. These modes of application, therefore,
determine possible direct or indirect exposure of pollinators and other non-target species
to biopesticides.

3.1. Biopesticides in Urban Settings

In urban settings, the use of synthetic pesticides has increased because residents are
reluctant to cohabitate with pests [104] and may be unaware of IPM strategies. Pesticides
can be easily applied by both household residents and pest management experts, making
them extremely convenient for use. The combination of convenience and intolerance to-
ward insect pests in urban structures has led to pesticide resistance in urban insects [108].
Pesticides in urban areas also pose a threat to non-target species such as bees as they
are exposed to pesticide residues [109]. Due to growing concerns about synthetic pes-
ticides, there has been a surge in biopesticide incorporation. Like synthetic pesticides,
biopesticides are available in ready-to-use or ready-to-spray formulations. Biopesticides
have been shown to effectively reduce pest populations in urban settings. For example,
two studies [110,111] released Hyphomycetes fungi targeting mosquitos. This resulted
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in mosquito mortality after blood feeding and lowered malarial survivorship. Another
study compared EcoRaider (biopesticide) to Temprid SC (synthetic pesticide) in the erad-
ication of bed bugs [112]. No significant difference was noted in the bed bug mortality
rate, meaning that biopesticides could effectively replace synthetic pesticides in urban
settings in this study. Some common biopesticides readily available for purchase and in
urban use are GrowSafe, Regalia, and Rango. These biopesticides are advertised as safe
for beneficial insects (bees, ladybugs, etc.), safer for the environment and human health,
and effective at reducing or eliminating the broad range of pests they target, which include
powdery mildew, blight, mites, and pest insects [113-115]. Yet studies [116-118] show
that biopesticides can incur lethal and sublethal effects on non-target organisms. This is
important to note because urban agriculture is gaining popularity. Approximately 15-20%
of food production takes place in urban settings or closely surrounding areas [119]. De-
pending on the level of urbanization intensification, urbanization may foster pollinator
biodiversity [120]. Specifically, hymenopteran richness and abundance increase whilst
those of dipterans, lepidopterans, and coleopterans typically see a small decrease [121].
The increase in hymenopteran richness and abundance is supported by (1) Patenkovi¢
et al. [120], who noticed significant survivorship and genetic variation amongst honey
bees in urban settings; and (2) Samuelson et al. [122], who observed an increase in colony
size and food storage with a decrease in parasite load in Bombus terrestris [Hymenoptera:
Apidae]. This is due to initial urban sprawl, the first step in urbanization, which creates
areas with impervious surfaces (IS) of 50% or less [119]. These areas are typically composed
of intermittent gardens, parks, green areas, and pockets of natural land giving insects an
abundance of floral resources and nesting areas in comparison to agricultural land [123]. In
contrast, urban areas with >50% or more IS do not foster biodiversity and are composed
of abiotic, non-flowering surfaces such as sidewalks, car parks, buildings, etc., reducing
overall floral resources and nesting habitats while increasing risk factors such as pollution,
noise, and artificial light [120]. This is supported by Baldock et al.’s. [124] study showing
that bees, hoverflies, and non-syrphid flies composed 90% of the biodiversity in their urban
test site. Most of the biodiversity aggregated around allotments or gardens while the
least biodiversity was found on manmade structures such as car parks. Unfortunately,
urban residents are more likely to improperly use biopesticides in gardens, and therefore,
pollinators have a greater chance of encountering the active ingredient [125] in different
exposure scenarios. For example, grooming behavior exhibited by honey bees and other
eusocial pollinators could lead to the entire colony becoming exposed through contact after
the return of foragers [126]. Additionally, visiting pollinators risk ingesting the biopesticide
as they feed on contaminated flowers or risk contaminating the brood if it is for provisions.
Depending on the biopesticide used, pollinators could suffer a decline in survival or an
alteration in behavior [127] in different ways (Figure 1). Eusocial bees, such as honey bees,
can also be exposed to biopesticides when urban beekeepers spray hives for parasites and
hive pests. The direct application exposes both adults and broods topically and when con-
taminated food is ingested [30]. Many biopesticides have been reported to have sublethal
effects on different species of bees (Table 1), and exposure to these biopesticides can affect
bee learning and behavior. For instance, exposure to B. bassiana-based biopesticide formu-
lations altered the guard behavior of stingless bees (Tetragonisca angustula [Hymeoptera:
Apidae]) [116]. In this study, the guard bees prevented exposed, but otherwise healthy,
individuals from entering the colony. A similar study performed by Cappa et al. [117]
showed that B. bassiana altered the behavior and recognition abilities of honey bees as
well. The guard bees antagonized their contaminated nestmates and prevented them from
entering the colony, lowering the number of returning individuals and pollination services.
Interestingly, a separate study [118] also exposed honey bees to B. bassiana to test honey
bees’ response to sucrose, and the study found that the bees’ response was altered, causing
suboptimal foraging. However, the actual impact of such exposure on colony foraging
performance was not examined in this study.
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Bee Pollinators Other Insect Pollinators éi

Pollinators in Urban &
Agricultural Landscapes

Social
Bees

Potential Non-target Effects After Exposure to Bio-

Mortality
(due to direct,
residual or indirect
exposure)

Solitary ' Tl
Bees Butterflies

insecticides and Synthetic Pesticides

Other Sublethal Impacts
(alteration of gut microbiota, genetic
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compromised immunity, short life-span,
incomplete life-cycle)

Behavioral Changes
(adverse effects on host finding,
mating, feeding, nesting, flight
activity, cognition, and foraging)

Decline in Population and Biodiversity

Figure 1. Potential impacts of insect pollinator exposure to biopesticides used for pest management
in urban and agricultural landscapes. Picture by N. Joshi.

3.2. Biopesticides in Agricultural Settings

In the agricultural setting, biopesticides are also gaining popularity [128] due to
growing concerns about environmental and health security. Organic farming has grown and
aims to maximize animal welfare, limit the use of synthetic products including pesticides,
and increase soil health over time [129]. To help farmers across the globe, IPMs have been
implemented. In commercial agriculture, one of the most successful IPMs is for soybeans
grown in Brazil. The IPM program incorporates biopesticides derived from viruses, fungi,
and bacteria, lowering the amount of synthetic insecticide use by 50% [37]. Biopesticides
commonly used in agriculture are Bt, Trichoderma spp., Trichogramma spp., neem, and
baculovirus [130]. They help to control lepidopterans, storage pests, and infections [45].
Depending on the species and mode of application, pollinators can be exposed to various
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biopesticides by being used as entomovectors, through contact by foragers, ingestion, or
from within or near their nests when applied for parasite control [30,131]. The concept of
pollinators as entomovectors to distribute biopesticides [131] has been in use since the 1990s
and involves using insects to disperse biological control agents to target plants; however,
it was not until 2007 that it was officially acknowledged in the literature [30,131]. In this
case, pollinators directly contact the biopesticide via anthropological application. This can
easily contaminate other pollinator species when contaminated pollinators visit flowers
and leave behind short-lived biopesticide residues. In the case of spore-based, viral-based,
or bacterial-based biopesticides, the microorganisms may attach themselves to pollinators
when they visit, contaminating entire populations of varying insect species [126].

Another example of biopesticide use in agricultural settings is essential oils. Essential
oils, such as neem, are a type of biopesticide that is topically applied to crops to deter
pests [132]. During the flowering season, pollinators such as bees are attracted to crop
flowers, collect pollen/nectar, and may be exposed to pesticide residue found in floral
food resources [133]. If that floral food is meant for the brood, then the brood is exposed
to the active ingredients as well [134]. Additionally, upon contact with sprayed flowers
while foraging, the pollinator becomes exposed to the biopesticide. A common biopesticide
application method with similar exposure routes as topical application is seed treatment.
This method is performed by dipping crop seeds in a mixture of the active ingredient
and other inert compounds to coat the seeds [135]. This helps to mitigate the number of
soil-born pest interactions with the seeds. Furthermore, seeds can be primed to increase
the population load of the active ingredient if the active ingredient is a living organism
(bacteria, virus, fungi, nematode, etc.) to further increase protection [136]. Despite the
treated seeds being buried, the ecology of some pollinator species, such as ground-nesting
bees and syrphid flies, also determines how exposure occurs. Ground-nesting bees typically
build their nests in well-drained soil near other ground-nesting bees and food sources [135],
which include crop fields and urban building garden plots. When biopesticides are applied,
the soil surrounding the bees” nests becomes contaminated. As the bees leave to forage
or the larvae emerge, they become exposed to the active ingredient through contact. In
some cases, such as biopesticides with nematodes as the active ingredient, exposure can
parasitize ground-nesting bee larvae [136].

Syrphid flies encounter a similar problem. The adults exclusively feed on pollen,
nectar, and honey, while the larvae feed on plant-sucking insects such as aphids. The
syrphid’s dual ecology makes it likely that adults and larvae reside near crops [137], raising
the chances that they become disrupted when biopesticides are applied. Exposure can occur
through contact, ingestion, or direct application when the biopesticide is administered.
Beneficial lepidopteran pollinators are also at high risk of being collateral. Biopesticides
such as Bt are designed to target pest lepidopterans that damage crops [37]. Bt biopesticides
are incorporated into crops through genetic modification or spray application. Even though
the biopesticide is target-specific, beneficial lepidopterans may not be differentiated enough
from pest lepidopterans [30]. When collecting nectar, beneficial lepidopterans may ingest
Bt toxins, leading to their exposure and consequential death since Bt is broadly effective
against lepidopterans.

The same biopesticides and methods are also used in commercial organic farming
in combination with other pest management tools used in conventional farming. IPM
programs can be further refined to incorporate pollinator health under the framework of
integrated pest and pollinator management (IPPM) and by modifying pesticide programs in
different crops [138-140]. While some IPM programs have beneficial synergistic effects on
pollinators, others do not. For example, the application of a biopesticide during pollinator
flight times or the use of exclusion netting to prevent pests from reaching a crop may also
disrupt pollinators [140]. Consequently, pest crop damage is reduced but so is crop output
due to reduced pollination services since most yields are directly correlated with both pest
damage and insect-mediated pollination [109]. By adding a pollinator management facet
to an IPM, the newly refined IPM incorporates cultural, physical, and mechanical controls
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that purposefully mitigate the non-target effects between pest and pollinator management
strategies [126].

Compared to an agricultural setting, urban land is likely to have a higher biodiversity
of pollinators based on previous studies [141]. However, it varies by the type of agricul-
tural land. For example, agricultural land dominated by forest or grassland has a higher
abundance and richness of pollinators in comparison to apple orchards [142] due to wider
floral and habitat resources. Similarly, land used for animal husbandry has lower pollinator
richness and abundance in comparison to arable land [138]. This may, in part, be due to the
short flowering period of monoculture crop plots or continuous grazing by farm animals
leaving pollinators with insufficient food sources year-round [142]. Studies concurrently
show that agricultural land with a high degree of fertilizer application sees lower abun-
dance and richness of hymenopterans, lepidopterans and coleopterans see no significant
change, and most dipterans see a positive increase [138]. It is unsurprising to see a lower
biodiversity of hymenopterans and lepidopterans, some of which are specialists as adults
or larvae, in agricultural land since the land reduces all flower resources [143]. The in-
crease in dipterans is partly due to nitrogen saturation, animal manure, and their generalist
characteristics. Agricultural land sees greater risks for the comparatively fewer pollinator
taxa due to the consistent use of pesticides targeting crops, the main floral resource for
pollinators in the area [120].

4. Biopesticide Effects on Various Pollinator Taxa and Mitigation Recommendations
4.1. Honey Bees

Honey bees are eusocial insects that live in large colonies, are orange-brownish in color,
have fuzzy bodies, and are considered the most important pollinators [144,145]. Honey
bees are both wild and managed for commercial purposes, and because they are vital to
the maintenance of wild plants, crops, and the economy, honey bees are pervasive in most
environments [146,147]. Their pervasiveness exposes them to a wide range of biopesticides
with potentially lethal and /or sublethal effects.

For example, spinosad, a bacterial-based biopesticide derived from Saccharopolyspora
spinosa [Pseudonocardiales: Psuedonocardiceae], is extremely toxic to honey bees through
oral ingestion and contact at recommended spray levels in laboratory settings [30,148,149].
At sublethal concentrations, spinosad induces behavioral changes in foragers such as
reluctance to collect contaminated food, reluctance to convey contaminated food source
locations [150], and reduced walking distance [151]; genetic changes including lower
expression of enzymes associated with metabolism and detoxification [152]; and structural
changes such as less columnar epithelium and regenerative cells in the midgut of honey
bees [151]. This indicates that implementing spinosad when honey bees are prolific (such
as flowering season for any particular plant) could be detrimental to them [126]. However,
more recent studies such that by as Christen et al. [152] support the notion that spinosad
is harmless to pollinators when the residue dries. To mitigate spinosad’s potential effects
on pollinators, it is recommended to not apply it during bloom season when honey bees
are present in high densities. If its application during bloom season cannot be avoided,
spinosad should be applied in the late afternoon/early evening when bee activity is reduced.
This gives spinosad residue time to dry and become harmless to beneficial insects. Managed
honey bee hive entrances can also be closed and fed artificially during spray days to prevent
exposure while spinosad remains harmful [153].

Another biopesticide shown to have negative effects on honey bees is azadirachtin
(AZ), a botanical pesticide derived from the neem tree [30]. AZ acts as both a repellent and
IGR to its target pests. One major pest that AZ is implemented against is the honey bee
ectoparasite, the Varroa mite [154]. AZ is either mixed into artificial feed for honey bees or
applied directly into the hive. Peng et al. [155] reported that AZ concentrations > 18 ug/mL
significantly increased mite and honey bee mortality. Interestingly, honey bees infested with
mites have a slightly higher tolerance (oral LCs is 13.69 pug/mL) for AZ than honey bees
that are not infested (oral LCs is 10.87 pg/mL). Unfortunately, the LCsg for Varroa mites
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remains much higher at 41.86 ug/mL [155]. Another study [156] supports these findings.
The study reports a positive relationship between neem extract concentrations and honey
bee brood mortality. Specifically, the most affected stages were eggs and first instar larvae.
Sublethal effects have also been reported in hives. Thompson et al. [157] reported that
four out of five hives treated with AZ failed to overwinter despite no apparent brood
effects. Outside the hive, crops treated with AZ lower the honey bee forager visitation
rate to the treated field [158]. To limit the effects of AZ (and other related IGRs) on non-
target honey bees, it is recommended not to use AZ during the spring/early summer
to prevent overwintering failure. Instead, AZ should be applied in the later months
(August, September, October) to lessen the number of obscure sublethal effects and impact
on the honey bee brood (honey bee brood production slows) [157]. Furthermore, lower
concentrations of AZ should be applied when little to no mite load is present. A 4% neem
concentration has been shown to repel mites from honey bees, therefore breaking their life
cycle [156]. If higher concentrations must be applied, the bee hive infestation should be
moderate to provide most bee individuals with a slightly higher tolerance to AZ [155].

Entomopathogenic fungi, such as B. bassiana, are another class of biopesticide to
control Varroa mites on honey bees. In the case of B. bassiana, studies agree that overall
colony health remains unaffected in terms of colony weight, growth, and survivorship
among other metrics [159,160]. Other entomopathogenic fungi such as Hirsutella spp. and
Verticillium lecanii [Hypocreales: Cordycipitaceae] are toxic to honey bees [161]. Sublethal
effects and effects on individual honey bee workers induced by B. bassiana exist and include
altered AchE activity, reduced weight, reduced individual longevity, and altered sucrose
response [162,163]. To mitigate the impact of entomopathogenic fungi on honey bees,
non-toxic or less harmful fungi species, such as B. bassiana, should be chosen. Consecutive
daily or short-term applications should be avoided where possible since lethal cumulative
effects are possible [163,164]. It is further recommended to monitor treated hives since
sublethal effects may not be immediately apparent as effects vary among individuals yet
may still impact colony survivorship.

Table 1. Examples of bioinsecticides and their impacts on different species of bees.

Non-Target Bee

Bioinsecticides Active Ingredient : Effects Reported Citations
Species
BotaniGard (Bt) Beauveria bassiana Bombus terrestris Reduced longevity [164]
Abamectin Apis mellifera Very toxic [165]
P Adverse effects
Nostalgist® Beauveria bassiana Bombus terrestris Qu.een emergence [166]
times affected
Priority® Paccilomyces Bombus terrestris Lower number of workers [166]
fumosoroseus
Queen emergence
times affected
Nimbecidine Azadirachtin Bombus terrestris Competition point alteration [166]

Emamectin Benzoate
Spinetoram

Increase in male production
Lower food intake
Apis mellifera Extremely toxic [165]
Bombus impatiens Very toxic [167]

4.2. Bumblebees

Bumblebees are a species of pollinating hymenopterans that are both wild and com-
mercialized [166]. Like honey bees, bumblebees are eusocial and live in a caste-based
colony hive. Bumblebees engage in a unique form of foraging called buzzed pollination,
making them vital to the reproduction of wild plants and crops [166-168]. Their efficiency
as pollinators and biology as ground-nesters exposes them to a wide range of biopesticides.
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Bacterial-based biopesticides such as Bt are commonly deployed through sprays or
transgenic crops. Bumblebees are then exposed orally (contaminated pollen/nectar) or
through contact [169]. Depending on the Cry toxin, bacterial species, bee species, and/or
mode of application, bacterial-based biopesticides can be lethal or have sublethal effects.
For example, Bombus impatiens [Hymenoptera: Apidae] showed sublethal effects (lower
production of reproductive and slower ovipositing) when orally exposed to Bacillus amy-
loliquefaciens [Bacillales: Bacillaceae]. Adversely, no effects were reported when exposed
topically [170]. When B. terrestris was exposed to B. amyloliquefaciens, no immediate effects
were observed. However, after several weeks, the colony experienced a high mortality
rate [171]. The same bumblebee species exposed to Bt strain kurstaki and Bt strain aizawai
used against Lepidopterans showed no negative effects when exposed through contact or
oral ingestion (pollen). Oral ingestion of nectar with Bt strain aizawai had a 100% mortality
rate while the kurstaki strain showed no effect [172]. Studies such as that by Malone
et al. [173] have also looked at the effects of Bt transgenic crops on bumblebees. It is sug-
gested that Bt corn pollen is safe for bumblebees to consume with no negative effects [174].
To lessen the impact of bacteria-based biopesticides on bumblebees, it is suggested to choose
pathogens or derivatives that are minimally harmful to the local bumblebee assemblage.
The mode of application should also be considered. Sprays may inadvertently contaminate
nectar sources, proving to be lethal to some bumblebee species. The incorporation of
transgenic Bt corn is the safest option based on current information.

Azadirachtin is a major botanical biopesticide repellent and IGR classified as safe for
bees. However, studies have focused on honey bees and made generalizations based on
those studies. Studies focusing on bumblebees such as that by Koskor et al. [174] show that
chronic neem extract applications alter forager behavior, potentially lowering individual
and colony survivorship. Another study [173] found similar results and established a
negative relationship between AZ concentration and bumblebee survivorship and that
bumblebees are minimally repelled by neem extract even at maximum field recommenda-
tion levels. This implies that bumblebees are unable to purposefully avoid contaminated
floral resources and are more likely to be contaminated themselves. Their eusociality and
grooming behavior further enhance the chance of cross-contamination within the hive. In
the same study [175], a negative impact on oogenesis and drone production was observed.
Currently, it is not recommended to use neem or its derivatives in greenhouses where
bumblebees are managed or fields with high densities of bumblebees until gaps in the
research are filled.

Many entomopathogenic fungi, such as V. lecanii, Trichoderma atroviride [Hypocreales:
Hypocreaceae], and Ampelomyces quisqualis [Pleosporales: Phaeasphaeriaceae], have been
tested on bumblebees and show little to no effects [171,176,177]. The more widely used M.
anisopliae and B. bassiana have both been shown to have toxic effects on bumblebees [178,179].
It is important to note that for M. anisopliae, exposed B. terristris nests showed no nega-
tive effects except when M. anisopline was present in higher densities than the field use
recommendation [180]. For B. bassiana, sublethal effects were present in the form of less
foraging and rearing of reproductive when it was applied for dissemination through an
entomovector (in this case, bumblebees) [171,181]. Lethal effects were present in the form of
mortality and lifespan [164,178]. Conversely, a study [182] reported that no negative effects
on colony health occurred when bumblebees vectored B. bassiana. Furthermore, the oral
administration of B. bassiana showed no adverse effects on bumblebee colony health [171].
Unfortunately, fewer studies on the effects of entomopathogenic fungi have been conducted
on bumblebee species compared to honey bees. The studies that have been conducted
show bee species-specific reactions to various fungal pathogens and have mostly mimicked
managed colony environments rather than feral colony environments. Feral colonies could
have factors that boost fungal pathogenicity such as more humidity or more optimal incu-
bation temperatures, making findings hard to generalize across species and settings [30].
Based on the information available, mitigation efforts should include an understanding of
local bumblebee biodiversity to select fungal biopesticides that are harmless or minimally
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harmful to as many bumblebee species as possible. Following recommended use levels
should also be followed as higher densities may prove toxic while otherwise harmless.
Lastly, the mode of application should be considered. Using bumblebees as entomovectors
has been shown to be harmful to some species. Direct application to plants should be used
to lessen fungal loads on bumblebees.

4.3. Other Bees

There are over 20,000 bee species and most are non-Apis, non-Bombus species [183]. Yet
Apis and Bombus species receive the most attention due to their easy management, general
pollination biology, and economic value. At the same time, other bees remain neglected
despite their diversity, ecological importance, and function [183]. For example, mason bees
(Osmia spp.) are solitary pollinators prolifically found in orchards, are known to be more
efficient pollinators in orchards compared to honey bees [184], and are exposed to the same
levels of biopesticides as honey bees in orchards.

The relatively few studies that have been performed show that biopesticide toxic-
ity to other bees can occur and that it is species dependent. For example, B. bassiana
proved toxic to Melipona scutellaris [Hymenoptera: Apidae] [185] but remained minimally
toxic (<30% mortality) to T. angustula, Scaptotrigona Mexicana [Hymenoptera: Apidae],
and Melipona beecheii [Hymenoptera: Apidae] [186]. Megachile rotundata [Hymenoptera:
Megachilidae] was also shown to have twice the mortality in comparison to honey bees
when exposed to B. bassiana [187]. Entomopathogenic biopesticides may also incur sub-
lethal effects on other bee species, as shown by Almedia et al. [116]. Guard T. angustula
bees can detect and repel otherwise healthy colony members exposed to B. bassiana.

Bacteria-based biopesticides such as spinosad and its derivatives have also proved
toxic to M. rotundata across all life stages [167] and toxic to adult Tetragonisca fiebrigi [Hy-
menoptera: Apidae] [188], Plebeia lucii [Hymenoptera: Apidae] [189], and Plebeia eme-
rina [Hymenoptera: Apidae] stingless bees [190]. Comparative studies [191,192] have
also demonstrated a higher sensitivity to spinosad in M. rotundata and Osmia lignaria
[Hymenoptera: Megachilidae] compared to honey bees and bumblebees, suggesting a
greater biohazard than previously believed from flagship studies. Studies that focus on
or observed sublethal effects in other bees report a delay in development [193], impaired
locomotion [188,189], and antifeeding behavior [194] across various bee species.

Following the trend, azadirachtin is toxic to adult Partamona Hhelleri [Hymenoptera:
Apidae] and Scaptotrigona xanthotricha [Hymenoptera: Apidae], albeit minimally [195].
M. quadrifasciata larvae exposed to AZ exhibited a positive dose-dependent mortality
rate [196]. Melipona quadrifasciata [Hymenoptera: Apidae] larvae also exhibited sub-
lethal effects concerning body mass, deformation, and suppression of immune-related
genes [196,197]. P. helleri exhibited a dose-dependent antifeeding behavior and delayed/
deformed larvae, affecting colony fitness over time [198,199]. A large gap between the
effects of botanical biopesticides (such as AZ) and non-Apis, non-Bombus bees exist. Based
on the few studies available, biopesticides affect bee species differently based on the formu-
lation, mode of action, application method, and active ingredient concentration (Table 2).
The limited information in combination with ground-dwelling bee biology makes it difficult
to give generalizable and effective mitigation strategies for solitary bees. Future research is
needed in this area of study to better inform sustainable and effective mitigation strategies.

4.4. Lepidopterans

Lepidopterans are a taxonomic order consisting of over 168,000 species of butter-
flies and moths [200]. Their scaled wings provide bright coloration as adults. Adult
lepidopterans typically feed on nectar and exhibit pollination behavior. Immature lep-
idopterans retain chewing mouthparts and feed on plant material [201], making them
pests to many cultivated plants. Due to their pestiferous nature, many insecticides target
lepidopterans without discriminating between pestiferous and beneficial species, causing
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steep declines [202-204]. The result is that many studies focus on the lethality of pesticides
on pestiferous lepidopterans but disregard the effects on beneficial lepidopterans.

The studies focusing on non-target beneficial lepidopterans unsurprisingly show the
negative impacts of biopesticides [205]. A study on Bt cotton expressing the CrylAc protein
resulted in less beneficial lepidopteran abundance. The study concluded that Bt cotton
was safer than synthetic pesticides but was still harmful in comparison to non-pesticide
fields [205]. More recent studies [206-208] have investigated the effects of Bt on a limited
number of beneficial lepidopterans, showing reduced weight and feeding with high toxicity
and mortality. Unfortunately, other classes of biopesticides, such as entomopathogenic
fungi, nematodes, and viruses, have been neglected regarding beneficial lepidopterans.
Only generalizations based on pestiferous lepidopterans can be made. Consequently,
no suitable mitigation recommendations exist except that biopesticides may be safer for
lepidopterans compared to synthetic pesticides [205].

4.5. Dipterans (Syrphids)

Dipterans are a diverse group of 120,000 fly species. Dipterans are characterized by
a pair of functional wings and a pair of modified wings (halteres) used for stabilization.
Many dipterans are known as pests and disease vectors, but syrphid flies, a subset of
dipterans, are important biological control agents and pollinators. Their unique biology
potentially exposes them to biopesticides across their whole life cycle [209,210].

Moens et al. [211] explored one such biopesticide, spinosad, on hoverfly larvae. The
results were a 60% mortality rate and a cessation in successful oviposition. In combination,
hoverfly populations would quickly decline locally. Other studies, such as that by Jansen
et al. [212], observed the effects of biopesticides at the community level. A reduction in
hoverfly populations was described, but more detailed information could not be obtained
due to the scope of the study. Some studies [213,214] show the potential safety of biopesti-
cides such as M. anisopliae and B. bassiana, citing efficiency against pests with no significant
decrease in hoverfly populations. More studies are needed in this area to recommend
robust mitigation strategies. However, safe biopesticides regarding dipterans do exist in
the literature. Based on the limited information, it is recommended to incorporate safe
biopesticides into fields or to incorporate harmful pesticides when hoverfly densities are
low to lessen the impact of population levels.

Table 2. Examples of bioinsecticides and their impacts on insect pollinators other than honey bees
and bumblebees.

Bioinsecticides Active Ingredient Non-Target Species Effect Reported Citation
ESALQ bacterial Beauveria bassiana strain . .
culture ESALQ-PL63 Tetragonisca angustula Guard bee behavior change [116]
Biofungi 1 Beauveria bassiana Melipona scutellaris High toxicity [185]
Mycotrol Beauveria bassiana Megachile rotundata Toxicity [189]
Azadirachtin Azadirachtin Partamona helleri Feeding avoidance behavmr [198]
Reduced feeding
Cursor Azadirachtin Partamona helleri Delayed development [199]
Deformed larvae
Bt Cotton CrylAc Lepidopterans Reduced populations [205]
MONS810 CrylAb Inachis io Reduced larval population [206]
Feeding impairment
MONB9034 CryA.105 x Cry2Ab2 Aglais urticae Slower development [207]
MONS88017 .
Increased mortality
MONS10 Bt Maize CrylAb Aglais urticae Reduced feeding [208]
Slower development
Tracer Spinosad Episyrphus balteatus High mortality [211]

Failure to oviposit
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5. Public Perception and Current Scenario of Biopesticide Risk Assessment

The recent recognition that intensive synthetic pesticide application harms the envi-
ronment and human health has pressured governments, organizations, and farmers to seek
more eco-friendly methods for agriculture [27]. Even so, most developing countries depend
on large-scale agriculture to feed their populations, usually at the cost of sustainability and
environmental quality. This is reflected by a study in China that incentivized rice farmers
to incorporate biopesticides through digital advertising, government subsidies, and free
training [215]. Only 14% of the farmers incorporated biopesticides for a variety of reasons:
poor storage stability, expensive production methods, and efficacy problems under varying
environmental conditions. Public pressure for greener methods has also had an impact.
The public community perceives biopesticides as being more environmentally friendly,
target specific, decompose quickly without leaving harmful residue, and can be effective
in smaller doses [37,128]. Some of farming community members argue that biopesticides
require more applications, have a narrow spectrum, cannot be easily stored or obtained,
require additional training, more specific timing, and sometimes lack the efficacy of their
synthetic counterparts [215]. Current research ventures to improve formulations and active
ingredients to improve their shelf life, efficacy, and eco-friendliness.

Biopesticides are considered pollinator friendly, but this is a generalization and is based
on risk assessment research that focuses on only a few commercial pollinator species, such as
honey bees and bumble bees [30]. This is problematic since different pollinator species differ
in individual size, flight range, food sources, ecology, etc., affecting lethal dosage, sublethal
dosage, mode of contamination, and amount of contamination. For example, a study testing
the effect of the entomopathic fungi, B. bassiana, on honey bees found that the overall health
of the hive was unaffected and it was therefore considered to be pollinator safe [181].
Yet, some individual bees in the same study displayed developmental and physiological
abnormalities (<1%). Spinosad, another popular biopesticide, has been shown to be lethal
to various pollinators, including honey bees, bumblebees, and solitary bees [126,188,196].
Studies focusing on non-commercial native bees have found that different biopesticides
have varying effects on some pollinator species but are benign to others. For example,
the stingless bee species, T. angustula, was exposed to B. bassiana [115]. The contaminated
bees were not recognized by the guard bees near the entrance and were chased away.
Another study compared the effects of B. bassiana on M. rotundata leafcutter bees to those
on honey bees. The study found that M. rotundata had a lower lethal dose and exhibited
double the mortality rate compared to honey bees [187]. These studies centered around
a single biopesticide’s exposure across multiple bee species and found that each species
responded differently. It appears that biopesticides have the potential to be detrimental to
some pollinator species, making generalizations across taxa dangerous. In addition, specific
biopesticide risk assessment procedures are non-existent [30]. The countries involved with
the Organization for Economic Co-operation and Development (OECD) depend on the
existing procedures established for synthetic pesticides, which are further limited to only a
small number of bee species [30].

6. Conclusions and Recommendations

In general, synthetic pesticides are potentially detrimental to the environment and
human health. This has led to a push for more eco-friendly agriculture and pest man-
agement, resulting in eco-regulatory bodies, organic agriculture, IPMs and IPPMs, and
the development of biopesticides. Biopesticides are derived from living organisms such
as bacteria, fungi, and viruses or are naturally occurring products such as essential oils.
Biopesticides are generally considered safer for the environment, pollinator friendly, and
effective in comparison with many types of synthetic pesticides. Even so, biopesticides
might still pose a risk to non-target pollinators (Table 1) and could add to the decline in
pollinators alone or in combination with other environmental stressors.

Current research focuses on increasing the efficacy and bettering the formulation
of biopesticides to make them more desirable. Future research should be aimed at risk
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assessment between individual biopesticides and non-commercial pollinators. Additionally,
the detrimental effects of biopesticides should be compared to their synthetic counterparts
within the same context and ecosystem. Non-commercial pollinators also play an important
role in pollination services, yet most of the pesticide risk assessment research focuses on
commercial pollinators such as honey bees and bumblebees. The effects of biopesticides
vary between pollinator species and creating generalizations based on flagship species
could be dangerous. Pollinator habitat is also an important consideration. Urban regions
may hold higher biodiversity of pollinators in comparison to agricultural land due higher
floral and habitat resources. The risks that pollinators face also differ by consistency and
proper use within the two settings. Lastly, harmful biopesticides should be regulated until
further studies establish the toxicity risks they pose to pollinators, and the need to establish
specific risk assessment procedures for biopesticides is necessary to standardize the data
across multiple studies. The standardization of biopesticide risk assessment could aid
in the preservation of pollinators by accurately identifying biohazardous biopesticides
during the testing phase. Biopesticides are a promising alternative to synthetic pesticides
but require in-depth observations to mitigate their sublethal effects on non-target species
such as pollinators. Based on available information, the biopesticide with the least risk to
pollinators in agricultural and urban settings is Bt. A review on this topic by Raymond and
Wright [216] outlines 27 separate studies on various Bt toxins showing no effects on bees.
Furthermore, a meta-analysis consisting of 25 unrelated studies also shows no effects on
honeybees from Bt [30], possibly because bees lack the appropriate receptors for Bt toxins.
In general, plant-based biopesticides have short half-lives and are less likely to contaminate
non-target areas surrounding farms and urban environments, causing less harm to non-
target organisms including pollinators. However future studies in this direction are needed
to examine the potential non-target effects of such products.
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