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Abstract

Sprays to kill adult mosquitoes are a source of insecticide exposure
to beneficial insects, including pollinators,but the risks to
pollinators are not well quantified. In this study, silicone bands
were deployed to capture drift from hired home mosquito sprays
and from mosquito control district (MCD) sprays. We found an
average insecticide load of 1563.6 ng/g per band in hired spray
yards, 28.6 ng/g in neighboring yards, and 7.3 ng/g in yards
exposed to MCD sprays. We calculated honey bee “risk quotients”
(an RQ of 1 = the LD50 for honey bees), and found concerning
potential for risk to pollinators, with an average pyrethroid
insecticide RQ of 6.6, 0.12, and 0.03 for yards with hired sprays,
neighbor drift, and MCD sprays, respectively. Even though the
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latter two categories had lower risk quotients, there was
considerable variation and some individual yards showed elevated
levels with the potential to harm pollinators. We also calculated
risk quotients for specific pyrethroids and three species of
butterflies, and found levels of risk tied to moderate to high levels
of risk in many yards. Our results suggest that, on a site by site
basis, residential mosquito sprays, in particular barrier sprays
performed by private companies, likely pose a significant risk to
pollinators.

Abstract photo. Adult mosquito. Credit: Katja Schulz/Flickr, CC
BY 2.0

Keywords: barrier spray, insecticides, mosquito control, pesticide
drift, pollinators, urban habitat
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Introduction

Across the United States, many wild bee species have declined in
abundance and their ranges have contracted (Colla and Packer, 2008,
Cameron et al.,, 2011, Bartomeus et al., 2013, Jacobson et al., 2018,
Richardson et al., 2019, Guzman et al., 2024). Butterflies in North America
have similarly undergone severe reductions in population density across
diverse habitats and landscapes (Wepprich et al., 2019, Forister et al., 2021,
Edwards et al., 2025, Leuenberger et al., 2025). These declines have been
attributed to multiple stressors, including habitat loss, climate change,
disease, and pesticide use (Raven and Wagner, 2021, Wagner et al., 2021,
Guzman et al., 2024). Here, we add to our understanding of stressors by
investigating pesticide contamination associated with adult mosquito
treatments in residential areas in three US states.

Although residential areas are associated with loss of natural habitat,
pesticide use, and elevated rates of warming due to the urban heat island
effect, some of these landscapes have shown the ability to harbor diverse
and abundant pollinator communities (Fetridge et al., 2008, Lowenstein et
al., 2014, Baldock et al., 2015, Theodoreau et al., 2020, Wenzel et al., 2020).
Site level management, including planting a diversity of flowering plants,
can help to counter the landscape-wide impact of urbanization, and home
gardeners have contributed to this effort to increase habitat for insects.

However, even when habitat is present in urban areas, pollinators and
other beneficial insects can still be negatively impacted by pesticide use.
Background contamination can be widespread, having been detected in
urban greenspaces like natural areas, community gardens and yards
(Halsch et al., 2020, Siviter et al., 2023, Dittemore et al., 2025). The risks
that insecticides pose to pollinators are varied and are dependent on
factors including the species of insect, the compounds used, and the
application method. Some insecticide applications can expose pollinators
to lethal levels, but even low-level exposures can cause negative effects
such as altered offspring sex ratios (Sandrock et al., 2013), changes in
learning (Decourtye et al., 2004), impaired foraging (Gill and Raine, 2014),
and difficulty navigating (Fischer et al., 2014). Though these effects might
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not kill the individual, they can have negative population-level
consequences (Raine and Rund|6f, 2024).

Pesticide exposure in residential landscapes can come from many sources,
including sprays intended to kill adult nuisance or disease-carrying
mosquitoes, a practice known as “adulticiding.” These applications are
generally performed by either hired pest control services who spray
individual yards, or by mosquito control districts that coordinate mosquito
management across communities. Private mosquito spray companies
most often rely on pyrethroid insecticides, which kill insects by interfering
with the sodium ion channels in their nervous systems (Narahashi et al.,
1992, Katsuda, 2011, Jeran et al., 2020). These applications are called
“barrier sprays”, using relatively large droplets applied to vegetation in the
yard via a backpack sprayer (Stoops et al., 2019). The applications are
designed to kill mosquitoes roosting in the vegetation and provide a
repellent barrier (Cilek, 2008, Fulcher et al., 2015, Stoops et al., 2019). This
type of treatment is purported to last for several weeks, and services often
return every three weeks (see for example, the private companies
Mosquito Joe and Mosquito Authority).

In contrast to private mosquito control operations, vector or mosquito
control districts (MCDs) are governmental or quasi-governmental
organizations charged with controlling disease vectoring organisms. They
tend to use “ultra-low volume” (ULV) sprays to target adult mosquitoes,
often called “fogging” because the insecticides are aerosolized into a fine
mist or fog. ULV applications are made via a ground-truck mounted
sprayer or aircraft, and produce very small droplet sizes (5-25 um) (Bonds,
2012, Stoops et al., 2019) to facilitate pesticide drift across the landscape.
Depending on droplet size, these sprays can travel over 100m (Bonds,
2012). Like private companies, control districts often spray pyrethroids,
though organophosphates are also used (Tai et al., 2024). Different control
districts have different practices: some spray on a set schedule, while
others monitor disease prevalence and mosquito populations and only
spray when thresholds are met. Generally, MCDs spray throughout entire
neighborhoods or communities, though some districts will respond to
individual resident complaints or otherwise target treatments.
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Despite these mosquito treatments being used across wide parts of the
United States, relatively little is known about the risks these sprays pose to
pollinators, and this is true in particular of residential barrier sprays.
Previous research has found that monarch caterpillars fed leaves sprayed
by a permethrin mosquito barrier treatment had much lower survival rates
than control caterpillars for up to 21 days after an application (Oberhauser
et al., 2006). These sprays may also pose a risk to honey bees (Qualls et al.,
2022). Even less is known about the extent to which spray applications drift
from one residential yard to another, or how such drift might impact insect
communities.

Comparatively more research exists on the non-target impacts of
mosquito control district sprays. While some studies have found minimal
impacts to bees and butterflies (Boyce et al., 2007, Pokhrel et al., 2018),
others have found both lethal (Oberhauser et al., 2009, Rinkevich et al.,
2017) and sublethal impacts from MCD sprays, including the development
of smaller adult monarchs (Oberhauser et al., 2009), and mass insect kills
have been observed after applications (Domonoske, 2016, Nelson, 2020). A
probabilistic risk assessment suggested permethrin and naled MCD sprays
posed risks to butterflies in Florida (Hoang and Rand, 2015).

The purpose of this study is to investigate insecticide residues in yards as a
result of mosquito spray applications under multiple circumstances.
Specifically, we ask if insecticide loads and the number of accumulated
compounds differ when comparing yards that were directly sprayed by
private mosquito control services as compared to yards neighboring those
directly sprayed yards. We also characterize contamination associated with
mosquito control district applications. Finally, we use available literature to
quantify the risks posed to insects, focusing on bees and butterflies.

Methods and Materials

Volunteer recruitment and site selection

We recruited volunteers in three states: Georgia, lowa, and Massachusetts.
In Georgia, all the volunteers were located in Decatur, recruited by the
chair of the Xerces Society’'s Bee City USA (BCUSA) program via BCUSA and
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native plant society email lists. In lowa, Good Neighbor lowa recruited
volunteers from their Local Champions program, and a Xerces employee
with connections to the Massachusetts Pollinator Network program helped
recruit volunteers across eastern Massachusetts.

We screened potential volunteers via Google Forms (Mountain View, CA), a
web-based survey tool, to determine the suitability of yards for inclusion in
our study. We asked whether the volunteers themselves hire companies to
spray for mosquitoes, whether their neighbors hire companies to spray for
mosquitoes, or whether the local mosquito control district sprays for
mosquitoes. If they answered yes to any of these, we asked what months
these sprays occur, if they knew the estimated spraying schedule, and their
level of confidence in knowing whether a spray event occurred.
Respondents who answered affirmatively to these questions and
expressed high confidence were included in our initial pool of volunteers,
and we ended up with 19 volunteers across the three states.

Sampling

Pesticide Exposure Detection: Silicone Bands

To capture deposition from mosquito adulticide sprays, we used silicone
bands as sentinel monitors to passively capture drift. Silicone bands have
been used to measure the presence of pesticides in environmental studies,
as silicone is inert and known to absorb a variety of chemicals from the air
(O'Connell et al., 2014). This makes silicone bands uniquely suited for
measuring deposition from residential mosquito sprays.

Silicone bands (www.24hourwristbands.com, 1.2 cm wide) were cleaned
and prepared (O'Connell et al., 2014) by Synergistic Pesticide Laboratory,
LLC (Portland, OR), and wrapped in aluminum foil. We mailed the bands to
volunteers along with written instructions and supplies: plastic bags, and

nitrile gloves for handling, and 54cm long sections of wire with hooks bent
onto the end (Figure 1) to hang the bands. Volunteers placed these wires
into the ground so that the bands hung ~35cm above the ground.
Volunteers deployed bands a few hours to a day before a spray event was
scheduled to occur.
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Figure 1. Photographs of silicone bands deployed in the field, taken by volunteers. Bands are hooked on wires

and staked into the ground. The bottom right photo shows drift from a barrier spray application, as captured by
a volunteer’s trail camera.

We measured three different types of spray events: a hired service in the
participant's yard, drift from a spray hired by a neighbor, or a mosquito
control district spray. Volunteers placed two bands on the edge of the
property line where the pesticide drift was likely to come from (i.e., the
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property line with a neighbor who sprayed, or the edge of the road for an
MCD spray), and a third in between these bands set 6.1 meters (20 feet)
back into the yard. We instructed volunteers who hired spray services to
place two bands along the outside edges of their property, with one in the
center of the yard.

Two of the volunteers had no known neighbor or MCD sprays, and they
placed the bands in their yards for seven days as non-sprayed controls.
One participant who hired a spray service placed bands in both their own
yard and in the adjacent neighbor’s yard, to capture the spray event from
two sites. Two other participants placed and collected bands for multiple
distinct spray events on different dates.

One band was sent to a volunteer in each state as “trip check” controls to
ensure there was no pesticide contamination in transport or handling. The
volunteers handled these control bands like the sample bands, but instead
of placing them in the field they immediately wrapped them in foil and
placed them in their freezers.

Volunteers recorded the dates they deployed and retrieved the bands.
Bands were generally out in the field for 24 to 48 hours with the goal of
capturing only the discrete spray event and associated drift. Volunteers
then collected the bands, wrapped them in aluminum foil, and stored
them in plastic bags in their freezers. Once sampling was complete in each
state, a point-person collected all the bands in that state, packed them in a
cooler with ice packs, and shipped them overnight to the lab. They were
stored at <-15.0° C for approximately six months before chemical analysis.

Chemical analysis

The lab extracted compounds from the silicone bands twice using
sonication with 50ml dichloromethane, followed by concentration via
rotary evaporator and nitrogen. Extracts were reconstituted in ACN and
analyzed for 293 compounds using both liquid chromatography mass
spectrometry (LC/MS/MS) and gas chromatography mass spectrometry
(GC/MS/MS). A full list of the compounds screened and analytical limits of
detection are included in the Appendix S1. The lab performed quality
controls for every batch of 20 samples on cleaned, non-deployed silicone

© Anderson et al. (2025), Stacks Journal, DOI 10.60102/stacks-25013 Page 8 of 30



bands (n=8). These included matrix spikes and matrix spike duplicates,
which were samples of known pesticide amounts to validate compound
recoveries, as well as blanks, which were clean bands to confirm an
absence of contamination within the analytical system. All method blanks
were non-detect.

GC/MS/MS analysis was performed using a Thermo TSQ 8000 Evo mass
spectrometer with a Trace 1310 GC and AS 1310 Autosampler. Injections
were made onto a PTV liner (Restek Topaz liner, baffled; PN 23438) using a
Zebron guard column (Phenomenex; PN 7AG-G000-00-GZK) and Zebron
ZB-5MS plus column (Phenomenex 30m x 0.25 (0.25); PN 7HG-G030-11).
The column temperature ramp started at 60°C and increased to 200°C at a
rate of 20°C/minute, held for three minutes, then increased to 310°C at a
rate of 7°C/minute for a total run time of 30 minutes.

LC/MS/MS analysis was performed using a Thermo TSQ Endura with
Vanquish binary pump and autosampler. A SecurityGuard ULTRA
Cartridges guard column (Phenomenex UHPLC Biphenyl 2.1 pm; PN
AJ0-9209) and Kinetix Biphenyl column (Phenomenex 100 x 2.1 (2.6 pm);
PN 00-4622-AN) were used with a flow rate of 0.3 mL/minute. The gradient
program began with 100% of an aqueous solution (A) containing 0.05%
formic acid, 0.01% ammonium hydroxide, and 2% MeOH. This
mobile-phase composition was held for 1.5 minutes and ramped to 25% of
an MeOH solution (B) containing 0.05% formic acid, 0.01% ammonium
hydroxide and held from 5 to 6.5 minutes before ramping up to 80% (B),
held from 19-21.5 minutes and finally ramped to 100% (B) for a total run
time of 30 minutes.

For both GC and LC analyses, one qualitative transition and at least one
qualifier transition were monitored for each analyte. Retention times and
ion ratios of quan and qual ions were determined from analytical
standards provided by ChemService, Sigma Aldrich, AccuStandard, and
LGC. All analyses were calibrated with a minimum of a five-point
calibration curve, and samples were bracketed with continuing calibration
verification checks.
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Calculating a risk quotient

Honey bees

To estimate the risk posed to bees directly sprayed by residential mosquito
sprays, we calculated a cumulative pyrethroid Risk Quotient (RQ) based on
the contact doses required to kill 50% of a honey bee (Apis mellifera) test
population (LD50). The Risk Quotient method is used by various regulatory
bodies to assess risk by looking at toxicity and exposure (EPA, 2007), and is
broadly calculated as RQ = Environmental Exposure + Toxicity. We used
honey bees as a representative organism because honey bee LD50s are
known for most compounds due to their use in regulatory testing. There is,
unfortunately, no standard method to directly relate the residues found on
silicone bands to honey bee risk. However, Ward et al. (2022) note that
pesticide concentrations from silicone bands are more dependent on
surface area than band mass. To calculate exposure by surface area, we
measured the dimensions of the bands to get a total band surface area
(55.73 cm?) and divided the per-band residue values by that surface area to
get ng/cm? value.

To estimate how much spray a bee might receive, we referenced Poquet et
al. (2014), who found that on average 1.05 cm? of surface area is covered
when a honey bee is sprayed directly by a Potter spray tower. Multiplying
our ng/cm? values by 1.05 cm? allowed us to estimate the amount of
insecticide a honey bee would encounter if sprayed.

We found acute contact LD50 values for honey bees for each insecticide
detected from the University of Hertfordshire Pesticide Properties
Database (Lewis et al., 2016) and divided the per-bee insecticide exposure
values from our data by their respective LD50s to get a Risk Quotient for
each insecticide. In this case, a RQ of 1.0 would mean the amount detected
was at the honey bee LD50 level for that pesticide. Since pyrethroids have
the same mode of action, we considered their effects to be additive and
summed the RQs for all of the detected pyrethroids, resulting in a
cumulative pyrethroid RQ (Stoner et al., 2019). This represents an index of
the total risk to honey bees from pyrethroid insecticides in each sample.
The cumulative RQ does two things: it allows for the total risk to be
assessed at each site, and allows for better comparison between sites.
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Using the same method, we also calculated honey bee risk quotients for
the two neonicotinoid insecticides detected (thiamethoxam and
imidacloprid) and summed them, since they too have the same mode of
action, producing a cumulative neonicotinoid RQ. We are uncertain if these
neonicotinoids were used in mosquito control or if the residues came from
a different application; still, we wanted to account for their presence on
the bands.

We classified the cumulative RQ values to five risk levels: very high risk ( RQ
> 10), high risk (RQ <10 and = 1), medium risk (RQ < 1 and = 0.1), low risk
(RQ < 0.1 and = 0.01) and negligible risk (RQ < 0.01 and > 0.001) (Sanchez
Bayo et al., 2002, Iturburu et al., 2019). For reference, in the U.S.
Environmental Protection Agency (EPA)'s tiered approach to assessing
pesticide risk to bees, 0.4 is the Tier 1 RQ for the acute contact exposure
risk to honey bees (US EPA, 2014).

Monarch butterflies

Unfortunately, it is difficult to assess possible risk to most insects since
LD50s for most pesticides are not available for the vast majority of
invertebrate species, let alone threatened or endangered species.
However, a bifenthrin contact LD50 has been reported for monarch
butterflies (Danaus plexippus), and we used this value to investigate risk for
this species that was recently proposed for listing under the Endangered
Species Act (Federal Register, 2024). Bifenthrin has an LD50 of 0.44
ug/larva for fifth-instar monarch butterflies as calculated from Krueger et
al. (2021). Krishnan et al. (2020) estimated the average surface area of
fifth-instar monarch larvae to be 7.1 + 1.3 cm?, by assuming them to be
cylindrical and measuring their height and length. They estimated one half
of the surface area of a larva would be contacted by a pesticide spray
application.

To calculate the bifenthrin Risk Quotient for fifth-instar monarch larvae, we
used the same method as discussed above for honey bees, but used 0.44
ug/larva as the LD50 value and 3.55 cm (one half of the surface area of a
larva) as the surface area value. The resulting values only represent the
bifenthrin RQ, not a cumulative pyrethroid RQ, since there are no
published LD50s for the other compounds.
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Other butterfly species

For both the common buckeye (Junonia coenia) and painted lady (Vanessa
cardui) butterflies, published permethrin LD50s are available for fifth-instar
larvae (Hoang et al., 2011). However, these values were not accompanied
by estimates of larval surface area or dimensions. To estimate the surface
area of these species, we found published fifth-instar lengths for both:
38mm for the common buckeye and 32mm for the painted lady (James et
al., 2011). We could not find published larval widths, so we used a digital
ruler to obtain the length and width of larvae in representative images (five
common buckeye, three painted lady: bugguide.net). We then calculated
an average ratio of length to width for each caterpillar species using these
images. We used these ratios and the published average lengths to
calculate average widths: 4.6mm and 4.4mm for the common buckeye and
painted lady, respectively.

Using these dimensions, we used the same methods described above for
monarchs to calculate permethrin RQs for these species. We assumed the
caterpillars to be cylinders and that one half of their surface area would be
sprayed. We could not calculate a cumulative pyrethroid RQ since we had
no LD50s for other compounds for these species.

Statistical analyses

We used linear, mixed effects models to quantify the effect of spray type
(hired spray vs. drift from spray in a neighboring property) and position
(band on the edge or middle of yard) on pyrethroid load (the total amount
deposited on a band) and pesticide richness (the number of unique
compounds detected), while accounting for individual yard as a random
effect (allowing for random intercepts). For the model of pesticide richness,
we also included “state” as a random effect. For the other model (of
pyrethroid load), inclusion of “state” produced a singular model fit and was
thus not retained, although results for main factors of interest with and
without “state” were qualitatively identical.

We focused on pyrethroids in a model of pesticide load because
pyrethroids are the dominant class of pesticides discovered, and we
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analyzed load rather than RQ (discussed below), because the latter
produced highly non-normal residual variance. Also, we excluded MCD
applications as a spray type from models because the MCD sprays were
confounded with state, with all but one of the yards subject to MCD sprays
in lowa.

Pyrethroid load was natural log transformed (after adding 1 to account for
a small number of cases with no detected pesticides) and modeled with a
Gaussian error, while the model of compound richness used a Poisson
distribution and log-link function. All analyses were conducted using R
(v.4.2.3), and models were run using the gimer and Imer functions in the
Ime4 package (Bates et al., 2015). Coefficients of determination (R%) were
calculated from model outputs using the r.squaredGLMM function in the
MuMIn package (Barton, 2025); residuals were simulated and visualized
using the DHARMa package (Hartig, 2024). A modified version of the
pheatmap function from the pheatmap package (Kolde and Kolde, 2015)
was used to create a heatmap of concentrations across all samples and
compounds; the modified version is included with archived code (see “Data
Availability”).

Results

Compounds detected

A total of 21 compounds were detected in our study. Of these, 12 were
insecticides, eight were fungicides, and one was a synergist designed to
increase the toxicity of certain insecticides (Figure 2). Pyrethroid
insecticides were detected on 56 out of 70 non-control bands, with
bifenthrin detected on 53 out of 70 bands. A total of five pyrethroid
compounds and one pyrethroid derivative were detected. Additionally, we
found two neonicotinoids, three insect growth regulators (IGR), and
carbaryl (a carbamate). All the fungicide detections (azoxystrobin,
carbendazim, flutriafol, imazalil, propiconazole, pydiflumetofen,
pyraclostrobin, and trifloxystrobin) were in lowa. Since they are unlikely to
be related to the mosquito spray events, we excluded these from our
analyses.
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Figure 2. Heatmap summarizing concentrations of specific compounds in ng/g (ppb) on a natural log scale,
with the following organization: columns are individual compounds (with compound names given along the
bottom) and are grouped into classes (see labels across the top); rows represent individual silicone bands and
are grouped by spray type (hired, neighbor or MCD), then by state, and then clustered by yard. Individual yards
are not labelled, but for each yard there are edge samples followed by a sample in the middle of the yard

marked with "M" along the left margin.
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A model of pesticide richness as a function of spray type (hired or
neighbor) and sampling position, including state and yard as random
effects, detected a strong effect of spray type: the estimate of the spray
type effect for the neighbor treatment (comparing against hired as the
reference) was -1.15 (std. error = 0.28; z = -4.09, P < 0.001) in a model that
explained a third or more of the variance (marginal R* = 0.31 and
conditional R* including random effects = 0.41). On average, 4.1 + 0.6 (std.
error) distinct compounds were found in bands from yards that hired a
mosquito treatment, as compared to 1.2 £ 0.1 compounds found on
average in neighboring sprayed yards (Figure 3). The effect of middle
position, in contrast, was -0.11, compared to edge as the reference (std
error =0.22,z=-0.50, P = 0.61) (Figure 3).

Pyrethroids were the dominant insecticide class of mosquito spray
treatments overall, and certain pyrethroids were detected more often in
private home sprays (hired and neighboring yards) compared to MCD
sprays (Figure 2). Deltamethrin, lambda cyhalothrin, and prallethrin were
found only in privately sprayed yards. Permethrin and bifenthrin were
detected frequently in yards sprayed by private services and by mosquito
control districts (Figure 2). The synergist piperonyl butoxide was found in
both private and MCD sprays, but was slightly more common in MCD
sprays, being found in all but two yards with detectable pesticide residues
sprayed by an MCD.

The “trip check” control bands had no compounds detected on them,
indicating no contamination in handling or transport. The control bands
placed in unsprayed yards in Georgia and lowa had no detections, except
for one band in lowa that had small amounts of permethrin (3.21 ng/g) and
piperonyl butoxide (1.31 ng/g).
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Insecticide load

Considering insecticides detected (removing piperonyl butoxide), bands
placed in hired yards contained, on average, 1563.6 + 665.7 ng/g as
compared to 28.6 + 12.7 ng/g in neighbor yards, and the average per band
contamination associated with mosquito control district sprays was 7.3 =
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2.3 ng/g. Focusing on pyrethroids as the dominant group of insecticides,
we found a similar pattern: 1499.4 + 663.9 ng/g in hired yards compared to
neighbor yards where bands collected drift at an average rate of 28.6 +
12.7 ng/g per band, and 7.3 £ 2.2 ng/g in yards sprayed by mosquito
control districts. We used a linear mixed model to estimate effects on
pyrethroid contamination (excluding mosquito control district sprays, as
mentioned above). The estimated effect of spray type for pyrethroid load,
comparing neighbor spray yards against the reference of hired yards, was
-3.72 (std. error = 0.88, t =-4.22, P = 0.0012). The marginal variance
explained by the model was 0.39, and conditional R* with the random
effect of years was 0.60. As with the previous model, the effect of middle
yard position compared to edge was weak but negative (-0.26, std. error =
0.48, t =-0.54, P = 0.59), which raises the possibility of fine scale spatial
effects that could be examined in future studies with greater sample size.

Risk quotients

Cumulative pyrethroids and honey bees

Of the 12 samples from the four yards directly sprayed by barrier
treatments, ten had residues found at or above a medium risk level. Six
had pyrethroid levels above the honey bee cumulative pyrethroid LD50
(Table 1), with an average pyrethroid Risk Quotient of 6.6 + 3.2, (over six
times the honey bee LD50). All four of these yards had at least one band
that exceeded the honey bee pyrethroid LD50, with one sample 24 times
higher and another over 34 times higher. Yards that experienced drift from
a neighboring application had an average pyrethroid RQ of 0.12 (+ 0.05),
and nine of the 40 samples (23%) at five out of 14 sites had residues at
medium or high risk levels). One sample had residues over the honey bee
cumulative pyrethroid LD50.
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Table 1. Number of samples detected at various risk quotient (RQ) levels, with the right-hand column displaying the maximum RQ value
calculated. The top section shows cumulative pyrethroid and neonicotinoid RQs based on honey bee LD50 values, and the bottom section

displays specific pyrethroid insecticide RQs calculated for three butterfly species for which these toxicity data exist.

Insecticide RQs

Species Insecticide >10 <10and21 <1and20.1 <0.1and2>0.01 <0.01and=0.001 Maximum

Honey Bee Pyrethroids 2 5 13 20 16 34.5
Neonicotinoids 0 0 1 0 3 0.10

Monarch Bifenthrin 0 2 2 9 14 4.2

Buckeye Permethrin 0 2 5 11 4 7.9

Painted Lady Permethrin 0 1 2 9 10 2.2
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Mosquito control district spray events resulted in the lowest pyrethroid RQ
values (0.03 £ 0.01). One band had pyrethroid residues at the medium risk
level (0.13). The remaining 17 samples across five sites all had pyrethroid
RQ values below 0.10.

Neonicotinoids and honey bees

Neonicotinoid insecticides (imidacloprid and thiamethoxam) were detected
in two yards, on four bands total (Figure 2; and note that one of the four
values was a very low concentration). After calculating additive
neonicotinoid Risk Quotients for honey bees, one of these samples had
contamination at a medium risk level (0.10) (Table 1). Both of these yards
were sprayed directly by hired services.

Bifenthrin and monarchs

All samples (n = 12) from the yards receiving barrier treatments (n = 4) had
bifenthrin residue. Of these, two samples in two different yards were over
the fifth-instar monarch LD50 (one 1.7 times the LD50, and another 4.2
times the LD50) (Table 1). One of the yards receiving drift from a
neighboring spray that had detectable bifenthrin residue had a band with
a monarch RQ at the medium risk level. None of the MCD sprays had
bifenthrin values over the low risk level.

Permethrin and common buckeyes and painted ladies

Only one of the yards receiving a barrier treatment had detectable
permethrin residue. Two of the samples in this yard had fifth-instar
common buckeye Risk Quotients well above the permethrin LD50 with RQs
of 7.9 and 1.7. Across all samples, seven had contamination at or above
the medium risk level for common buckeyes. Painted ladies are less
susceptible to permethrin, yet one of the samples was over twice the LD50
for fifth-instar painted ladies (2.2), and a second sample was about half the
LD50 (0.48).
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Discussion

Our results indicate that residential mosquito sprays likely pose a
significant risk to bees and other beneficial insects. In particular, yards
receiving barrier sprays from private companies had residues up to 34
times the honey bee cumulative pyrethroid LD50. While the level of risk is
clearly less in neighboring yards, they still showed concerning residues; the
0.12 RQ average for those yards was within the “medium-risk”
classification. Looking closer, average values only tell part of the story, and
it is illustrative to examine values on a yard-to-yard basis, since insects will
encounter individual surfaces within individual yards rather than the
average across yards. Five yards had pyrethroid drift over the medium-risk
level, and three separate yards had neighbor drift at levels above the EPA's
honey bee acute-risk level of concern. So, while risk was much lower when
compared with yards sprayed directly, the potential for harm from
neighbor spray is still present, especially for sensitive or vulnerable
species. This suggests that people creating pollinator habitat in urban
yards should consider contamination from mosquito sprays and look for
mitigation opportunities.

On average, yards sprayed by mosquito control districts had the lowest
total pyrethroid loads and lowest pyrethroid risk quotients out of our
sampled yards. This is likely because these sprays utilize foggers that
aerosolize very small pesticide droplets, and use smaller quantities of
active ingredients when compared with home barrier sprays. Only one of
the sampled yards registered residues at the moderate risk level. While our
findings suggest relatively limited contamination from these applications, it
is important to remember the short duration of our study and that we only
sampled a small handful of districts that were mostly in one state.
Different MCDs have different practices, and use different insecticides and
equipment. It is notable that significant mortality events have occurred
after MCD sprays. These include the monarch kill after a permethrin spray
in Cass County, SD (Nelson, 2020), and honeybee colony loss after an aerial
naled spray in Dorchester County, SC (Domonoske, 2016). Many sources of
heterogeneity in applications remain unquantified, including variation in
active ingredients, different spray equipment, or operator error. We also
could not account for the impacts of the synergist piperonyl butoxide,
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which increases the toxicity of pyrethroids and was found at four out of
the six MCD sprayed sites. Furthermore, these sprays often occur across
many acres, and in this study we looked only at specific sites. We recognize
that there is much yet to be learned about accumulated effects potentially
associated with MCD sprays which are often performed on set schedules
throughout mosquito season, and cover broad areas.

Mosquito treatments are also likely to adversely impact pollinator species
beyond bees. Though pesticide toxicology data for Lepidoptera are scarce,
we were able to find several contact LD50 values for three butterflies that
provide a glimpse into impacts of mosquito sprays on Lepidoptera. Two
hired yards had bifenthrin residues well above the fifth-instar monarch
LD50. Though permethrin was found in far fewer yards, there were still
samples with permethrin residues above the LD50 for common buckeye
and painted lady butterflies. This suggests these sprays can be a source of
acute risk for Lepidoptera. Even when pyrethroid residues are below the
LD50, there is still risk potential. For example, hemolymph bleeding and
spasming of monarch larvae were observed when exposed to bifenthrin
levels less than half the LD50 (Krueger et al., 2021).

Residential areas can harbor diverse pollinator communities, including
species of conservation concern. For example, surveys have frequently
found the federally endangered rusty-patched bumble bee (Bombus affinis)
in urban and suburban yards, and the monarch butterfly, a proposed
species for listing under the US Endangered Species Act, is also commonly
found throughout residential landscapes (Crone and Schultz, 2021). Both
of these species are found in the three states where we sampled,
underscoring the importance of protecting urban pollinator habitat from
pesticides when vulnerable species might be present. In addition, five
other bumble bee species of conservation concern are found throughout
the states we sampled (IUCN, 2024). Of course, most insect populations
are not monitored, so there are potentially other declining taxa presentin
yards treated with mosquito sprays.

Our calculations utilized acute contact LD50 values, which we used to
investigate the acute risk to honey bees and butterfly caterpillars coated by
insecticides when the sprays occurred. However, home mosquito
treatments are often termed “barrier sprays", and use larger droplet sizes
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that are designed to stick to vegetation around the perimeter of the yard
and last for up to several weeks. These may expose insects to chronic
contact toxicity concerns, from walking across or repeatedly landing on
contaminated plants, and as a rule chronic toxicity levels are lower than
acute toxicity levels. Additionally, these long-lived applications may cause
acute and chronic oral toxicity to pollinators collecting pollen and nectar,
and herbivores that feed on vegetation. Herbivores that are relatively
stationary and unable to easily leave contaminated plants likely have
increased risk. Because we were unable to examine chronic risk or dietary
exposure, we are almost certainly underestimating the risks mosquito
sprays pose to pollinators.

We used honey bees as a representative bee species for our exposure
calculations because there is more toxicological data in the literature for
honey bees when compared to native bees, as the species is used in
regulatory testing. However, honey bee responses to pesticides are
frequently not representative of other bee species (Arena and Sgolastra,
2014, Stoner, 2016, Shahmohamadloo et al., 2024), and mosquito sprays
may be more toxic to various other bee species. Furthermore, solitary bees
are unable to buffer the effects of pesticide exposure throughout a colony,
and pesticide exposure has direct impacts on egg laying females when
they are foraging.

There are several other ways that we have likely underestimated risk to
pollinators from these sprays, depending on the method of exposure. For
example, we have focused on the possibility of contact exposure, but
caterpillars feeding on leaves of sprayed plants may encounter levels that
trigger acute oral toxicity concerns. Given the fact that these treatments
are designed to adhere to plant leaves and last ~21 days, the chronic oral
toxicity may be significant. Additionally, we were unable to account for
potential synergism between pesticide combinations, and our simple
additive RQ of pyrethroids likely underestimates risk. Piperonyl butoxide, a
synergist added to increase the toxicity of mosquito sprays, was
consistently present across samples and can increase the toxicity of
pyrethroids many times over, depending on the organism and pyrethroid
(Joyce et al., 1988, Hagler et al., 1989, Reid et al., 2020). Even a more
modest synergism would mean we are dramatically underestimating
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potential risk, since piperonyl butoxide was found on 67% of mosquito
control district samples.

Furthermore, the other pesticides detected, beyond insecticides, can work
additively or synergistically, increasing risk in yards with a higher pesticide
richness. For example, fungicides have been found to increase pyrethroid
toxicity in bumble bees (lverson et al., 2019) and honey bees (Thompson
and Wilkins, 2003), synergisms that we were unable to account for in our
analyses. We also detected neonicotinoid and insect growth regulator (IGR)
insecticides in hired yards. The IGRs may have been part of the barrier
treatments (Stoops et al., 2019), and are designed to kill juvenile insects.
The source of neonicotinoids is uncertain; with bands displayed for such
short periods of time, the neonicotinoids may have been from residues in
the application equipment.

This study evaluated single applications. However, these residential sprays
are typically applied on a schedule. Some of our volunteers stated that
these sprays start as early as February and go as late as November. Thus,
the cumulative impact of these sprays on pollinators and other insects in
the garden over the course of a year may be high, even in yards where we
found detections at lower Risk Quotient values in our snapshot survey.

As this was an observational study, the landscape context differed
between sites. Some participants lived across the street from the neighbor
who sprayed, while others were on directly adjoining properties. Similarly,
obstacles like fences and vegetation may have altered pesticide drift at
some sites. Also, the practices of individual companies or applicators
would influence deposition. In future studies, a larger sample size to
account for some of these site-level variables would allow for better
quantification of the relative impact of distance and common obstacles like
shrubs and fencing on residues from pyrethroids and other pesticides. Yet
another source of variation in our study comes from the likelihood that
volunteers may not have always placed bands in the most optimal
locations to collect mosquito sprays, in particular the four that hired spray
services. These companies tend to spray vegetation in the yard, so the
bands may not have been directly sprayed, leading to lower levels of
pyrethroid deposition. On average, sprayed yards had ~117 ng/cm? of
pyrethroids per band. Previous studies have found higher amounts of
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bifenthrin on vegetation after barrier sprays, e.g. 305 - 1233 ng/cm?
(VanDusen et al., 2016). However, lower amounts have also been found,
for example 22.4 - 72.0 ng/cm? (Hoffmann et al., 2009). These variations
may be due to sprayer type, pesticide formulation, and differences in the
vegetation like surface area and composition of the waxy cuticle (McMillan
et al., 2018).

Conclusion

Our intention was to increase understanding of the potential for mosquito
sprays to contribute to the stressors insects face in residential areas. We
recognize, of course, that mosquito-borne diseases are a genuine societal
concern, and balancing the need to control those diseases while
minimizing non-target impacts is an issue that deserves more attention.
We hope that the results presented here encourage more attention being
placed on the methods used in mosquito control, and the extent to which
"adulticiding" is used as a primary control strategy. The most immediate
actions can be taken by individuals choosing non-chemical strategies to
avoid unwanted mosquito exposure: wearing protective clothing and
dumping non-natural standing water once a week (CDC, 2024), which has
no negative consequences for beneficial insects. Finally, our efforts to
complete the risk analysis portion of this study highlight the lack of data
about the impacts of insecticides to most non-Apis mellifera insect species.
These data gaps lead to an inability to accurately assess the risk of
pesticide applications to beneficial insects, and highlight the need for
mandatory testing of terrestrial invertebrates beyond honey bees. While
the breadth of risk is not clear, our findings clearly show that home sprays
to control adult mosquitoes could kill or harm pollinators present in the
area. These results also highlight the value of community-wide, targeted,
and ecologically-sound management strategies, instead of relying on
routine pesticide treatments.
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