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Abstract: Most corn (Zea mays) seeds planted in the United States in recent years are coated with a seed treatment
containing neonicotinoid insecticides. Abrasion of the seed coating generates insecticide‐laden planter dust that disperses
through the landscape during corn planting and has resulted in many “bee‐kill” incidents in North America and Europe. We
investigated the linkage between corn planting and honey bee colony success in a region dominated by corn agriculture.
Over 3 yr we consistently observed an increased presence of corn seed treatment insecticides in bee‐collected pollen and
elevated worker bee mortality during corn planting. Residues of seed treatment neonicotinoids, clothianidin and thiame-
thoxam, detected in pollen positively correlated with cornfield area surrounding the apiaries. Elevated worker mortality was
also observed in experimental colonies fed field‐collected pollen containing known concentrations of corn seed treatment
insecticides. We monitored colony growth throughout the subsequent year in 2015 and found that colonies exposed to
higher insecticide concentrations exhibited slower population growth during the month of corn planting but demonstrated
more rapid growth in the month following, though this difference may be related to forage availability. Exposure to seed
treatment neonicotinoids during corn planting has clear short‐term detrimental effects on honey bee colonies and may affect
the viability of beekeeping operations that are dependent on maximizing colony size in the springtime. Environ Toxicol
Chem 2021;40:1212–1221. © 2020 The Authors. Environmental Toxicology and Chemistry published by Wiley Periodicals
LLC on behalf of SETAC.
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INTRODUCTION
Based on the most recent estimate, 79 to 100% of corn

(Zea mays) in the United States is grown from seed treated
with neonicotinoid insecticides (Douglas and Tooker 2015).
The predominant neonicotinoids used in corn seed
treatments are clothianidin (Poncho®, US Environmental
Protection Agency [USEPA] registration no. 264‐789) and

thiamethoxam (Cruiser®, USEPA registration no. 100‐1208) at
rates between 0.125 and 1.25 mg active ingredient per seed,
depending on the corn insect pest of concern (Douglas and
Tooker 2015). Assuming a seeding rate of 54 000 to 82 000
seeds per hectare (Thomison 2015), up to 100 g/hectare of
insecticide active ingredients are applied to sown fields
each year. In 2014, the most recent year for which data
are available, nearly 1.6 million kg of clothianidin and
0.4 million kg of thiamethoxam were applied in the form of
corn seed treatment in the United States (US Geological
Survey 2017; Hitaj et al. 2020). These broad‐spectrum in-
secticides are highly toxic to many insects, including honey
bees (Apis mellifera L.), to which they are lethal in nanogram
quantities—as low as 0.003 μg/bee for oral median lethal dose
(LD50) and 0.02 μg/bee for contact LD50 over 48 h (Decourtye
and Devillers 2010; Laurino et al. 2013).
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During the planting process, seed treatment material
sloughs off the seed surface in small particles that are available
to disperse in the environment (Figure 1). Bees may encounter
these particles as dust deposited on flowers (Krupke
et al. 2012) or as aerial dust during flight (Girolami et al. 2013).
Particles may also contaminate surface water consumed by
bees (Samson‐Robert et al. 2014; Schaafsma et al. 2015). In-
secticide residues present in soil from seed treatments used in
previous years may become airborne during planting and
contribute to bee exposure during this period (Forero
et al. 2017). Pollen and airborne particles adhered to the hair of
a foraging bee are incorporated into the pollen baskets during
grooming and enter the colony as the bee deposits its pollen
load as “bee bread” in storage cells. The bee bread is then
consumed by young worker bees nursing honey bee larvae,
and subsequently the insecticidal contaminants are circulated
within the colony.

A link between observations of honey bee mortality and
the planting of neonicotinoid‐treated corn seeds was sus-
pected as early as the late 1990s, when researchers in Italy
noted a rise in colony damage reports coinciding with spring
corn planting (Bortolotti et al. 2009). In subsequent years,
similar patterns of honey bee mortality were observed in Italy
(Schnier et al. 2003; Greatti et al. 2006; Mutinelli et al. 2010),
France (Giffard and Dupont 2009), and Slovenia (Alix
et al. 2009; Žabar et al. 2012). In 2008, a large‐scale bee kill in
Germany and neighboring parts of France was attributed to

the planting of neonicotinoid‐treated corn seed after an
extensive investigation found neonicotinoid residues in dead
bees, bee bread, and plant samples collected from the
affected area (Forster 2009; Nikolakis et al. 2009; Pistorius
et al. 2009; Chauzat et al. 2010). Since then, additional incidents
of honey bee mortality during corn planting have been reported
in Slovenia (van der Geest 2012), the United States (Krupke
et al. 2012; L. Keller, personal communication, 2016), and
Canada (Health Canada 2013; Samson‐Robert et al. 2017).

In the present study, we investigated the link between
honey bee mortality and insecticide exposure during corn
planting and evaluated colony health in the months following
the exposure. To better understand the association between
corn planting, neonicotinoid residues in honey bee–collected
pollen, and honey bee mortality, we conducted a 3‐yr field
study (2013–2015) in Ohio, one of the largest corn‐growing
states in the United States (US Department of Agriculture,
National Agricultural Statistics Service 2019). Each year, we
measured worker bee mortality and neonicotinoid residues in
bee‐collected pollen prior to, during, and after corn planting.
In 2015, we expanded the investigation to examine pollen
contamination and bee mortality in apiaries located in
landscapes with varying areas of cornfields within foraging
range. We also analyzed neonicotinoid residues in stored
pollen to evaluate the persistence of corn seed treatment
insecticides in honey bee colonies and monitored colony
growth and overwinter survival in the year following exposure.

FIGURE 1: Seed treatments are applied to seeds as flowable solids that dry to form a coating. In corn, this coating results in visibly patchy coverage
of the seed (A). The seed treatment forms particles of varying size on the surface of the seed as captured using scanning electron microscopy (SEM),
(B). The striated surface visible in the center of the micrograph is the seed surface. Particles of the seed treatment coating are then emitted as
planter dust during the sowing process (C). Macrophotography was performed by M. Spring and SEM preparation by K. Kaszas.
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Pesticide exposure and mortality of free‐flying bees are
influenced by complex factors that are difficult to measure in
the field. The level of exposure depends on the spatial and
temporal intersection of foraging bees and active corn
planting, both of which are influenced by weather and can be
highly variable across sites. Dead bees collected at the colony
do not account for intoxicated foragers that fail to return to the
colony; therefore, our field study may underestimate worker
bee mortality. To experimentally verify the link between
contamination of pollen and worker bee mortality, a semifield
experiment was conducted in which colonies in a controlled
environment were provisioned with pollen collected during
corn planting containing a range of concentrations of
neonicotinoid insecticides.

MATERIALS AND METHODS
Study sites

A total of 13 apiary sites located throughout the corn‐
growing region of central Ohio were monitored prior to,
during, and after corn‐sowing from late April until the end of
May in 2013 (3 sites), 2014 (6 sites), and 2015 (10 sites).
Four sites (CH, MB, FSR, WB) were studied in multiple years
(Supplemental Data, S1). The sites were located at least 4 km
from each other and were selected to represent a wide range
of cropland area within a 2‐km radius centering on the apiary,
including one suburban site in 2015 with minimal corn agri-
culture within the foraging range of honey bees. Each apiary
consisted of 4 to 20 colonies. Two to 4 healthy, actively
foraging colonies, varying in sizes and queen ages, were
monitored for worker mortality (Supplemental Data, S1). All
colonies were housed in 8‐ or 10‐framed Langstroth hives.

The timing of corn planting was identified through direct
observation of planter activity near the sites and communication
with farmers in this region. The bulk of corn planting activity in
the study area occurred between 5 and 16 May in 2013, 5 and
10 May in 2014, and 2 and 8 May in 2015. These dates
were in concordance with weekly statewide agricultural statistics
on planting progress (US Department of Agriculture 2017).
Sporadic corn planting activities continued beyond this period in
all years but were particularly drawn out in 2014 when high
rainfall resulted in planting and replanting activity through the
end of May.

Landscape characterization
Landscape composition at each site was characterized

within a 2‐km radius foraging range centered on the apiary.
Visual ground‐truthing supplemented by satellite imagery
(Google OpenLayers) was used to classify landscapes into crop
field, forest, tree lines, and herbaceous strips in field margins,
roadsides, and residential lots. Crop type was determined by a
second visual inspection in early summer and verified with
the CropScape—Cropland Data Layer (US Department of
Agriculture, National Agricultural Statistics Service 2018). All
landscape data were analyzed and visualized using QGIS 2.1

software (QGIS Development Team 2016). Apiaries in the first
2 yr were located in areas with high percentages of corn
agriculture within the foraging range (31–45% in 2013 and
21–51% in 2014). In 2015 the gradient of corn agriculture area
around sites ranged from 1 to 49%.

Sampling and pesticide screening
Pollen pellets carried on the pollen baskets of foraging

bees returning to the colonies were collected using bottom‐
mounted pollen traps (Sundance I; Ross Rounds) installed on
2 strong hives at each site. Trapped pollen was collected every
2 to 4 d from late April to the end of May each year (2013–2015)
and pooled by sites and sampling dates. In 2015, pollen and
honey stored within the colony were also analyzed to evaluate
the persistence of corn seed treatment insecticides. Honey
and bee bread (compacted pollen in comb cells) were sampled
from cells peripheral to the brood area where bees were
actively depositing food. In‐hive samples were collected from
2 queenright colonies at 7 sites (DS, SC, IB, BR, HR, TV, MO)
during 4 sampling periods in 2015: before planting (27–30 April),
during planting (5–7 May), immediately after planting (12–13
May), and 2wk after planting (20–22 May). All samples were
stored in darkness at –20 °C until further analysis.

Five grams of pollen from each site and sampling date were
extracted using a modified quick, easy, cheap, effective,
rugged, and safe protocol for the 2013 and 2014 samples
(Camino‐Sánchez et al. 2010). Pollen, honey, and bee bread
from 2015 were extracted from 1 to 5 g of sample following a
method by Yáñez et al. (2014), except that ethyl acetate was
used instead of dichloromethane (Supplemental Data, S2). In
all years, extracts were analyzed for neonicotinoid insecticides
(clothianidin, thiamethoxam, and imidacloprid) using liquid
chromatography–tandem mass spectrometric methods. Anal-
ysis was performed by the US Department of Agriculture's
Agricultural Marketing Service lab in Gastonia, North Carolina
(2013 and 2014 samples) and the USEPA National Exposure
Research Laboratory in Athens, Georgia (2015 samples).
All residues were reported as mass‐mass concentration
(nanograms per gram).

Dead bee trapping
Underbasket‐style dead bee traps (102 × 51 × 15 cm; Human

et al. 2013) were placed in front of 2 to 6 monitored colonies
each year (2013–2015) from late April until the end of May or
early June, 1 to 2 wk after corn planting activities had ceased.
Dead bees in traps were emptied and counted every
2 to 4 d during the sampling period.

Statistical analyses: Worker mortality and pollen
contaminations

The number of bees counted in dead bee traps on each visit
was averaged over the number of days elapsed since the last
visit to estimate daily dead bee counts for each colony.
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Because large colonies eject more dead bees than small
colonies, a daily mortality index, denoted by Mi, was calculated
using the following formula to account for size and behavioral
differences among colonies:

= /M N Ni i max (1)

In Equation 1, Ni is the number of dead bees per day on a
given date i and Nmax is the highest number of dead bees per
day of a given colony observed during the entire sampling
period.

The standardized mortality Mi ranges between 0 and 1
for each colony unless Nmax = 0. In the unlikely event that no
dead bee was observed in the trap, then Mi = 0. If nonzero
dead bee counts were consistent throughout the sampling
period (i.e., Ni values did not deviate much from Nmax), then
all Mi values would be near 1 regardless of the timing of
corn planting.

To compare bee mortality between planting and non-
planting periods, colony‐specific means of Mi values for each
period were calculated, and means of the same colonies were
compared using paired‐sample t tests. A separate analysis was
performed for each year.

Time‐series intervention analysis
Because the mortality data represent a time series with a

known intervention (i.e., corn planting), the mortality response
to insecticide concentrations was also examined using time‐
series intervention analysis (Box and Tiao 1975). We use Mt to
denote the mortality rate at time t and Xt to denote the in-
secticide concentration in pollen at time t for a given site‐year‐
colony. The test for a linear association between Mt and Xt can
be parameterized as a time‐series regression model:

β β= + +M X et t t0 1 (2)

The hypothesis H0: β1= 0 is equivalent to zero correlation
between mortality rate and insecticide concentration.
Alternatively, the test for differences in worker bee mortality
between the planting and nonplanting periods can be
modeled by the following time‐series intervention model:

β β= + +M I et t t0 2 (3)

In Equation 3, It is equal to 1 if t is in the planting period and 0
otherwise. The model parameter β2 is the difference in mor-
tality rate between the planting and nonplanting periods and
represents a step intervention. We can combine Equations 1
and 2 into a time‐series intervention model:

β β β= + + +M X I et t t t0 1 2 (4)

The time‐series intervention model can be generalized to allow
for more general types of interventions (i.e., pulse, step, trend)
and multiple predictor variables including lagged values of
insecticide concentrations. The time‐series intervention model
with a first‐order autoregressive structure is

⋯

μ ρ μ

μ β β β β

− = ( − ) +

= + + +

− −M M e
X X Xp1 2

t t t t t

t t t p t

1 1

0 1 2
(5)

where the predictor variables are indicator variables or con-
tinuous variables, possibly lagged values of one or more in-
secticide concentrations. We assume that Mt is a stationary
autoregressive‐moving average time series. The null hypoth-
esis, H0: βi= 0, can therefore be tested using a likelihood‐
based test statistic for a time‐series model from the Box‐
Jenkins class of autoregressive‐moving average models.

The mortality rate time series for each colony at an apiary
site is assumed to be an independent representation of a time
series. Thus, the time‐series intervention model in Equation 4
was fit individually for each site studied in 2015. For each
model, a combination of pesticide concentration terms (current
time point and lagged) and intervention terms was chosen to
minimize the Akaike information criterion.

Closed colony experiment
A closed colony experiment was performed in 2015 to eval-

uate mortality of worker bees fed with contaminated pollen col-
lected from colonies during corn planting. Bee Brief Nuc boxes
(NOD Apiary Products) were set up to contain a pollen feeder,
2 frames of drawn wax combs with approximately 100 cm2 of
capped brood for stabilizing the colony, a mated queen (3–5wk
postmating), and nurse bees shaken from one brood frame in a
healthy donor colony. The equipment was weighed when empty
and again after bees were added to measure the net weight of
bees per closed colony. The pollen feeder was made of two
96‐well cell culture plates (Biotix; AP‐0350‐9CU) affixed to a
plastic foundation. Pollen (200 g) harvested from the study sites
during corn planting (2–19 May 2015) was provided. All colonies
also had unlimited access to fresh 50% (w/w) sucrose water
throughout the experiment. Four trials, each including 4 to 7
closed colonies, were conducted (20 colonies total). Each trial
also contained a positive control with pollen spiked with
100ngg−1 technical clothianidin (99.9% PESTANAL®; Sigma‐
Aldrich) and a negative control with pollen collected from a low‐
exposure site. Five grams of pollen were collected following the
experiment for pesticide analysis. Enclosed colonies were kept in
a dark room at 19 °C (nighttime) to 24 °C (daytime) for 96 h. Dead
bees in the boxes were then counted, and pollen consumption
was determined by weight. Two colonies contained <100 g of
bees and were excluded from further analysis.

Pairwise correlations between colony weights, pollen con-
sumed, dead bees, and neonicotinoid concentrations in pollen
were performed as exploratory analyses to identify possible
associations between the variables. To evaluate the effect of
clothianidin and its interactive effects with colony parameters
on mortality, a linear mixed‐effects model (JMP®, Ver 13.1; SAS
Institute) was constructed with dead bees as the response
variable; full‐factorial interactions of clothianidin, colony
weight, and pollen consumed as fixed effects; and trials as the
random effect. Colony parameters that were not significant
predictors were dropped, and the model was refitted.
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Postplanting colony growth
To address the question of whether exposure to corn seed

treatment insecticides in May is linked to long‐term con-
sequences in colony growth, we tracked the colonies in 2015
through the following winter to March 2016. Four detailed
colony inspections were performed using a modified Lieb-
felder method (Delaplane et al. 2013) on 28 to 30 April
(before planting), 20 to 22 May (after planting), 19 to 24 June,
and 14 to 19 August. During hive inspections, each frame
from the monitored colonies was examined to record the area
of coverage with the following components: adult bees,
brood (open and capped), pollen, and honey. In addition, the
total adult bee population was estimated by looking up and
down spaces between frames to estimate “seams” of adult
bees. All colonies were managed using standard beekeeping
practices. Varroa destructor mites were controlled by
applying formic acid (Mite Away Quick Strip; NOD Apiary
Products) in June and vaporized oxalic acid in November.
Plain baker's fondant (Dawn Food Products) and Dadant
AP23 winter patties (Dandant & Sons) were fed to the colo-
nies, as needed, through the winter. The number of surviving
colonies was recorded on 24 March 2016.

We examined whether the relative change in each colony
variable (adult bees, pollen stores, nectar stores, open brood,
and capped brood) through time was associated with neon-
icotinoid concentrations measured in pollen in May. Relative
change for each variable was calculated as

( ) = [( − )/ ] ×Relative change % final initial initial 100 (6)

We considered each interval between inspection dates, as well
as the interval between the first and last inspections. To de-
termine whether neonicotinoid residues in pollen were sig-
nificantly associated with colony growth through time, we
constructed linear regression models with relative change as
the response and summed mean clothianidin and thiame-
thoxam concentrations in pollen in May as the predictor in R,
Ver 3.4.3 (R Development Core Team 2017). We also included
the relative change in colony pollen coverage over the same
time interval as a covariate, to account for the potential that the
negative effects of neonicotinoid exposure could be partially
offset by the positive effects of abundant floral resources in
agricultural landscapes of this region. If the pollen change
covariate was not a significant predictor, we dropped the term
and refit the model.

RESULTS
Worker bee mortality

For 3 consecutive yr, increased numbers of dead bees at
hive entrances were consistently observed around the time
corn was being planted. Worker mortality was significantly and
consistently higher during corn planting than the nonplanting
periods for the same colonies for all years (paired t test, 2013:
t= 2.62, df= 11, p= 0.02; 2014: t= 3.24, df = 23, p= 0.004;
2015: t= 11.82, df= 37, p< 0.0001; Figure 2A).

Pollen contamination
Analysis of pollen samples collected in pollen traps showed

that clothianidin and thiamethoxam, the insecticides present in
corn seed treatments, were the most abundant neonicotinoid
insecticides detected; and the detection of these compounds
occurred more frequently (Fisher's exact test, p< 0.0001) and
at higher concentrations (unequal variance t tests, p< 0.0003)
during corn planting periods (Figure 2B; Supplemental
Data, S3) for all sites. Neonicotinoid insecticides that are not
used for corn seed treatments but are applied to other crops in
Ohio (imidacloprid, nitenpyram, dinotefuran, acetamiprid,
and thiacloprid; Supplemental Data, S4) were detected in
some pollen samples, but the timing of detection for other
neonicotinoids was not related to corn planting.

The relationship between neonicotinoid residues in pollen
and the area of corn grown within the foraging range was
evaluated for 10 sites studied in 2015. During corn planting,
pollen collected from sites surrounded by more cornfields
contained higher concentrations of clothianidin (Pearson's
r= 0.65, p= 0.040) and thiamethoxam (r= 0.62, p= 0.056) but

FIGURE 2: Honey bee worker daily mortality index and neonicotinoid
(clothianidin and thiamethoxam) concentrations detected in pollen
samples collected during planting and nonplanting periods. Whiskers
represent 1 standard error around the means.
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not any of the other neonicotinoids (p> 0.15). The total
concentration of clothianidin and thiamethoxam together was
also significantly correlated with cornfield area (r= 0.68,
p= 0.030) during planting. No correlation between cornfield
area and clothianidin or thiamethoxam concentrations was
detected outside the planting period (p> 0.4).

Relating worker mortality to neonicotinoids
with time‐series intervention analysis

The onset of corn planting was followed by increased
presence of corn seed treatment insecticides in bee‐collected
pollen; then, worker bee mortality peaked shortly after
(Figure 3). To evaluate the delayed effect of insecticide ex-
posure, temporal variation in worker bee mortality over the
sampling period in 2015 was related to neonicotinoid con-
centrations using a regression‐based time‐series intervention
model fit individually by site. The best models, as chosen by
the Akaike information criterion, explained 42 to 96% of the
variation in mortality, with total concentrations of clothianidin
and thiamethoxam being the explanatory pesticide variable at
each site (Supplemental Data, S5). Inspection of the residuals

and their autocorrelations revealed no model inadequacies.
Adding the other pesticides to the analyses did not improve
the fit of the time‐series intervention model at any site.
Mortality increased linearly with increasing neonicotinoid
concentrations at all sites, and there was a lagged mortality
response to insecticide exposure at 6 of 10 sites (DS, MB, WB,
TV, MO, FSR). Further, the mortality rate peaked during or
shortly after the planting period, as indicated by either a pos-
itive pulse or a step intervention term in the time‐series model.

Insecticide residues in stored food
Total concentrations of clothianidin and thiamethoxam in

stored pollen or bee bread were generally low before planting
(<13.5 ng g−1, mean 4.0 ng g−1). The levels increased in sam-
ples collected during corn planting (4.8–42.3 ng g−1, mean
21.6 ng g−1) and immediately after planting (4.5–60.8 ng g−1,
mean 23.6 ng g−1), which also correlated with concentrations
detected in pollen trap samples from the same sites (Pearson's
r= 0.87, p= 0.0098; Supplemental Data, S6). Two weeks after
corn planting, neonicotinoid concentrations in bee bread
returned to a lower level (<11.6 ng g−1), except for one site
(TV, 35.8 ng g−1).

Concentrations of clothianidin and thiamethoxam in honey
were low during all periods (<0.76 ng g−1 total neonicotinoids),
though there were positive detections for honey sampled
during and after corn planting (Supplemental Data, S4 and S7).

Closed colony experiments
To directly evaluate the effect of seed treatment insecticides

in pollen on worker mortality, we conducted a controlled‐
feeding experiment where small colonies were fed field‐
collected pollen collected from the study apiaries with known
concentrations of clothianidin and thiamethoxam. The number
of dead bees recorded at the end of 4‐d trials positively cor-
related with the concentrations of clothianidin (Pearson's
r= 0.85, p< 0.001) and thiamethoxam (r= 0.56, p= 0.02) in
pollen but not with any of the other insecticides detected in the
pollen samples. Initial colony weight correlated with the
amount of pollen consumed over the 4‐d period (r= 0.57,
p= 0.03), although these parameters did not correlate with
dead bee counts (p> 0.60). Linear mixed effect modeling re-
vealed no significant effect of colony weight or pollen con-
sumption on worker bee mortality. Clothianidin concentration
alone was the main explanatory variable for worker bee
mortality (Figure 4).

Postplanting colony development
To address the question of whether seed treatment neon-

icotinoid exposure in May caused longer‐term consequences
for colony growth, we tracked 5 hive health metrics (adult bees,
pollen stores, nectar stores, open brood, and capped brood;
measured by frame area) at 4 time points (April, May, June, and
August) in 2015. Exposure to clothianidin and thiamethoxam in

FIGURE 3: Temporal variation in worker bee mortality and concen-
trations of clothianidin and thiamethoxam detected in pollen over the
sampling periods in 2013 to 2015. The solid lines depict the daily
mortality index (ranging 0–1) averaging across sites for each year. Bars
depict average neonicotinoid concentrations in pollen sampled on
given dates. Gray blocks indicate the corn‐planting periods identified
for each year.
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May correlated with a reduction in the relative population
growth of colonies (measured by area of bees and “seams of
bees,” which describes the spaces between frames that are
filled with bees) over the earliest time interval (late April to late
May; area of bees: t=−3.61, p= 0.01; seams of bees:
t=−2.50, p= 0.04; Figure 5A). However, there was an appa-
rent recovery in the second time interval, from late May to late
June, because hives exposed to greater neonicotinoid levels in
May had a larger increase in adult bee population during this
time (for seams of bees only; t= 2.47, p= 0.04; Figure 5B).
Finally, in the third time interval, from late June to mid‐August,
there was no relationship between neonicotinoids and bee
population change (Figure 5C). The cornfield area surrounding
apiaries was also positively correlated with increases in stored
pollen (Pearson's r= 0.79, p= 0.007) and honey (Pearson's
r= 0.68, p= 0.03) during the third interval in summer.

Of the 38 colonies monitored in 2015, one died in late
summer and 3 were relocated and excluded from monitoring
over winter. A total of 34 colonies were prepared for over-
wintering at the end of September 2015, and 31 of those col-
onies (91%) survived through the end of March 2016, although
one of the surviving colonies was queenless. No significant
correlation was observed between winter survival and neon-
icotinoid concentrations in pollen or percentage corn area in
the surrounding landscape across the 10 sites (Spearman's rank
correlation tests, p> 0.36 for all tests).

DISCUSSION
For 3 yr, we consistently observed elevated mortality in

adult honey bee workers during corn planting. This surge of
mortality coincided with more frequent detection and higher
concentrations of clothianidin and thiamethoxam in pollen

collected by honey bees during corn planting. The widespread
presence of corn seed treatment insecticides in pollen in-
dicated that the release of seed treatment particles during corn
planting is ubiquitous and that released particles are subject to

FIGURE 4: The number of dead worker bees in closed‐colony assays
increased with the concentration of clothianidin in pollen fed to bees.

FIGURE 5: The relative change in the number of frames occupied by
bees plotted against neonicotinoid content over the periods of late
April to late May (A), late May to late June (B), and late June to mid‐
August (C). Significant relationships are represented by blue regression
lines and associated R2 values.
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aerial transport, in agreement with previous studies (Schaafsma
et al. 2015; Krupke et al. 2017). In addition, our controlled‐
feeding study demonstrated that contaminated pollen col-
lected by bees foraging in corn‐dominated landscapes was
linked to increased worker bee mortality in honey bee colonies.

Together, these lines of evidence strongly indicate a causal
connection between elevated mortality in adult honey bees
and seed treatment insecticides emitted during planting. This
conclusion is further corroborated by recent work in Italy,
where reports of honey bee mortality during corn planting have
decreased since the use of neonicotinoid seed treatments was
suspended in corn (Sgolastra et al. 2017).

One inconsistency must be considered though. The con-
centrations of neonicotinoid insecticides detected in pollen
samples were below the level that would be expected to cause
acute mortality, yet adult mortality was observed in free‐flying
colonies during corn planting and in confined colonies fed
pollen collected during corn planting. Based on a range of
acute oral LD50s for adult workers of 1.11 to 6.76 ng/bee
(Laurino et al. 2013) and predicted pollen consumption for
nurse bees of 6.5mg/bee/d (Rortais et al. 2015), substantial
mortality would only be expected at concentrations >171 ng/g
in pollen. However, neonicotinoid residues detected in bulk
pollen samples may not meaningfully reflect doses received by
individual bees (Sponsler and Johnson 2017). For example, a
bulk pollen concentration of 20 ng/g clothianidin could reflect a
uniform distribution of insecticide, or it could reflect a skewed
distribution in which one or a few pollen pellets carry very high
concentrations while the rest of the pollen is relatively uncon-
taminated. These 2 distributions would have the same mean
concentration but would result in different effects on the
colony. The increase in bee mortality that was consistently
observed after exposure suggests that many worker bees had
ingested a lethal dose of the insecticides. We can therefore
infer that the distribution of neonicotinoid concentrations was
highly skewed in contaminated pollen.

We found that exposure to corn seed treatment insecticides
during planting was associated with changes in colony devel-
opment. Colonies that collected pollen with greater clothianidin
and thiamethoxam contamination in May had slower population
growth, as measured by seams of bees and frame area of
bees, during this period. However, these colonies appeared to
rebound from late May to late June, with faster population
growth compared to the colonies in less agricultural landscapes.
By the final survey interval, late June to mid‐August, there was
no longer an association between insecticide exposure in
May and population change. We also did not observe any
effect of the exposure on overwinter survival of the colonies.
Interestingly, over the summer time frame, colonies surrounded
by more cornfields accumulated stored pollen at a faster rate
than colonies surrounded by less agricultural landscapes.
The increase in food storage may reflect the trend in the
Midwest where conventional corn agriculture is typically asso-
ciated with areas where weedy floral resources such as clovers
(Trifolium spp.) thrive at field margins and roadsides, and other
summer wildflowers are abundant in less arable lands managed
by farmers for Conservation Reserve Programs (Sponsler and

Johnson 2015; Sponsler et al. 2017, McMinn‐Sauder et al. 2020).
In some areas honey bees are observed to collect pollen from
corn during peak bloom (Danner et al. 2014; Wood et al. 2018).
The flowering of soybean, which is often planted in rotation with
corn, may also provide substantial nectar resources in July
(van der Linden 1981; Dolezal et al. 2019). Taken together,
these findings suggest that, although the corn‐dominated
Midwestern agricultural landscapes may pose risks during the
planting season, honey bee colonies may benefit from
the abundant supply of floral resources in Ohio's agricultural
landscape in summer.

Our data on neonicotinoid residues in food stored by honey
bees also suggest that the negative impacts of insecticide ex-
posure during corn planting, while significant at the colony
level, are short‐lived. Although high levels of clothianidin and
thiamethoxam were detected in bee bread sampled immedi-
ately after corn planting, the concentrations declined to the
preplanting level within the following week for most sites.
Contaminated food stored inside the hives was likely con-
sumed, broken down, or otherwise diluted to lower concen-
trations as uncontaminated pollen and nectar were brought in
after planting.

Although we did not observe long‐term colony‐level effects
resulting from corn seed treatment insecticide exposure, the
temporary effects we observed may still be detrimental to
beekeeping operations. In Ohio corn planting coincides with
the critical time when honey bee colonies are recovering from
winter and producing large numbers of new worker bees for
provision of contracted pollination services or early summer
honey production. A sudden increase in worker bee mortality
could set back colony development and reduce the economic
value of the colony (Khoury et al. 2013; Samson‐Robert
et al. 2017). Though not observed in the present study, in ex-
treme scenarios a colony could fall below the collapsing
threshold if it is unable to produce enough workers to offset the
loss (Samson‐Robert et al. 2017). Other negative impacts of
exposure to neonicotinoids have been reported for honey bees
and other pollinators. For example, exposure to sublethal
levels of clothianidin and thiamethoxam could reduce the re-
productive capacity and life span of honey bee queens
and drones (Straub et al. 2016; Tsvetkov et al. 2017; but see
Cutler and Rix 2015). Clothianidin and thiamethoxam can also
affect honey bee immunity against viral diseases (Di Prisco
et al. 2013), reduce survival of colonies under nutritional stress
(Tosi et al. 2017), and exhibit synergistic toxicity in the presence
of other pesticides (Sgolastra et al. 2016; Tsvetkov et al. 2017).

CONCLUSION
The present study confirms that neonicotinoid seed treat-

ment insecticides released during corn planting can enter
honey bee colonies through contaminated pollen collected by
foraging worker bees. Honey bee colonies exhibited elevated
worker bee mortality during planting, corresponding to neon-
icotinoid insecticide exposure through contaminated pollen.
Although the increase in worker bee mortality was linked to a
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temporary reduction in population growth, no adverse effects
were subsequently observed in late summer colony growth or
overwinter survival. However, cautionary measures should still
be taken to minimize unintended exposure.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at https://doi.org/10.1002/etc.4957.
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