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Abstract – Honey bees foraging on and around maize may be exposed to a number of pesticides, including
neonicotinoids, but this exposure has not been well quantified in heterogeneous landscapes. Such landscapes may
provide alternative foraging resources that add to or buffer pesticide risk. We assessed the influence of landscape
context and maize pollen collection on pesticide levels during maize flowering. We quantified pesticides in (1) bee
bread from 49 hives across New York and (2) pollen trapped weekly in one yard. Landscape composition and
percent maize pollen were not related to pesticide levels. Furthermore, pesticide risk was low (< 1% contact LD50) in
all but one of the pollen samples, and maize pollen was absent in the majority of samples. Our results suggest that
hives near maize fields during maize flowering are not necessarily exposed to high levels of neonicotinoids and other
pesticides in pollen, especially if uncontaminated pollen sources exist nearby.
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1. INTRODUCTION

Pesticides have been implicated as a major
cause of bee declines (Potts et al. 2010; Goulson
et al. 2015). Lab and field studies show that field-
relevant pesticide exposure can affect honey bee
queen production, colony size, worker develop-
ment and mortality, and susceptibility to parasites
and pathogens (Wu et al. 2011, 2012; Prisco et al.
2013; Tsvetkov et al. 2017). Of particular concern
is the risk posed by mass-flowering crops, such as
maize and soybeans, due to the volume and types
of pesticides applied, the method of application,
and the high abundance of pollen and nectar
available to bees (Cresswell 2011; Rundlöf et al.
2015). Few studies have investigated how pesti-

cide risk from mass-flowering crops varies across
landscapes and throughout the growing season;
this information could help predict where and
when bees are most likely to encounter high-risk
pesticide exposure (Park et al. 2015; Woodcock
et al. 2017).

As the crop covering the most land area in the
USA, more pesticides by weight are applied to
maize (corn, Zea mays L.) than any other crop in
the country (Fernandez-Cornejo et al. 2014). Bees
foraging in and around maize fields face multiple
routes of pesticide exposure (Krupke et al. 2012).
Similar to other mass-flowering field crops, the vast
majori ty of maize seed is coated with
neonicotinoids, with national estimates ranging
from 75 to 100% of maize acres treated in 2011
(Douglas and Tooker 2015). This class of pesticides
contains some of the highest risk agrochemicals in
terms of toxicity and occurrence in hives (Sanchez-
Bayo and Goka 2014). Seed-treatment
neonicotinoids first enter the environment during
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sowing, when contaminated dust from treated seeds
is released (Krupke et al. 2012). After sowing, bees
can be exposed to seed-treatment neonicotinoids
via two routes. First, residues can reach bordering
crops and wildflowers via leaching into the soil and
wind-blown contaminated dust (Krupke et al. 2012;
Botías et al. 2015; Smart et al. 2016). Second,
because neonicotinoids are systemic insecticides,
they are taken up by plant tissues and can be found
in all parts of a treated plant, including pollen
(Simon-Delso et al. 2015). Residues in maize pol-
len can reach average concentrations of 2.1 ppb
imidacloprid (Bonmatin et al. 2005) and 3.9 ppb
clothianidin (Krupke et al. 2012). Although these
concentrations are low relative to the honey bee
contact LD50 of 440 ppb of both pesticides
(McArt et al. 2017), there is potential of risk be-
cause maize produces a large quantity of pollen that
can be a dominant late-summer foraging resource
(Keller et al. 2005; Odoux et al. 2012). Further-
more, chronic exposure to neonicotinoid concentra-
tions less than 5 ppb can have sublethal effects on
honey bee performance (Sandrock et al. 2014;
Williams et al. 2015).

Bees foraging on maize and non-target wild-
flowers in field margins may also be exposed to a
number of other fungicides, herbicides, and insec-
ticides contained within the seed treatment or
sprayed on maize fields (Fernandez-Cornejo
et al. 2014; Long and Krupke 2016). These other
pesticides may exhibit high toxicity alone or in
combination with each other and neonicotinoids,
resulting in synergistic effects on bee performance
(Gill et al. 2012; Sanchez-Bayo and Goka 2014;
Tsvetkov et al. 2017; Sgolastra et al. 2018).

Despite these multiple potential routes of pesti-
cide exposure, bees may be able to avoid pesticide
risk if there are adequate alternative foraging re-
sources. For example, Park et al. (2015) found that
pesticide-related declines in wild bee abundance
were buffered by the availability of natural areas in
an agricultural landscape, potentially because these
areas provided non-contaminated wildflowers. Hon-
ey bees may also benefit from natural areas, and
colonies surrounded by natural areas have been
shown to have less pesticide residue in their bee
bread than colonies near agricultural areas
(Lawrence et al. 2016). Furthermore, honey bees
have been shown to extend their foraging range to

collect non-maize pollen, suggesting that they prefer
to forage on alternative resources when available
(Danner et al. 2014). At the same time, bees may
also forage on other crops that can contribute to
pesticide residues in bee-collected pollen, and the
area of these crops may be an important determinant
of pesticide risk (McArt et al. 2017). Given the
potential for the surrounding landscape to influence
pesticide exposure, it is important to incorporate
information on landscape context into risk models.

We evaluated the contribution of maize to pes-
ticide exposure and risk to honey bees (Apis
mellifera ) during and after the maize flowering
period in New York. Thirty percent of cropland in
New York is planted in maize (USDA-NASS
2014), and beekeepers in this state have expressed
concern that the health of their colonies may be
related to pesticide applications on this crop. We
predicted that exposure (measured as total pesti-
cide concentration) and risk (a function of pesti-
cide concentration and toxicity) in bee-collected
pollen would be highest in landscapes dominated
by maize fields and other crops. Moreover, be-
cause pesticides may enter the bees’ diet via di-
rectly foraging on maize pollen, we predicted that
exposure and risk would be positively associated
with the proportion of maize pollen grains in bee-
collected pollen. We used a two-prong approach
to test these predictions. In 2015, we sampled bee
bread from hives across western New York during
the maize flowering period, and we related pesti-
cide residues to landscape context and percent
maize pollen collected. In 2016, we sampled
bee-collected pollen in one location once per
week during and after the maize flowering period,
and we tested whether pesticide exposure and risk
covaried with percent maize pollen collected.

2. METHODS

2.1. Pollen sampling

During the maize flowering period in 2015
(late July to mid-August), we sampled 49 hives
within separate bee yards managed by 13 bee-
keepers across western New York (Figure 1). We
contacted beekeepers throughout this period and
timed our visits for when beekeepers observed
maize flowering in fields near each yard. All bee
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yards were within 400 m of maize fields, with a
median distance of 67 m. From one haphazardly
selected hive in each yard, we collected approxi-
mately 4 to 6 g of fresh bee bread, representing ~
70–100 cells, which is the typical mass of pollen
used for pesticide residue analyses (Mullin et al.
2010; Pettis et al. 2013; McArt et al. 2017). Fresh
bee bread appeared chalky, light in color, and
loosely compacted (Klungness and Peng 1983;
Tsvetkov et al. 2017), and it was easily distin-
guished from older, glossier bee bread. Because
~ 80% of bee bread is consumed within 4 days of
pollen collection (Anderson et al. 2014), our sam-
ples integrate several days of foraging. Further-
more, two studies have documented that pesti-
cides dominant in pollen loads were also domi-
nant in fresh bee bread (Frazier et al. 2008;
Manning 2018), suggesting that bee bread resi-
dues reflect recent exposure. Bee bread samples
were immediately placed on dry ice and stored in
a − 80 °C freezer until lab analysis.

In 2016 (late July to mid-September), we used
pollen traps to collect pollen from four hives in
one yard that was 340 m from maize. Pollen was

collected once weekly for 8 weeks, with approx-
imately half of the samples taken during maize
flowering and half after maize flowering. During
each sampling period, between ~ 200 and 500 g of
pollen was collected for 1 to 2 days via a 10-frame
drawer pollen trap (Mann Lake, Hackensack,
MN). The pollen was then mailed to the lab with
ice packs and stored in a − 80 °C freezer immedi-
ately upon receipt. We used pollen traps rather
than bee bread for this longitudinal study so that
the pollen samples represented snapshots in time
rather than pollen collected over potentially over-
lapping time periods.

2.2. Maize pollen identification

We quantified the proportion of maize pollen
grains in bee-collected pollen using standard mi-
croscopy techniques described in McArt et al.
(2017). Briefly, each bee bread sample from
2015 and each pollen trap sample from 2016
was homogenized with a gloved hand for at least
5 min, and a 24-mg subsample was taken. We
added 500 μl DI water, vortexed for 15 s,

Figure 1. Study area in western New York with locations of honey bee yards where pollen was sampled in 2015
(white circles) and 2016 (black circle).
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sonicated for 2 min, and then centrifuged for
3 min at 16,000g . Water was removed, 200 μl
95% ethanol was added, and then the sample was
vortexed and sonicated as previously. Ten micro-
liters of the resulting suspension was added to a
clean glass slide along with 40 μl Calberla’s solu-
tion, mixed, allowed to sit at 25 C for 20 min,
covered with a coverslip, and sealed with clear
nail polish. At × 400 magnification, a transect was
initiated at a random location on each slide, and all
pollen grains that were entirely in the field of view
were classified as either maize or other until a total
of 300 pollen grains was reached.

2.3. Residue analysis

For the 2015 samples, we quantified 23 pesti-
cides (13 insecticides, 9 fungicides, 1 herbicide;
Table I) from bee bread using a modified
QuEChERS extraction protocol (Anastassiades
et al. 2003), described in detail in McArt et al.
(2017). Briefly, for each bee bread sample, a 3 ±
0.004-g subsample was homogenized then proc-
essed via two sequential solid phase extraction
(SPE) cleanup steps. Following cleanup, samples
were analyzed in a triple quadrupole LC-MS/MS
system (Accela liquid chromatograph coupled
with a TSQ Quantum Access mass spectrometer;
Thermo Scientific) equipped with a C18 reversed-
phase column (Kinetex 2.6 μm EVO C18, 150 ×
2.10 mm; Phenomenex). Analyte concentrations
in the final extracts were determined based on the
fitted curves, and limits of detection and quantita-
tion were determined based on the lowest working
calibration point (see McArt et al. 2017 for
details).

For the 2016 samples, we expanded our multi-
residue pesticide analysis and quantified 44 pesti-
cides (19 insecticides, 18 fungicides, 4 herbicides,
2 miticides, 1 synergist; Table II) from trapped
pollen. For each trapped pollen sample, a 5 ±
0.05-g subsample was homogenized in 5 mL of
water, 5 mL of acetonitrile 0.1% acetic acid (con-
taining the internal standards), and 7.5 g of AOAC
extraction buffer (6 g anhydrous MgSO4 + 1.5 g
sodium acetate) and then processed via two se-
quential SPE cleanup steps, as before (McArt
et al. 2017). All samples were then analyzed by
LC-ESI-MS/MS (Vanquish UHPLC coupled with

a TSQ Quantis Mass Spectrometer; Thermo Sci-
entific) equipped with a C18 reversed-phase col-
umn (Accucore aQ 2.6 μm, 100 × 2.10 mm; Ther-
mo Scientific). Detection parameters were opti-
mized for each analyte by infusing a 1 ng/μl
solution in acetonitrile with 0.1% formic acid into
the mobile phase flow. For each analyte, the two
most abundant transitions were monitored. The
most abundant one was used for quantification,
and the other was used for confirmation. Calibra-
tion solutions were prepared in an extracted
pesticide-free matrix in the range of 0.00001–
1 ng/μl. Analyte concentrations in the final ex-
tracts were determined as before, and limit of
quantification was determined based on the
signal-to-noise ratio.

Total pesticide concentration per sample was
calculated by summing concentrations greater
than the limit of quantification. To estimate pesti-
cide risk from residues, we computed a Pollen
Hazard Quotient (PHQ; Stoner and Eitzer 2013).
We first computed a raw PHQ by dividing each
pesticide residue (ng/g pollen) by the respective
honey bee contact LD50 (μg/bee), assuming an
average adult bee weight of 100 mg and that
exposure occurs from contacting a body-weight
equivalent of pollen over 2–4 days (Frazier et al.
2015). Toxicity data for honey bees were obtained
from the Tomlin Pesticide Manual (Tomlin 2013),
the ECOTOX database of the United States Envi-
ronmental Protection Agency (http://cfpub.epa.
gov/ecotox/), and the AgriTox Database of the
French government (http://www.agritox.anses.
fr/index.php). The PHQ values were summed
across pesticides within each sample to assess
total risk.

2.4. Landscape analysis

We analyzed landscape context using the 30-m
resolution Cropland Data Layer (USDA-NASS
2014). We quantified the percent covers of maize
fields, other cropland (soybeans, barley, winter
wheat, rye, oats, speltz, alfalfa, buckwheat, dry
beans, tomatoes, hops, clover, cherries, apples,
grapes, Christmas trees, grass, fallow, triticale,
plums, squash, pumpkins, cabbage, cauliflower,
spring wheat, millet, onion, cucumber, peas, car-
rots, strawberries, turnips, lettuce, potatoes,
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sunflower, and sorghum), and natural or semi-
natural areas (shrubland, developed open, devel-
oped low, deciduous forest, evergreen forest,
mixed forest, woody wetlands, and herbaceous
wetlands, clover/wildflowers) within 2 km of each
hive, covering the typical foraging distance of
honey bees (Visscher and Seeley 1982; Steffan-
Dewenter and Kuhn 2003; Couvillon et al. 2014).

2.5. Statistical analysis

For the 2015 dataset, we tested whether pesti-
cide exposure (total concentration in parts per bil-
lion; ppb) and risk (PHQ) were related to landscape
context and percent maize pollen in bee bread. For
each response variable, we used a generalized lin-
ear mixed model with the Tweedie compound
Poisson distribution, which is appropriate for con-
tinuous zero-inflated data (glmmTMB function,
BTMB^ package,Magnusson et al. 2017). As fixed
effects, we included the percent covers of maize
fields and other cropland within 2 km of the hives
and percent maize pollen in bee bread. We did not

include percent cover of natural areas in the model
because of multicollinearity with the percent covers
of maize and other cropland.We included beekeep-
er identity as a random effect because beekeeper
apiaries were clustered in space, leading to spatial
autocorrelation of pesticide levels, and because
management decisions by the beekeeper, such as
applying miticides, could influence pesticide con-
centrations. Significance was assessed using likeli-
hood ratio tests. Because the concentration of a
single pesticide, phosmet, in one hive was three
orders of magnitude higher than all other detec-
tions, we re-ran the models after removing this
outlier. All analyses here and below were conduct-
ed in R 3.3.1 (R Core Team 2016).

For the 2016 dataset, we used separate linear
mixed-effects models to relate total pesticide ex-
posure (ppb) and risk (PHQ) to percent maize in
trapped pollen. Pesticide exposure, risk, and per-
cent maize pollen were log(x +1) transformed.
Hive identity (four hives) was included as a fixed
effect, and sampling date (eight dates) was includ-
ed as a random effect to account for temporal

Table I. Pesticide residues in recently collected bee bread from 49 hives during maize flowering in 2015. LOD limit
of detection, LOQ limit of quantification, PHQ pollen hazard quotient, NNI neonicotinoid. Pesticides analyzed but
not detected, with LOD and LOQ in parts per billion in parentheses: Atrazine (36; 108), Avermectin B1a (3.6; 10.8),
Boscalid (36; 108), Clothianidin (35.5; 107.7), Fenbuconazole (35.5; 107.7), Fenpyroximate (1.4; 4.3),
Fluxapyroxad (3.6; 10.8), Imidacloprid (3.6; 10.8), Myclobutanil (36; 108), Penthiopyrad (1.4; 4.3), Spinosyn A
(1.4; 4.3), Thiamethoxam (3.6; 10.8)

Compound Type Contact
LD50

(μg/bee)

Limit of
detection
(ppb)

Limit of
quantification
(ppb)

Detections
above
LOD

Detections
above
LOQ

Mean
concentration
when above
LOQ (ppb)

Cyprodinil Fungicide 100 0.4 1.1 8 7 2.32

Trifloxystrobin Fungicide 200 0.4 1.1 5 2 1.66

Acetamiprid Insecticide
(NNI)

7.9 1.4 4.3 3 1 8.22

Thiophanate-Me Fungicide 100 1.4 4.3 3 1 8.04

Carbaryl Insecticide 0.84 3.6 10.8 2 0 0

Phosmet Insecticide 0.62 355 1077 1 1 1173.43

Chlorantraniliprole Insecticide 4 3.6 10.8 1 0 0

Difenoconazole Fungicide 101 1.4 4.3 1 0 0

Indoxacarb Insecticide 0.118 36 108 1 0 0

Spinetoram J Insecticide 0.024 1.4 4.3 1 0 0

Thiacloprid Insecticide
(NNI)

37.83 3.6 10.8 1 0 0
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autocorrelation (lmer function, Blme4^ package,
Bates et al. 2018).

3. RESULTS

3.1. 2015—across landscapes

The landscape within 2 km of each bee yard
was dominated by either natural land area (median
cover 51%, range 24–88%) or crops other than
maize (median cover 23%, range 4–51%). Maize
was always present but never a dominant land use
(median cover 13%, range 1–36%).

In total, we detected 11 pesticides in the bee
bread samples collected in 2015 (Table I). Pes-
ticides were detected in 33% of samples (16 of
49 hives), and the most commonly detected

pesticides were two fungicides: cyprodinil and
trifloxystrobin. With one exception, total pesti-
cide concentrations and pollen hazard quotients
were generally low when pesticides were detect-
ed (< 2 ppb and < 0.1% of the contact LD50,
respectively). In one hive, phosmet was found
at a concentration of 1173 ppb (18.9% contact
LD50). In this hive, bee bread contained 0.34%
maize pollen, and the percent cover of sur-
rounding maize fields was relatively low
(6.1%). Across all hives, bee bread always
contained less than 5% maize pollen, with
maize pollen absent in 61% of samples. There
were no detections of the three most commonly
u s e d s e e d - t r e a tmen t n eon i c o t i n o i d s
(imidacloprid, clothianidin, and thiamethoxam,
Douglas and Tooker 2015).

Table II. Pesticide residues in trapped pollen from bee hives during and after maize flowering in 2016 (n = 22
samples total). LOD limit of detection, LOQ limit of quantification, PHQ pollen hazard quotient. Pesticides
analyzed but not detected, with LOD and LOQ in parts per billion in parentheses: Avermectin B1a (0.76; 2.51),
Boscalid (14.29; 47.14), Carbaryl (1.9; 6.29), Chlorpyrifos (95.24; 314.29), Clothianidin (15.24; 50.29), Couma-
phos (1.9; 6.29), Cyantraniliprole (0.16; 0.53), Difenoconazole (0.48; 1.57), Dithiopyr (20.19; 66.63), Emamectin
B1a (0.05; 0.16), Emamectin B1b (0.19; 0.63), Fenbuconazole (1.9; 6.29), Fenpyroximate (0.19; 0.63), Fluopyram
(0.48; 1.57), Fluxapyroxad (1.9; 6.29), Indoxacarb (1.9; 6.29), Metolachlor (0.48; 1.57), Myclobutanil (0.95; 3.14),
Penthiopyrad (0.95; 3.14), Phosmet (1.9; 6.29), Prodiamine (19.81; 65.37), Propiconazole (0.58; 1.92), Pyrimethanil
(0.95; 3.14), Spinetoram J (0.07; 0.24), SpinetoramL (0.02; 0.08), Spinosyn A (0.02; 0.07), SpinosynD (0.01; 0.05),
Thiacloprid (0.3; 1.01), Thiamethoxam (1.79; 5.91), Trifloxystrobin (0.19; 0.63)

Compound Type Contact
LD50

(μg/bee)

Limit of
detection
(ppb)

Limit of
quantification
(ppb)

Detections
above
LOD

Detections
above
LOQ

Mean
concentration
when above
LOQ (ppb)

Piperonyl butoxide Synergist 17 0.05 0.16 13 8 0.39

Azoxystrobin Fungicide 200 0.05 0.16 9 2 0.61

Thiophanate-Me Fungicide 100 0.05 0.16 6 6 0.54

Chlorantraniliprole Insecticide 4 0.1 0.31 5 2 0.59

Amitraz Miticide 50 0.005 0.016 4 3 0.07

Cyflufenamid Fungicide 100 0.97 3.21 3 1 3.39

Pyraclostrobin Fungicide 100 0.05 0.16 2 1 0.51

Acetamiprid Insecticide
(NNI)

7.9 0.3 0.97 2 0 0

Nitenpyram Insecticide
(NNI)

0.138 2.02 6.66 1 1 10.42

Cyprodinil Fungicide 100 0.48 1.57 1 1 4.75

Atrazine Herbicide 97 0.58 1.9 1 0 0

Imidacloprid Insecticide
(NNI)

0.044 0.69 2.26 1 0 0

Penconazole Fungicide 12 1.9 6.29 1 0 0

Propamocarb Fungicide 100 0.19 0.63 1 0 0
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Pesticide exposure, measured as total pesticide
concentration (ppb), was not related to landscape
context (percent cover maize fields: χ 2(1) = 0.81;
p = 0.37, Figure 2a; other cropland: χ 2(1) =
0.0092; p = 0.92, Figure 2b) or percent maize
pollen in bee bread (χ 2(1) = 0.46; p = 0.50,
Figure 2c). Similarly, pesticide risk was not relat-
ed to landscape context (percent cover maize
fields χ 2(1) = 2.78; p = 0.10, Figure 2d; other
cropland: χ 2(1) = 0.08; p = 0.77, Figure 2e) or
percent maize pollen in bee bread (χ 2(1) = 0.30;
p = 0.58, Figure 2f). These relationships remained
non-significant after removing the outlying
phosmet concentration (p > 0.09 in all cases).

3.2. 2016—across time

The yard sampled in 2016 had similar land-use
values as the median values of the 2015 yards.
Natural area was dominant (52% cover), followed
by cultivated crops other than maize (20%) and

maize (12%). In total, we detected 14 pesticides
in 2016 (Table II). The mostly commonly detected
pesticides were piperonyl butoxide (synergist),
azoxystrobin (fungicide), and thiophanate methyl
(fungicide). Pesticides were detected in all of the
samples, but the total risk per sample was always
less than 1% of the contact LD50. Of the three most
commonly used neonicotinoids for maize seed
treatment, there was one detection of imidacloprid
and no detections of thiamethoxam or clothianidin.
Maize pollen collection varied across time (median
0%, range 0–48%), and maize pollen was absent in
59% of samples (13 of 22 samples).

Neither pesticide exposure (total pesticide con-
centration) nor pesticide risk (PHQ) was signifi-
cantly related to the percent maize pollen in trapped
pollen (χ 2(1) = 0.83; p = 0.36; χ 2(1) = 0.63; p =
0.43). Maize pollen collection was highest on the
first sampling date (29 July, Figure 3a), while pes-
ticide exposure (Figure 3b) and risk (Figure 3c)
peaked in mid-August.

Figure 2. Relationships between total pesticide concentration in bee bread (a –c ) or pollen hazard quotient (d –f )
and percent cover of maize fields within 2 km of hives, percent cover of other cropland within 2 km of hives, and
percent maize pollen in bee bread. Note the break in the pollen hazard quotient y -axis.
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4. DISCUSSION

In this study, we assessed spatial and temporal
variation in pesticide residues in bee-collected pol-
len to understand how foraging in and around
maize fields may expose bees to pesticides. Con-
trary to our predictions, neither landscape context
nor percent maize pollen was related to pesticide
concentration or risk. Furthermore, pesticide risk
was low (< 1% contact LD50) in all but one of the
pollen samples, and maize pollen was absent in the
majority of pollen samples. These results demon-
strate that honey bees in our study area typically
foraged on alternative pollen sources with low
pesticide risk and that collecting low quantities of
maize pollen did not increase risk.

Recent studies have shown that neonicotinoids
and other pesticides in agricultural landscapes are
ubiquitous across space (Krupke et al. 2017) and
throughout the growing season (Long and Krupke
2016; Tsvetkov et al. 2017). The agricultural areas
surveyed in these previous studies were dominated
by a combination of maize and soybeans, which,
on average, composed more than 50% of the land-
scape surrounding hives (Long and Krupke 2016;
Tsvetkov et al. 2017). In contrast to previous stud-
ies, we conducted our study in a less intensive and
more heterogeneous agricultural system dominated
by natural landcover interspersed with cropland.
Maize and soybeans, combined, composed on av-
erage 18% of the landscapes surrounding hives;
only 1 of the 49 sites was surrounded by more than
50% soy andmaize. Ourmore heterogeneous study
area likely provided bees with accessible, alterna-
tive pollen sources, such as other flowering crops
and wildflowers. The consistently low maize pol-
len collection in 2015 suggests that bees may have
preferred these resources over maize. Furthermore,
the observed low pesticide prevalence and risk
suggest that these alternative pollen sources had
little or no pesticide contamination. One possible
explanation for this low contamination of alterna-
tive pollen sources is that, compared to intensive
systems, fewer pesticides were entering the envi-
ronment due to the lower area of cropland treated
with neonicotinoids and other pesticides. Addition-
ally, hedgerows and forests in the heterogeneous
landscape may have acted as natural windbreaks,
substantially reducing drift (Ucar and Hall 2001),
and bees may have foraged on wildflowers in areas
far from treated fields. It is also possible that
growers minimized the volume of neonicotinoids
and other pesticides applied to crops, but we lack
pesticide application data for the maize fields or
other surrounding crops. However, we are confi-
dent that the vast majority of maize fields surround-
ing hives were treated with neonicotinoids, as at
least 75% ofmaize acres in the USAwere treated in
2011 (Douglas and Tooker 2015), and the applica-
tion rate of neonicotinoids on maize in New York
nearly doubled from 2011 (9.5 g/acre/year) to 2014
(17.5 g/acre/year, USDA-NASS 2017). Regardless
of the mechanism resulting in low pesticide risk,
our results suggest that previous findings of preva-
lent pesticide exposure and risk during and after

Fig. 3 Percent maize pollen (a ), total pesticide concen-
trations (b ), and pollen hazard quotients (c ) in 22
pollen-trap samples from four hives. Note that Hive 3
was only sampled on four dates.
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maize flowering may not be applicable to less
intensive agricultural systems.

Hives in the 2016 bee yard collected up to 48%
of their pollen from maize on one sampling date.
On this date, pesticide residues were relatively low,
no neonicotinoids were detected, and the most
common compound was piperonyl butoxide,
which is a synergist applied to a number of crops.
The absence of neonicotinoids on this date suggests
that maize surrounding the 2016 bee yard was not
treated with neonicotinoids or that the variety of
maize accumulated few neonicotinoid residues in
its pollen (Bonmatin et al. 2005; Krupke et al.
2012). Because maize pollen collection was
highest on the first day of sampling, we may have
missed peak pollen release in the surrounding
maize fields. While we may have therefore
underestimated total maize pollen collection in this
one yard in 2016, our data suggest that additional
foraging on maize pollen in this particular field in
2016 may not have increased neonicotinoid expo-
sure. Comparing across years, we found a higher
percentage of maize pollen in 2016 samples than
2015 samples. This difference may be a function of
the pollen sampling method. Trapped pollen, sam-
pled in 2016, represents a snapshot over 1 to 2 days,
allowing us to track fine-scale variation in pollen
collection over time. Fresh bee bread, sampled in
2015, integrates over ~ 4 to 5 days of foraging
(Anderson et al. 2014), and other pollen collected
during this time period could have diluted the
percentage of maize pollen in the sample. Any
residues on maize pollen were probably also dilut-
ed to low or non-detectable levels, and consistently
low pesticide levels and maize pollen collection
likely led to our finding that these variables were
not related in 2015.

While neonicotinoids are some of the most toxic
pesticides to bees, we also analyzed a suite of other
pesticides that may be present in the landscape
(Fernandez-Cornejo et al. 2014). Similar to the
results from Indiana (Krupke et al. 2012; Long
and Krupke 2016), two of the most prevalent pes-
ticides were the fungicides azoxystrobin and
trifloxystrobin. Both of these fungicides are used
in seed treatments and are also sprayed on maize
during anthesis (Munkvold 2009). Little research
has been conducted on synergisms between these
two fungicides and neonicotinoids or other

insecticides. However, fungicides known to have
direct and synergistic effects on bee performance,
mainly ergosterol biosynthesis inhibitors, were not
prevalent (Pettis et al. 2013; Fernandez-Cornejo
et al. 2014; Tsvetkov et al. 2017). Phosmet, detect-
ed in one site, had the highest concentration
(1173 ppb) and pollen hazard quotient (18.9% of
the contact LD50). This pesticide is widely applied
to fruit crops at a high application rate compared to
other foliar pesticides (Park et al. 2015), and other
studies have found phosmet in bee pollen at similar
or higher concentrations (Stoner and Eitzer 2013;
Sanchez-Bayo and Goka 2014).

There are four caveats to consider when
interpreting our results. First, due to limitations of
the liquid chromatography-mass spectrometry
method, we could not screen for glyphosate, which
is applied at relatively high volumes on maize in
New York (USDA-NASS 2017). This pesticide is
generally considered low risk to bees (but see
Balbuena et al. 2015; Motta et al. 2018 regarding
sub-lethal effects) and likely would not contribute
substantially to our risk results. Second, aside from
the small amounts of nectar within bee bread, we
did not account for pesticides in nectar. Tsvetkov
et al. (2017) found that agrochemicals were approx-
imately three times more prevalent in pollen sam-
ples than nectar samples, and average neonicotinoid
concentrations were higher in pollen than nectar.
While these results suggest that pollen better reflects
total pesticide risk, pesticides can be present in
nectar of crops and wildflowers in field margins at
concentrations that can pose risk to bees (Stoner and
Eitzer 2012; Botías et al. 2015). Third, pollen haz-
ard quotients are approximations of pesticide risk
and do not take into account sublethal effects from
chronic exposure, synergistic interactions within
pesticide formulations and between pesticides, and
risk posed to larvae, which is the stage that con-
sumes the most bee bread (Aliouane et al. 2009;
Gill et al. 2012; Sandrock et al. 2014; Sgolastra
et al. 2018). Nonetheless, pollen hazard quotients
allow for comparing relative risk in a biologically
meaningful way by taking into account pesticide
toxicity and exposure (Stoner and Eitzer 2013).
Lastly, it is important to note that because our aim
was to quantify the risk of pesticides during and
after maize flowering, we did not quantify exposure
and risk during sowing, which can be high enough
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to lead to acute mortality of bees (Marzaro et al.
2011; Samson-Robert et al. 2017).

Taken together, our study suggests that hives
located near maize fields during maize flowering
are not necessarily exposed to high concentrations
of neonicotinoids and other pesticides, particularly
in heterogeneous landscapes. The availability of
alternative, uncontaminated pollen sources in het-
erogeneous landscapes likely helps protect bees
from high pesticide risk. Our findings contrast with
those frommore intensive cropping systems, where
honey bees face chronic pesticide exposure
(Krupke et al. 2012; Long and Krupke 2016) and
where most US maize is produced. Repeating this
study over a wider gradient of land-use intensities,
or quantifying land use around sites where pesti-
cides in hives have already been measured (e.g.,
Mullin et al. 2010; Mullen et al. 2017; Tosi et al.
2018), could improve our understanding of how
landscape context may mediate the risk posed by
pesticides applied to mass-flowering crops.
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