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Pollinator decline is one of the most urgent environmental challenges of
our time, and pesticide use is considered a major contributing factor. In
this study, we investigated whether exposure to volatilized prallethrin, a
widely used insecticide, impairs the homing ability of bumblebees. Using
a consumer-grade vaporizing device, we exposed foraging bees to field-
realistic doses of prallethrin and then tested their ability to return to
their colony in a rural area where they were already familiar with the
surroundings. Our results show that longer exposure durations reduced
the bees’ return rates, indicating disrupted navigational ability. However,
among those that did return, homing time was not affected by the
treatment. While our study only focuses on one key behavioural trait, the
findings provide clear evidence of a sublethal effect of a commonly used
household insecticide on an essential pollinator species.

1. Introduction
Insecticides are essential tools for controlling pests in agriculture and
households. Annually, 20–40% of crop yields are lost globally due to pests and
diseases [1,2]. Besides damaging crops, insect pests also spread plant diseases
[2]. Additionally, insects, particularly mosquitoes (Culicidae), transmit serious
diseases such as malaria, dengue and yellow fever, which pose a threat to
nearly half of the world’s population [3]. At the household level, pyrethroid-
based products are widely used to reduce human contact with mosquitoes
and lower the risk of vector-borne diseases.

Insecticides have a negative impact on non-target species, particularly
wild and managed pollinators, which are vital for biodiversity and food
security [4,5]. The role of insecticides in the decline of pollinator populations
is well-documented [6], highlighting the need for safer pest control meth-
ods. Most modern insecticides, such as neonicotinoids and pyrethroids, are
neuroactive agents that disrupt the nervous systems of insects [7]. Due to
their well-established risks to pollinators, the European Union banned the
use of neonicotinoids in open-field crops in 2018 [8]. This ban has generated
increased interest in alternative insecticides, such as pyrethroids, although
their potential sublethal effects on pollinators remain poorly understood
[9,10].

Pyrethroids are synthetic insecticides that were introduced in the 1970s
and are widely used in households and agriculture to repel or eliminate
insects [11]. They act primarily on voltage-gated sodium channels in neuronal
membranes, causing delayed channel inactivation and prolonged depolariza-
tion, which lead to neuronal hyperexcitation, paralysis and death [7,12–14].
Prallethrin, a type I pyrethroid commonly used in vaporizing repellents such
as Thermacell®, shares this mode of action.

Certain pyrethroid compounds, such as allethrin (d-allethrin), are
prohibited in some European countries [15]. In contrast, others, like
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prallethrin, remain widely approved and are actively used in consumer products, including aerosol sprays and vaporizing
devices that release airborne chemical plumes to repel pests. In 2024, the European Commission approved prallethrin for
biocidal use for a 10-year period, effective from 1 March 2026 to 29 February 2036 [16].

While the adverse effects of pyrethroids on pollinators have been widely studied [17–21], and the toxicity of volatilized
pyrethroids has been examined in humans and laboratory animals [22–25], research on volatilized household pyrethroids,
particularly prallethrin, and their effects on pollinators remains limited. Couvillon et al. [26] reported that volatilized prallethrin
did not affect honey bee foraging at a feeder or recruitment dances; however, these behavioural endpoints primarily reflect
short-term foraging activity near the repeller and may not capture navigation-related or other subtle sublethal effects, such as
impairments in spatial memory or flight performance, which have been shown to be sensitive to neurotoxicants [27].

Volatilized pyrethroids are often viewed as safe for use in gardens and domestic areas, yet they generate airborne chemical
plumes in areas frequently visited by pollinators. Their impact may therefore be more widespread than assumed, particularly in
urban and suburban areas. Impaired homing means that bees may fail to return with food or perform their in-nest tasks, which
can have serious colony-level consequences. In eusocial insects like bumblebees, colony success depends heavily on foraging
workers. Therefore, even small decreases in forager return rates can negatively impact the overall colony fitness over time
[28,29]. Since foraging workers play a crucial role in provisioning the brood and supporting colony growth, a decline in their
effective workforce due to disruptions in orientation may lead to long-term population declines.

We investigated how exposure to volatilized prallethrin affects the homing ability of buff-tailed bumblebees (Bombus
terrestris), a key pollinator in northern ecosystems [30]. This species is a central place forager, typically foraging up to 2 km
from its colony [31,32] and can return from distances up to 9.8 km. The bees primarily rely on landscape cues for navigation
[31–33]. Disruption of their navigation due to neuroactive insecticides may lead to colony-level consequences [11,34–37].

We conducted a post-exposure homing ability experiment for bumblebees to study the effects of volatilized prallethrin from
a Thermacell MR-300 Portable Mosquito Repeller. Bees were released 1000 m from the colony, and we recorded both their
success in returning home and their return times. We hypothesized that increasing the duration of exposure to volatilized
prallethrin would impair homing ability. Any observed reductions in homing success or increases in return latency could result
from disrupted spatial navigation and memory, compromised flight capacity or a combination of both. This experiment does
not allow us to distinguish between these potential mechanisms, but it reveals the sublethal behavioural effects of prallethrin
exposure. In addition to the homing experiment, we conducted a complementary laboratory assay to study mortality rates
following prallethrin exposure. Understanding both sublethal behavioural effects and potential lethal effects is critical for
assessing the ecological risks associated with biocides and for developing safer pest control strategies.

2. Methods
We conducted the field experiment in Ruissalo, southwestern Finland (60°26′00″ N, 22°10′23″ E) between June and August 2024,
using 11 commercial colonies of B. terrestris (Koppert B.V). Two colonies (colony pair) were tested simultaneously over 8-day
periods, after which they were replaced by new colonies. One colony showed signs of an unknown disease and was therefore
removed immediately before the start of the experiment; consequently, one colony pair consisted of only a single colony.

On the first day of each period (day 1), colonies (queen + 80–120 workers) were placed in two-chamber wooden nest boxes
(29 × 30 × 9 cm) inside a greenhouse. A transparent tunnel through the wall allowed free foraging outdoors. Colony entrances
were painted either green or silver to help bees distinguish between the two colonies, which were positioned 3.5 m apart.
Foraging was permitted for 4 or 5 days to allow bees to familiarize themselves with the local environment. Exposure and
displacement experiments were conducted only in calm, rain-free weather.

On day 4 or 5, we captured 12–16 returning foragers per colony and tagged them with individual 1.5 mm³ radio frequency
identification (RFID) tags (Microsensys® mic3Q1.6). We affixed the RFID tags to the thorax of bumblebees using super glue,
i.e. we gently pressed the tag to the thorax of each captured bumblebee while holding it in place. We recorded the bee ID,
colony number (1–11) and exposure treatment (1, 10 or 20 min, and control). Tagged bees were sorted into four net cages (35 cm
diameter × 45 cm height, mesh 0.5 mm) by treatment. One colony from each colony pair was processed in the morning and the
second in the afternoon. All four treatments were applied to each colony, except colonies 1 and 2, which did not include the 10
min exposure group.

Exposure durations (1–20 min) reflected plausible foraging times near insecticide-emitting devices. Site fidelity, e.g. a
tendency to revisit previously visited locations, is common among pollinators [38–41], and Couvillon et al. [26] showed
that honeybees repeatedly encountered pyrethroid vapours. Therefore, bumblebees might also encounter airborne prallethrin
multiple times daily in urban or suburban gardens.

Bees were exposed to prallethrin using a Thermacell MR-300 Portable Mosquito Repeller, a consumer-grade device that
vaporizes prallethrin (0.19 g per mat) over an area of approximately 21 m². Control bees were housed near an identical device
without a prallethrin mat. Devices were pre-heated for 15 min to ensure full vapour release. Net cages were then positioned
in the exposure area, within 1 m from the device, beginning with the 20 min group and adding shorter exposure groups
sequentially. The control cage was placed approximately 50 m away to avoid contamination (figure 1A).

After exposure, all tagged bees were transported to one of three open release sites, each located 1000 m from the colonies
(figure 1B). Sites were selected based on floral availability and accessibility. The release site assignment was randomized by
using a random number generator.

At the release site, net cages were opened one by one. To prevent the bees from following each other, we waited until the
previous treatment group of bees had left the release site before opening the next net cage. Some bees were reluctant to fly first,
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especially the bees from longer treatment groups, and we gently placed them on the ground to encourage take-off, an essential
step based on prior delays in initial trials. All released individuals were seen taking active flight and continuing to fly until they
were out of sight. Bees were then allowed 3 days to return to their home colony [33], after which the colonies were removed.
Returning bees were automatically registered by RFID readers installed at the nest tunnel entrances (figure 1C).

After each 8-day period, old colonies were euthanized using CO₂ and stored in a freezer before being replaced by new
colonies for the next trial phase.

In the first colony pair, a 60 min exposure was used instead of the 10 min exposure. Upon further consideration, a 60 min
exposure was deemed not field-realistic for freely foraging bumblebees. We therefore removed the 60 min treatment from
the experiment and replaced it with a 10 min exposure in subsequent colony pairs and were therefore excluded from further
analyses. Bumblebees subjected to the 60 min exposure were also reluctant to fly for an extended period after release.

To evaluate whether prallethrin exposure affected survival, we conducted a complementary laboratory assay using 47
workers from seven colonies between January and March 2025. On day 1, individual foragers were exposed to prallethrin
vapour inside an inactive fume hood for either 1 or 10 min using the same Thermacell device and prallethrin mats as in the field
experiment. Control bees were handled identically but exposed only to air. Bees were maintained under standard laboratory
conditions after exposure, and survival (alive/dead) was recorded on day 4.

3. Statistical analyses
We analysed two behavioural outcomes: (i) homing rate (proportion of bees returning), and (ii) homing time (in minutes).
Homing rate was modelled using a generalized linear mixed-effects model (GLMM) with a binomial error distribution and
logit link function using the glmmTMB package [42]. Homing time was log-transformed to meet assumptions of normality
and homoscedasticity and analysed using a separate GLMM. In both models, colony pair (replicate pair) was included as a
random effect to account for between-pair variation. Model diagnostics indicated acceptable fit and dispersion (homing rate: p
= 0.848; homing time: p = 0.704), as assessed using the DHARMa package [43]. In addition, we analysed the laboratory mortality
dataset using a GLMM with binomial error structure and logit link function to test whether exposure duration affected survival.
Mortality (alive = 1, dead = 0) was included as the response variable and treatment as a fixed effect, while colony was used as a
random effect. The model was fitted using the glmmTMB package [42].

Figure 1. (A) Illustration of tagged bumblebees inside net cages corresponding to the 1-, 10- and 20 min exposure groups, placed within the effective range (approx.
21 m²) of a Thermacell MR-300 Portable Mosquito Repeller loaded with a Thermacell Anti Mosquito II mat containing 0.19 g of prallethrin. Control group bumblebees
were housed in a separate net cage located within the coverage area of another Thermacell device without a prallethrin mat. (B) The map shows the release sites (RS),
each located 1000 m from the colony (COL). The small image shows one of the RS with the net cages just before the bees were released. (C) Illustration of a tagged
bumblebee (with an RFID tag on its back) returning to the colony through a tunnel, with an RFID reader mounted on the tunnel’s roof to record its return.
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4. Results
We tagged 167 bumblebees with RFID chips, of which 39 returned to their colonies. Homing success varied substantially across
treatment groups: control bees had the highest return rate (16/43; 37.2%), followed by the 1 min exposure group (15/44; 34.0%).
Homing rates dropped markedly in the 10 min (17.1%) and 20 min (4.5%) exposure groups (table 1 and figure 2).

Generalized linear mixed-effects modelling revealed statistically significant negative effects of both 10 min (estimate = −1.31,
s.e. = 0.58, p = 0.025) and 20 min exposures (estimate = −2.67, s.e. = 0.81, p = 0.001) on homing rate. In contrast, no significant
differences were found among treatment groups on homing time: 1 min (estimate = 0.53, s.e. = 0.29, p = 0.062); 10 min (estimate =
0.22, s.e. = 0.40, p = 0.574); 20 min (estimate = 0.62, s.e. = 0.62, p = 0.324).

Mortality was low across all laboratory-exposed groups (control: 2/14; 1 min: 0/16; 10 min: 1/17). A binomial GLMM with
colony as a random factor detected no effect of treatment on survival (1 min: estimate = 27.34, s.e. = 36093.04, p = 0.999; 10 min:
estimate = −2.00, s.e. = 3.517, p = 0.569).

5. Discussion
Our results show that even short-term exposure to volatilized prallethrin significantly impairs the homing ability of bumble-
bees. While nearly 40% of control bees returned, the return rate dropped to just 13.9 and 3.7% after 10 and 20 min of exposure,
respectively. These findings suggest that prallethrin, a widely used pyrethroid insect repellent, can cause acute behavioural
disruption in non-target pollinators.

Reduced homing success may arise from multiple, non-mutually exclusive mechanisms, including impaired navigation,
reduced flight performance or general physiological stress. However, our experimental design does not allow us to disentangle
these mechanisms.

Because homing times did not differ between groups, the effect is unlikely to stem from reduced flight speed or physical
stamina. Similar non-lethal effects on navigational performance have been documented with sublethal pyrethroid [36] and

Figure 2. Homing rates (%) of bumblebees after exposure to prallethrin vapour for varying durations using a Thermacell MR-300 Portable Mosquito Repeller. Bars
show back-transformed least square means (±s.e.). The asterisk above the bracket indicates a significant difference, and n.s. indicates no significant difference.

Table 1. Summary of the post-exposure homing ability experiment for bumblebees after exposure to prallethrin vapour for varying durations using a Thermacell
MR-300 Portable Mosquito Repeller. Tot bees indicates the number of bumblebees included in each treatment group and returned indicates the number of individuals
that successfully returned to the colony. EMMs represent the estimated marginal means, with corresponding 95% confidence intervals (CI lower, CI upper) derived from
the GLMM.

treatment tot bees returned EMMs CI lower CI upper

control 43 16 37.21 22.97 53.27

1 min 44 15 34.09 20.49 49.91

10 min 35 6 17.14 6.56 33.65

20 min 44 2 4.55 0.56 15.47
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neonicotinoid exposures [35,44], where homing success declined even without increased mortality. By contrast, volatilized
prallethrin showed no effects on honey bee foraging or communication behaviours in another context [26], supporting the
conclusion that the observed reduction in homing success here reflects navigational impairment rather than lethality.

We acknowledge that homing time estimates are based on a limited number of returning individuals and should be
interpreted with caution. Although it remains theoretically possible that some exposed bees died before returning, several
observations argue against this explanation. All released individuals were seen taking active flight and continuing to fly until
they were out of sight, indicating that they were alive and physically capable of flight immediately after exposure. Bumblebees
typically do not initiate flight when severely debilitated or moribund, so this behaviour suggests that acute lethality was
unlikely. Moreover, all individuals who successfully returned to the nest were detected by the RFID system and remained
alive and active for several days thereafter. Further supporting this interpretation, our complementary laboratory survival assay
showed that mortality remained low and statistically indistinguishable between treatment groups, including bees exposed for
10 min, the same exposure duration that caused a pronounced reduction in homing success. Survival was assessed on day 4
after exposure, corresponding to the end of the homing window in the field experiment, indicating that volatilized prallethrin
did not cause delayed mortality that could explain the low return rate. Together, these findings indicate that exposure to
volatilized prallethrin did not cause immediate or delayed mortality but rather impaired the bees’ navigational ability or
orientation during the homing flight.

Such effects are consistent with the neurophysiological mode of action of pyrethroids, which can disrupt normal neuronal
signalling and lead to transient impairments in sensory processing, motor control and spatial orientation [12–14]. These
sublethal disturbances provide a plausible mechanism for the observed navigational deficits, even in the absence of overt
toxicity or mortality.

The exposure times in this study (1, 10 and 20 min) were selected to reflect realistic conditions in domestic settings, where
foraging bees may encounter vapour plumes from repellents multiple times per day. Previous research by Couvillon et al.
[26] demonstrated that honey bees regularly foraged within the active range of a Thermacell device. However, honey bees
and bumblebees differ in ecology, physiology and pesticide sensitivity, and effects observed in honey bees may not directly
translate to bumblebees. Although we did not directly measure avoidance, wild bumblebees were frequently observed around
the exposure cages, suggesting that prallethrin vapour may not effectively deter them, increasing the likelihood of repeated
exposure.

Our overall homing rates were lower than those reported in earlier studies. For example, Stanley et al. [44] observed a
67% return rate for bumblebees released 1 km from their colony, and Goulson & Stout [33] reported a 90% return rate at 1.1
km. One likely explanation for our lower success is the abundance of floral resources in early summer, which can shorten
foraging distances and weaken spatial memory for distant areas. Studies have shown that bumblebee foraging ranges often
remain below 1 km when resources are locally plentiful [45,46], and our study site, the Botanic Garden in Ruissalo, typically
has a high abundance of suitable flowering plants. In a similar experiment conducted in the same environment a year earlier,
the homing rate of control bees also remained relatively low [47]. In addition, natural variation in bee behaviour, including
foraging experience and familiarity with the surrounding landscape, introduces uncertainty into field experiments. While such
variability is difficult to control, it reflects realistic ecological conditions and underscores the relevance of our findings.

While the decline of pollinators is a complex issue involving many factors, small-scale stressors, such as domestic insecticide
use, likely interact with broader pressures including habitat loss [6,48,49], climate change [50–52], pollution, invasive species
[53,54] and pesticide exposure [55]. Together, these factors may drive vulnerable populations towards collapse, a phenomenon
described as ‘death by a thousand cuts’ [56].

In conclusion, our study tentatively shows that prallethrin, a common ingredient in household insect repellents, can
significantly disrupt the homing ability of bumblebees after even brief exposure. Although our study focuses on a single
behavioural trait and does not identify the underlying mechanism, these findings highlight the need to reassess the ecological
safety of consumer-grade pyrethroid-based products, especially as their use continues to expand in domestic and recreational
spaces.
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