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ABSTRACT: Neonicotinoids are systemic insecticides widely used on many pollinated agricultural crops, and increasing
evidence indicates that they move to some extent into pollen and nectar. This study measured levels of neonicotinoid residues in
pollen and nectar from a pumpkin crop treated with formulated products containing imidacloprid, dinotefuran, and
thiamethoxam using different timings and application methods. Environmental conditions have a significant effect on overall
residue levels; nectar residues were 73.5−88.8% less than pollen residues, and metabolites accounted for 15.5−27.2% of the total
residue amounts. Foliar-applied treatments and chemigated insecticides applied through drip irrigation during flowering resulted
in the highest residues of parent insecticide and metabolites, which may reach average levels up to 122 ng/g in pollen and 17.6
ng/g in nectar. The lowest levels of residues were detected in treatment regimens involving applications of insecticides at
planting, as either seed dressing, bedding tray drench, or transplant water treatment.
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■ INTRODUCTION
The role that pesticides play in pollinator decline has been the
focus of intensive debate and research in recent years.
Agricultural-applied pesticides have been hypothesized as a
stress factor affecting honey bee health, although there is no
conclusive scientific evidence to support this claim.1 In
particular, neonicotinoid insecticides, such as imidacloprid,
thiamethoxam, clothianidin, and dinotefuran, have been
conjectured to potentially expose pollinators due to their
wide uses as soil- and foliar-applied systemics on many
agricultural crops. They are very effective against a broad
spectrum of insect pests and also highly toxic to most
pollinators.2 Testing for effects in nontarget insect pollinators,
such as honey bees, is required by the U.S. EPA when the end-
use product is intended for outdoor use and honey bees may be
exposed to the pesticide. Honey bee acute contact toxicity is
measured by topical applications to individual bees in a
laboratory study designed to measure the quantity of pesticide
that will cause 50% mortality (LD50). A pesticide is classified
highly toxic to honey bees if the LD50 is <2 μg/bee.3 Contact
LD50 doses for imidacloprid, thiamethoxam, clothianidin, and
dinotefuran are all below 0.1 μg/bee.4,5 Once applied to a crop,
neonicotinoids are absorbed by the roots or leaves and then
xylem transported in the vascular system through the plant,
where they can persist for weeks following application.6−8

Generally, they are less likely to move translatorally from leaves
to the fruiting structures; however, there is increasing evidence
that neonicotinoids move to some extent into pollen and
nectar.9,10

Several studies of residues in bee-collected pollen and bee
products have shown that honey bees are exposed to

neonicotinoids.11 In these studies, the average imidacloprid
residue levels in positive pollen samples ranged between 0.9
and 3.1 ng/g, whereas residues of the imidacloprid metabolite,
6-chloronicotinic acid, barely exceed the limit of detection, with
average concentrations of 1.2 ng/g both in pollen and in
honey.11 A few studies have measured residue levels of
neonicotinoids and the major metabolites in pollen and nectar
collected from seed-treated crop plants. Seed treatments
represent the largest single use of neonicotinoids, yet residue
levels of imidacloprid ranged from 2 to 5 ng/g in pollen and are
>1.5 ng/g in nectar of seed-treated corn, sunflower, and
rape.9,12 Clothianidin residues have also been detected in pollen
and nectar samples from honey bee colonies foraging in seed-
treated canola fields.13 The maximum residue level was 2.6 ng/
g in pollen and 2.2 ng/g in nectar, although the majority of
samples had no detectable residues.
To the best of our knowledge, no information has been

published on residues of neonicotinoids in pollen and nectar
collected directly from crops that are treated after planting and
closer to flowering. For many crops such as cucurbits,
neonicotinoids can be applied through drip irrigation or as
foliar applications anytime during the crop cycle, except within
the days-to-harvest restriction (preharvest) intervals, which vary
from 0 to 30 days depending on the product. Thus, label
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directions allow treatments during flowering provided that bees
are not active at the time of application. In the present study,
we measured levels of insecticide residues in pollen and nectar
collected from a pumpkin crop treated with label rates of
several neonicotinoids using different timings and application
methods. We hypothesize that higher residues will be present in
pollen and nectar if treatments are applied closer to flowering,
but will depend on the particular insecticide, the application
rate used, and the time and method of application. The results
of this study address the potential exposure to pollinators
through pollen and nectar associated with several neonicotinoid
insecticides.

■ METHODS AND MATERIALS
Experimental Design. The study involved a field experiment and

residue analysis repeated in 2009 and 2010. The field experiment was
located at the Central Maryland Research and Education Center,
Beltsville Facility, Beltsville, MD, USA. We used pumpkin (Cucurbita
pepo L. var. ‘Howden’) as a surrogate crop system to represent the
cucurbit crop grouping because the staminate flowers are relatively
large and numerous, produce nectar in the easily accessible cavities at
the base of the stamens (63−79 μL/day/flower), and produce copious
pollen (47 μg/flower).14 In both years, seedling plants were grown
with untreated seed under typical greenhouse conditions without
exposure to pesticides and then transplanted onto plastic mulch beds
during early June. A replicate treatment plot consisted of a single row
15 m long, containing 18 plants spaced 0.9 m apart. Rows were spaced
15 m apart to avoid overlap of vines and potential contamination
between treatments. Treatment plots were arranged in a randomized
complete block design with four replicates. The pumpkin crop
received a broadcast application of fertilizer prior to laying of the
plastic mulch, and later plants were fed additional nitrogen by drip
chemigation. Foliar applications of the fungicide chlorothalonil (Bravo;
Helena Chemical Co.) were applied several times during the crop
cycle to prevent leaf diseases. With the exception of the wide row
spacing, all cultural practices were implemented according to
commercial production recommendations.
Insecticide Treatment Regimens. As part of the 2009 study, we

conducted a telephone survey of crop consultants and entomologists
in major production areas and had open discussions with growers to
determine how neonicotinoid insecticides are used on cucurbit crops.
Survey results showed that the application methods used by growers
varied widely, depending on the insect pest complex. For production
areas where only early-season pests are a problem, bedding-tray
drenches and transplant water treatments at planting were the most
common practices. For areas with season-long insect pest pressure,
foliar treatments and chemigation through drip irrigation during the
crop cycle were used more often.
On the basis of survey results, the 2009 experiment included nine

treatment regimens consisting of different neonicotinoid insecticide
application methods (total of 36 plots) as follows: (1) bedding-tray
drench of imidacloprid (Admire Pro, 55% active ingredient (ai); Bayer
CropSciences, Durham, NC, USA) applied at a reduced rate of 0.005 g
per plant (or 30 g ai/ha); (2) transplant water treatment of
imidacloprid (Admire Pro) applied during planting (low label rate of
281 g ai/ha); (3) transplant water treatment of imidacloprid (Admire
Pro) applied during planting (high label rate of 422 g ai/ha); (4) split
treatments of imidacloprid (Admire Pro) applied as half rate in
transplant water (211 g ai/ha) and the remaining half rate applied 3
weeks later by drip irrigation; (5) split treatments of dinotefuran
(Venom, 70% ai;Valent U.S.A., Walnut Creek, CA, USA) applied as a
half rate (151 g ai/ha) in transplant water and the remaining half rate
applied 3 weeks later by drip irrigation; (6) two foliar treatments of
dinotefuran (Venom), each 151 g ai/ha at 4 and 6 weeks after
transplanting; (7) split treatments of thiamethoxam (Platinum, 21.6%
ai; Syngenta Crop Protection, Greensboro, NC) applied as a half rate
(96 g ai/ha) in transplant water and the remaining half rate applied 3
weeks later by drip irrigation; (8) two foliar treatments of

thiamethoxam (Actara, 25% ai; Syngenta Crop Protection), each 96
g ai/ha, oz/acre, at 4 and 6 weeks after transplanting; and (9) an
untreated control. The same treatments were evaluated in 2010, except
treatment 3 was deleted and three additional treatments were added
(11 treatments for a total of 44 plots). We evaluated two- and three-
way split applications of the systemic carbamate insecticide oxamyl
(Vydate L, 24% ai; DuPont Co., Wilmington, DE, USA), each applied
at the rate of 140 g ai/ha by drip irrigation. In one regimen, three
weekly treatments were applied commencing 1 week after trans-
planting, and the other involved two treatments applied one and three
weeks after transplanting. We also evaluated a new seed dressing
application (FarMore Technology by Syngenta Crop Protection),
which delivered 0.75 mg ai of thiamethoxam per seed (or 4.5 g ai/ha)
and three fungicides (i.e., fludioxonil, mefenoxam, azoxystrobin). This
treatment was direct-seeded by hand into plots 10 days prior to the
establishment of the other plots. Seed dressing is a more convenient
and economical control strategy, with a lower dose per hectare to
minimize environmental exposure.

In both years, transplant treatments were applied by drenching 0.25
L of solution around each seedling immediately after transplanting.
Foliar treatments were applied with a CO2 backpack sprayer and 3 m
boom with six hollow cone nozzles, delivering 188 L/ha of diluted
spray at 40 psi. Drip treatments were applied using CO2 pressure to
first force 8 L of water through the drip line to prime emitters,
followed by 8 L of the treatment solution, and then 8 L of water to
flush out the line. All transplant and drip treatment rates were based
on a plant population of 5977/ha, typical of a commercial field with
the recommended row and plant spacing.

Flower and Leaf Sampling. During flowering (ca. 5 weeks after
transplanting), wax-coated paper bags were placed over staminate
flower buds that had not yet bloomed to prevent pollinator visits. Bags
were twisted at the lower open end to secure the bag around the
peduncle or stem of the flower. Bags with open flowers were removed
the following day and brought to the laboratory to extract nectar and
pollen. Each flower was dissected by removing the calyx and corolla to
expose the single filament of anthers and receptacle base. Nectar was
secreted from a layer of tissue lining the bottom cavity at the base of
the filament. Nectar was collected with a 1 mL syringe by drawing
liquid from this cavity. Extractions were made on multiple flowers
(usually 40−50 per replicate) until 1.5 mL had been collected from
each treatment plot. After nectar was extracted, pollen from the anther
stalk of flowers was dislodged to collect at least 3 g per plot. At all
steps in sample collection and processing, separate tools for each
treatment were used, disposable gloves were changed between
samples, and other quality assurance measures were deployed to
minimize cross-contamination.

In both years, the flower bagging and extraction process was
repeated two and sometimes three times over a period of 7−10 days to
collect the required quantities for analysis. Residues detected in these
cumulative quantities of nectar and pollen represented the average
level present during the entire collection period. One exception was
that a separate sample of nectar and pollen was extracted from flowers
after each foliar treatment of dinotefuran and thiamethoxam in 2010.
Leaf samples were also collected in 2010 from all plots but after the
second foliar treatments were applied (ca. 7 weeks after transplanting).
Fully expanded leaves (10−15) were randomly removed for each plot
and subsampled to obtain a composite sample of ca. 5 g of tissue for
analysis. All samples were stored in 15 mL centrifuge tubes at −80 °C
until ready for residue analysis.

Residue Analysis. Standards and Reagents. Analytical
reference materials of imidacloprid (99.4%), imidacloprid olefin
(97.9%), imidacloprid, 5-hydroxy (99.3%), imidacloprid urea
(99.4%), desnitro imidacloprid olefin (97.5%), desnitro
imidacloprid HCl (97.9%), 6-chloronicotinic acid (99.3%),
thiamethoxam (98.9%), thiamethoxam metabolite CGA-
322704 (clothianidin, 97.4%), dinotefuran (99.8%), dinotefuran
UF (99.7%), and oxamyl (99.3%), as well as the internal
standard 13C-d3-imidacloprid (1 μg/μL solution), were all
obtained from the U.S. EPA National Pesticide Standard
Repository (Ft. Meade, MD, USA). Working standard solutions
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were prepared from stock solutions in acetonitrile (ACN).
Calibration standards were prepared in each matrix by fortifying
extracted control samples at the final stage, at four to five
concentration levels ranging from the limit of detection (LOD)
to 10 times the limit of quantitation (LOQ). Control samples
of pumpkin foliage were obtained from untreated pumpkin field
trials, whereas control pollen samples were obtained from the
local market (Organic Bee Pollen, Dietary Supplement, Y. S.
Organic Bee Farms, Sheridan, IL, USA). The laboratory
prepared control nectar samples by mixing a sugar solution
composed of 60% sucrose + 20% glucose + 10% fructose to
mimic the sugar composition of cucurbit nectar.15 The LOD
was determined by obtaining a signal-to-noise (S/N) ratio of
>3:1 for two monitored precursor/product ion transitions in
the liquid chromatography−tandem mass spectroscopy (LC-
MS/MS) process. The LOQ was estimated as 3.33 times the
LOD achieving a S/N ratio of 10:1 for the quantification ion
transition and at least 3:1 for the confirmation ion transition.
The LOD for the investigated parent neonicotinoid insecticides
imidacloprid, dinotefuran, and thiamethoxam was 0.2 ng/g
(ppb) and was 7 ng/g for the carbamate insecticide oxamyl,
whereas the LOD ranged from 0.2 to 3 ng/g for the
metabolites.
Sample Preparation. Extraction and cleanup of pumpkin foliage,

pollen, and nectar were performed using a refined method previously
developed and published.16 Briefly, homogenized samples (3 g) were
extracted with 12 mL of water and 15 mL of 2% triethylamine (TEA)
in ACN by shaking in a Geno/Grinder (SPEX CertiPrep Inc.,
Metuchen, NJ, USA) for 2 min at 1200 strokes per minute. To each
sample were added 6 g of magnesium sulfate anhydrous (MgSO4) and
1.5 g of sodium acetate (NaOAc) (UCT, Bristol, PA, USA), and the
samples were shaken again using the Geno/Grinder at 1200 strokes
per minute for another 2 min. Samples were then centrifuged (Jouan
Inc., VA, USA) for 5 min at 2500 rpm. The organic supernatant was
transferred to a 15 mL tube containing 0.5 g of MgSO4 to remove
moisture and shaken by hand or with a vortex. An aliquot of the
extract was passed through a C18 solid phase extraction (SPE)
cartridge (1 g, Phenomenex, Torrance, CA, USA) preconditioned with
3 mL of 2% TEA in ACN with the aid of a vacuum or positive pressure
and rinsed with an additional 10 mL of 2% TEA/ACN. The combined
eluants were evaporated to dryness in a water bath under a stream of
N2. Samples were then reconstituted to 1 mL of water/methanol
(75:25) by adding 1 mL of the internal standard solution (10 ng/mL
in water/methanol (75:25)). Samples were filtered through 0.7 μm
glass microfiber filter disks (GF/F, Whatman, Maidstone, U.K.)
followed by 0.2 μm nylon filter discs (Pall Life Sciences, Ann Arbor,
MI, USA) into liquid chromatography (LC) vials.

Liquid Chromatography−Tandem Mass Spectrometry (LC-MS/
MS) Instrument. The LC-MS/MS instrument consisted of a Waters
Acquity ultraperformance liquid chromatograph (UPLC) equipped
with a 10 cm × 2.1 mm (i.d.), 1.8 μm particle size, Acquity HSS T3
column (Waters, Milford, MA, USA) coupled to a Waters Xevo TQ
triple-quadrupole mass spectrometer operated in the positive electro-
spray ionization mode. The LC was operated under gradient
conditions with mobile phases of water/methanol (95:5) + 5 mM
ammonium formate + 0.1% formic acid (A) and water/methanol
(5:95) + 5 mM ammonium formate + 0.1% formic acid (B) at a flow
rate of 0.35 mL/min and 40 °C. The initial mobile phase composition
was 95% A, which was held for 3 min, followed by a linear gradient to
40% B in 12 min and then to 95% B in 1 min, and was held for 1 min
to rinse the column. The analytical column was then equilibrated at
the initial conditions for 2 min for a total run time of 19 min. The
injection volume was 5 μL. The MS source temperature was set at 120
°C with nitrogen flow rates of 50 and 1000 L/h for the cone and
desolvation gases, respectively. The desolvation temperature was 450
°C. Argon was used as the collision gas with a flow of 0.15 mL/min,
which produced a pressure of 4 × 10−3 mbar in the collision cell. The
mass spectrometer was operated in multiple reaction monitoring mode
(MRM) with monitoring of two precursor/products ion transitions for
each analyte. The target ion transition with highest intensity (primary
ion transition) was used for quantitation, whereas the second target
ion transition was used for confirmation. Further confirmation was
obtained through the ratio between the two ion transitions for each
analyte, which was within 20% of the ratio between the same ion
transitions in standards. The instrument uses Target Lynx software
version 4.1 (Waters Corp.) for quantitation and confirmation
calculations. Ion transitions, cone voltages, and collision energies for
the analytes are the same as those published earlier.16

Sample Analysis and Quality Assurance. A typical analytical set
run on the LC-MS/MS included four to five calibration standards in
matrix, a reagent (procedural) blank sample, a control sample, a matrix
spike sample fortified at 2 × LOQ with all analytes, followed by 10
samples, then a calibration check standard injection. This sequence
was repeated for more samples, and the sample set ended with at least
one calibration check standard injection. Quality assurance/quality
control (QA/QC) criteria were met for the majority (>95%) of the
samples including a relative percent difference (RPD) not to exceed
20% for calibration checks and for recoveries for the matrix spike to fall
within the recoveries achieved during method validation.16 Analyte
concentration was calculated using the internal standard method, by
dividing the analyte peak area by the internal standard (IS) area (13C-
d3-imidacloprid) and multiplying by the IS concentration (10 ng/mL).

Statistical Analysis. Residue data for the parent and metabolite
compounds were averaged by year to calculate means and ranges for

Table 1. Residue Levels of the Neonicotinoid Insecticides Imidacloprid, Dinotefuran, Thiamethoxam, and Their Respective
Metabolites Detected in Pollen Collected from Flowers of a Pumpkin Crop Treated with Different Rates and Application
Methods, 2009

parent compound (ng/g) metabolitesa (ng/g)

insecticide treatment regimen meanb min max meanb min max

imidacloprid, LOD = 0.2 ng/g bedding drench 4.9 c 3.3 6.7 0.7 b 0.1c 2.7
transplant (low) 36.7 b 30.1 40.1 11.4 a 8.3 16.6
transplant (high) 60.9 ab 40.5 86.6 17.5 a 10.6 21.9
transplant-drip 80.2 a 52.3 101.0 19.1 a 13.2 27.5

dinotefuran, LOD = 0.2 ng/g transplant-drip 57.5 a 44.0 69.2 10.3 b 8.1 12.0
two foliar 88.3 a 36.0 147.0 17.1 a 14.6 21.1

thiamethoxam, LOD = 0.2 ng/g transplant-drip 68.0 a 54.8 90.4 21.0 a 13.8 41.2
two foliar 95.2 a 60.7 127.0 26.8 a 9.8 35.1

aImidacloprid metabolites included imidacloprid olefin, 5-OH imidacloprid, imidacloprid urea, imidacloprid desnitro olefin, imidacloprid desnitro
HCl, and 6-chloronicotinic acid; dinotefuran metabolite is UF (1-methyl-3-(tetrahydro-3-furylmethyl)urea); thiamethoxam metabolite is
clothianidin. bMeans within a column followed by the same letter are not statistically significant (Tukey p < 0.05). cNondetected (ND) samples
were scored a value of half the LOD for statistical analysis.
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each treatment regimen (Tables 1−5). Nondetected (ND) samples
were scored a value of half the LOD, whereas samples with detected
traces between LOD and LOQ were scored 0.2 ng/g (LOD) for the
parent neonicotinoids and the LOD value of each metabolite.
Differences between treatment regimens were determined by the
mixed model procedure of ANOVA, and Tukey’s procedure tested
multiple mean comparisons at a significance level of p < 0.05. We did
not include control data in the analyses because the primary aim was
to test for differences among treatment regimens. Correlations
between matrices and data by year were evaluated with Pearson’s
coefficient (r). All statistical analyses were performed using SAS
(version 9.1.3) software.

■ RESULTS AND DISCUSSION

The parent neonicotinoids and several metabolites were
identified and quantified in 92.1, 88.2, and >98% of the pollen,
nectar, and leaf samples from the treated plots, respectively. We
also detected low levels of residues exceeding the LOD in 38%
of the pollen and nectar samples from untreated control plots,
of which the majority were thiamethoxam and clothianidin.
These background levels could increase the total residue
amounts but to a minor extent and only the thiamethoxam
treatments. Means and ranges of parent and metabolite residues
in pollen and nectar for each treatment regimen by year are
presented in Tables 1−4. Nectar residues were consistently
lower than pollen residues by 73.5−88.8%, depending on the
neonicotinoid and treatment regimen. Overall residue levels
were significantly higher in 2009 than those levels in 2010 on
the basis of pooled data from treatment regimens included in
both experiments. Differences in mean residue levels of parent
compounds among treatment regimens between years were
highly correlated (r = 0.94, p < 0.001), so relative residue
amounts were consistent, even though overall levels of
imidacloprid, dinotefuran, and thiamethoxam in 2010 were
53, 62, and 64% less than levels in 2009, respectively. Although
insecticide rates and application methods were the same, lower
residue levels in 2010 were likely due to extreme environmental
conditions. In 2010, pumpkin plants were heat and moisture
stressed during most of the period from transplanting through
flowering, and drip irrigation had to be applied several times
each week to maintain plant growth and flower production.
Maximum daily temperatures were significantly higher in 2010,
with 43 days over 32 °C during June, July, and August

compared to 11 days for the same period in 2009. Rainfall
amounts were suboptimal during both years, but the higher
temperatures in 2010 increased plant transpiration, thus
requiring more frequent irrigation. It is possible that the
increased need for drip irrigation, which was soil-applied
beneath the plastic mulch, may have resulted in enhanced
leaching (dissipation) of the transplant and chemigation
treatments, given that the neonicotinoid insecticides are
comparatively water-soluble.17,18 Plant stress also is known to
reduce leaf absorption of foliar-applied systemic insecticides
due to induced epicuticular wax accumulation and rapid
desiccation of insecticide spray droplets,19 and to increase the
dissipation rate due to higher photodegradation and evapo-
ration.20,21

Results showed that pollen and nectar residues were
significantly different among imidacloprid treatment regimens
within each year for the parent compound and combined
metabolites. In both years, the bedding tray drench resulted in
the lowest residue levels of imidacloprid, ranging from 0.1 to
6.7 ng/g in pollen (Tables 1 and 3) and from ND to 0.5 ng/g
in nectar (Tables 2 and 4). This treatment was applied to trays
of seedling plants prior to transplanting at a rate 6 times higher
than the label rate for planthouse application but 21 times less
than the low label rate for field application. Many cucurbit
growers treat transplants using this low-cost, prophylactic
approach, particularly in eastern U.S. production areas where
protection is needed for early-season pests only.
Applications of the low label rate of imidacloprid in

transplant water resulted in significantly higher (p < 0.05)
residue amounts in pollen, ranging from 13.2 to 40.1 ng/g, than
in nectar, ranging from 3.8 to 7.3 ng/g. Although not
statistically different, residues resulting from the high label
rate in transplant water were 30−66% higher than those at the
low rate of imidacloprid. These prophylactic treatments are
widely used in cucurbit crops grown from transplants, and the
high label rate is often required for season-long control of
insect pests. The highest residues of imidacloprid were found in
samples from plots receiving the high label rate but as split
applications in transplant water followed 3 weeks later by drip
chemigation. Residue levels ranged from 23.9 to 101 ng/g in
pollen and from 6.7 to 16 ng/g in nectar but were not
significantly different from the transplant water treatments

Table 2. Residue Levels of the Neonicotinoid Insecticides Imidacloprid, Dinotefuran, Thiamethoxam, and Their Respective
Metabolites Detected in Nectar Collected from Flowers of a Pumpkin Crop Treated with Different Rates and Application
Methods, 2009

parent compound (ng/g) metabolitesa (ng/g)

insecticide treatment regimen meanb min max meanb min max

imidacloprid, LOD = 0.2 ng/g bedding drench 0.4 c 0.3 0.5 0.1 c 0.1c 0.2
transplant (low) 5.7 b 3.8 7.3 1.8 bc 0.1 4.0
transplant (high) 7.4 ab 4.7 11.9 3.4 ab 0.2 5.9
transplant-drip 11.2 a 9.0 13.7 6.4 a 5.0 9.4

dinotefuran, LOD = 0.2 ng/g transplant-drip 9.2 a 7.1 10.6 4.1 a 3.5 4.8
two foliar 7.5 a 5.3 10.8 6.5 a 1.8 10.8

thiamethoxam, LOD = 0.2 ng/g transplant-drip 9.5 a 7.8 12.2 4.0 a 2.4 6.4
two foliar 8.2 a 6.7 9.1 1.9 ab 0.7 3.3

aImidacloprid metabolites included imidacloprid olefin, 5-OH imidacloprid, imidacloprid urea, imidacloprid desnitro olefin, imidacloprid desnitro
HCl, and 6-chloronicotinic acid; dinotefuran metabolite is UF (1-methyl-3-(tetrahydro-3-furylmethyl)urea); thiamethoxam metabolite is
clothianidin. bMeans within a column followed by the same letter are not statistically significant (Tukey p < 0.05). cNondetected (ND) samples
were scored a value of half the LOD for statistical analysis.
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applied alone at the same seasonal rate. Split applications are a
common treatment strategy in western U.S. production areas
where systemic protection against late-season sucking insects is
required. However, drip treatments applied later in the crop
cycle when plants were beginning to flower increased levels of
pollen and nectar residues.
Residue analysis identified five metabolites of imidacloprid in

the 2009 pollen and nectar samples, representing 26.3% of the
total residue amounts (Tables 1 and 3). The olefin and hydroxy
metabolites were most predominant, accounting for 35.6 and
52.3%, respectively, of the total metabolite residues. These
metabolites have roughly similar toxicity to honey bee adults on
an acute exposure basis as imidacloprid. The urea and desnitro
metabolites were present in trace amounts and are practically
nontoxic to bees on an acute exposure basis. The
chloronicotinic acid metabolite (LOD = 3 ng/g) was not
detected in any of the samples, and no metabolite residues were
found in the 2010 samples. Differences in metabolite residues
in pollen and nectar were proportional to those of the parent
compound in 2009 but at much lower amounts.
Samples from plots receiving foliar treatments of dinotefuran

contained residues of the parent compound and UF metabolite
(1-methyl-3-(tetrahydro-3-furylmethyl)urea) at higher levels
than levels in the transplant-drip regimen; however, residues
levels from the two methods of application were not statistically
different. The UF metabolite accounted for 21.3−27.2% of the
total residual amounts. Pollen residues in 2009 ranged from 44
to 69.2 ng/g of dinotefuran and from 8.1 to 12 ng/g of UF for
the transplant-drip regimen and from 36 to 147 ng/g of
dinotefuran and from 14.6 to 21.1 ng/g of UF for foliar
treatments (Tables 1). Amounts of dinotefuran and UF in
nectar ranged from 7.1 to 10.9 ng/g and from 3.5 to 4.8 ng/g
for the transplant-drip regimen and from 5.3 to 10.8 ng/g and
from 1.8 to 10.8 ng/g for foliar treatments, respectively (Table
2). Residues of dinotefuran in 2010 were 28.8 and 65.8% lower
for nectar and pollen samples (Tables 3 and 4), but relative
differences were consistent with the 2009 results. In both years,

foliar treatments of dinotefuran were applied during the
flowering period and thus resulted in the highest residues of
the parent and metabolite in both floral matrices. To determine
the residues present after each application, samples were
collected during the week following each foliar treatment in the
2010 study. Results showed that the second foliar treatment
applied at 6 weeks after transplanting resulted in about 3 times
more residue of dinotefuran than the first foliar treatment
applied 2 weeks earlier, that is, at 4 weeks after transplant. Due
to variability in the residue data, differences between the two
foliar treatments were not statistically significant. However, it is
clear that the second foliar treatment timing resulted in a
greater likelihood of exposure to pollinators because the
application occurred during peak flower production at 6 weeks
after transplanting.
Residue analysis detected thiamethoxam and its major

metabolite clothianindin in all samples collected in 2009.
Clothianidin represented 15.5 and 20.4% of the total residue
amounts in nectar and pollen samples, respectively, in 2010. In
2010, due to overall lower levels of residues found, most pollen
samples contained thiamethoxam and clothianidin, but only the
parent compound was detected in nectar. Because both parent
and metabolite residues are potentially toxic to bees, we
combined the 2009 data to summarize ranges of residues that
would represent the worst-case levels for each treatment
regimen. Pollen residues ranged from 68.6 to 131.6 ng/g for the
transplant-drip regimen and from 70.5 to 162.1 ng/g for foliar
treatments (Table 1). Amounts of thiamethoxam and
clothianidin in nectar ranged from 10.2 to 18.6 ng/g for the
transplant-drip regimen and from 7.4 to 12.4 ng/g for foliar
treatments (Table 2). Similar to dinotefuran, total residue levels
of thiamethoxam and clothianidin in pollen were highest in the
foliar-treated plots, but residues were not significantly different
from the transplant-drip treatments. By comparison, the
opposite was true for nectar residues, which were consistently
higher in the transplant-drip treatments. It is possible that the
translocation of insecticide residues to nectar and pollen may

Table 3. Residue Levels of the Neonicotinoid Insecticides Imidacloprid, Dinotefuran, and Thiamethoxam and of the Carbamate
Insecticide Oxmyl with Their Respective Metabolites Detected in Pollen Collected from Flowers of a Pumpkin Crop Treated
with Different Rates and Application Methods, 2010

parent compound (ng/g) metabolitesa (ng/g)

insecticide treatment regimen meanb min max meanb min max

imidacloprid, LOD = 0.2 ng/g bedding drench 0.1c c 0.1 0.1 0.1 d 0.1 0.1
transplant (low) 18.2 ab 13.2 23.9 0.1 d 0.1 0.1
transplant-drip 31.8 a 23.9 44.0 0.1 d 0.1 0.1

dinotefuran, LOD = 0.2 ng/g transplant-drip 15.2 ab 11.6 19.3 5.7 abc 4.0 7.6
one foliar 11.2 b 8.0 13.5 7.9 ab 7.0 8.6
two foliar 34.7 ab 7.6 79.5 0.1 a 7.5 34.7

thiamethoxam, LOD = 0.2 ng/g seed treatment 0.1 c 0.1 0.1 0.1 d 0.1 0.1
transplant-drip 24.8 ab 17.3 33.2 3.0 cd 0.1 8.8
one foliar 15.3 ab 13.9 16.8 2.3 bcd 2.2 2.3
two foliar 25.2 ab 18.1 29.6 3.7 bcd 0.1 8.2

oxamyl, LOD = 7 ng/g two drip 3.5 c 3.5 3.5 NAd NA NA
three drip 3.5 c 3.5 3.5 NA NA NA

aImidacloprid metabolites included imidacloprid olefin, 5-OH imidacloprid, imidacloprid urea, imidacloprid desnitro olefin, imidacloprid desnitro
HCl, and 6-chloronicotinic acid; dinotefuran metabolite is UF (1-methyl-3-(tetrahydro-3-furylmethyl)urea); thiamethoxam metabolite is
clothianidin. bMeans within a column followed by the same letter are not statistically significant (Tukey p < 0.05). cNondetected (ND) samples
were scored a value of half the LOD for statistical analysis. dNA, not analyzed.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf205393x | J. Agric. Food Chem. 2012, 60, 4449−44564453



be different depending on whether the insecticide enters the
plant through leaves or roots. Residues of thiamethoxam were
much lower in the 2010 study (Tables 3 and 4) but the
additional treatment regimens provided information on the
relative exposure risks associated with the different ways that
this insecticide is used in cucurbit crops. The FarMore seed
treatment is a relatively new crop protection technology that
resulted in the lowest exposure of residues because the low
dose of thiamethoxam per seed (21 times less than the foliar
application) is taken up by the plant 5−6 weeks prior to
flowering. None of the samples collected from the seed-treated
plots contained detectable levels of thiamethoxam (LOD = 0.2
ng/g) or clothianidin (LOD = 0.6 ng/g). Results showed that
the second foliar treatment applied at 6 weeks after

transplanting resulted in about 1.6−2.7 times more residue of
thiamethoxam and clothianidin than the first foliar treatment
applied 2 weeks earlier, that is, at 4 weeks after transplanting.
In addition to neonicotinoid use on cucurbit crops, the

survey conducted in 2009 found that the carbamate insecticide
oxamyl was widely used on cucurbit crops, particularly in the
mid-Atlantic area, as a postplant treatment for insect and
nematode pests, and is applied through the drip irrigation lines
after planting. This systemic carbamate insecticide/nematocide
is moderately to highly toxic to honey bee adults on an acute
exposure basis. For this reason, we included the two- and three-
way split applications of oxamyl in the 2010 study. No residues
of oxamyl (LOD = 7 ng/g) were detected in any pollen or
nectar samples collected from treated plots.

Table 4. Residue Levels of the Neonicotinoid Insecticides Imidacloprid, Dinotefuran, and Thiamethoxam and of the Carbamate
Insecticide Oxmyl with Their Respective Metabolites Detected in Nectar Collected from Flowers of a Pumpkin Crop Treated
with Different Rates and Application Methods, 2010

parent compound (ng/g) metabolitesa (ng/g)

insecticide treatment regimen meanb min max meanb min max

imidacloprid LOD = 0.2 ng/g bedding drench 0.1c c 0.1 0.1 0.1 0.1 0.1
transplant (low) 6.1 ab 4.8 6.7 0.1 0.1 0.1
transplant-drip 9.1 a 6.7 16.0 0.1 0.1 0.1

dinotefuran, LOD = 0.2 ng/g transplant-drip 4.8 abc 0.1 10.9 0.1 0.1 0.1
one foliar 2.1 bc 0.1 5.0 0.1 0.1 0.1
two foliar 7.0 ab 0.1 16.0 0.1 0.1 0.1

thiamethoxam, LOD = 0.2 ng/g seed treatment 0.1 c 0.1 0.1 0.1 0.1 0.1
transplant-drip 10.7 a 9.0 15.1 0.1 0.1 0.1
one foliar 1.6 bc 0.1 2.5 0.1 0.1 0.1
two foliar 4.3 ab 3.0 7.0 0.1 0.1 0.1

oxamyl, LOD = 7 ng/g two drip 3.5 c 3.5 3.5 NAd NA NA
three drip 3.5 c 3.5 3.5 NA NA NA

aImidacloprid metabolites included imidacloprid olefin, 5-OH imidacloprid, imidacloprid urea, imidacloprid desnitro olefin, imidacloprid desnitro
HCl, and 6-chloronicotinic acid; dinotefuran metabolite is UF (1-methyl-3-(tetrahydro-3-furylmethyl)urea); thiamethoxam metabolite is
clothianidin. bMeans within a column followed by the same letter are not statistically significant (Tukey p < 0.05). cNondetected (ND) samples
were scored a value of half the LOD for statistical analysis. dNA, not analyzed.

Table 5. Residue Levels of the Neonicotinoid Insecticides Imidacloprid, Dinotefuran, and Thiamethoxam and of the Carbamate
Insecticide Oxamyl with Their Respective Metabolites Detected in Leaf Tissue of a Pumpkin Crop Treated with Different Rates
and Application Methods, 2010

parent compound (ng/g) metabolitesa (ng/g)

insecticide treatment regimen meanb min max meanb min max

imidacloprid, LOD = 0.2 ng/g bedding drench 5.0 cd 4.0 6.0 8.0 bc 5.0 10.5
transplant (low) 22.7 cd 18.3 31.0 39.1 ab 18.0 77.5
transplant-drip 39.5 bc 22.0 53.0 34.4 ab 27.5 40.5

dinotefuran, LOD = 0.2 ng/g transplant-drip 41.2 bc 25.0 65.6 22.3 abc 7.4 37.2
two foliar 102.2 ab 74.1 142.7 72.4 a 63.4 90.7

thiamethoxam, LOD = 0.2 ng/g seed treatment 6.5 cd 4.0 12.0 0.1c c 0.1 0.1
transplant-drip 174.8 a 87.8 279.6 9.5 bc 5.0 19.4
two foliar 142.2 a 80.9 173.5 70.3 ab 14.0 219.2

oxamyl, LOD = 7 ng/g two drip 33.6 cd 4.8 70.2 NAd NA NA
three drip 12.9 cd 3.5 24.7 NA NA NA

aImidacloprid metabolites included imidacloprid olefin, 5-OH imidacloprid, imidacloprid urea, imidacloprid desnitro olefin, imidacloprid desnitro
HCl, and 6-chloronicotinic acid; dinotefuran metabolite is UF (1-methyl-3-(tetrahydro-3-furylmethyl)urea); thiamethoxam metabolite is
clothianidin. bMeans within a column followed by the same letter are not statistically significant (Tukey p < 0.05). cNondetected (ND) samples
were scored a value of half the LOD for statistical analysis. dNA, not analyzed.
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Leaf analysis was conducted in 2010 to determine if residue
levels of neonicotinoids and their metabolites in leaf tissue
correlated with residue amounts in pollen and nectar. Samples
were collected at 7 weeks after transplanting, after all
treatments were applied. Imidacloprid residues ranged up to
53 ng/g and closely corresponded directly with residue levels in
pollen (r = 0.94, p < 0.001) and nectar (r = 0.88, p < 0.001)
(Table 5). However, metabolites of imidacloprid constituted a
significantly higher proportion (54.8%) of the total residue
amounts in leaf tissue and showed no significant correlation (p
= 0.58) with metabolite levels in pollen. Residues of 5-OH,
desnitro olefin, and desnitro HCl accounted for 8.6, 6.7, and
84.8%, respectively, of the total breakdown products. Leaf
residues of dinotefuran and thiamethoxam were significantly
higher by 2.7−16.3 times and poorly correlated with amounts
in pollen and nectar. The UF and clothianidin metabolites
added up to 66 and 76.9% of the total residuals of dinotefuran
and thiamethoxam, respectively. Both neonicotinoids have
short half-lives, are more soluble than imidacloprid, and appear
to translocate more rapidly and more completely throughout
the foliage of plants. These properties together probably
account for the higher residue levels and greater proportion of
metabolites. Leaves from the thiamethoxam seed treatment and
oxamyl plots contained the respective parent compounds at
relatively low levels but no metabolites. These low levels were
consistent with the absence of detectable residues in pollen and
nectar. In general, mean levels of leaf residues for each
insecticide may be used to provide conservative estimates of the
relative levels of pollen and nectar residues but not the absolute
amounts.
Some general comments can be made about the overall

results. First, the study repeated over two years showed that
environmental stresses (heat and moisture) can have a
significant effect on the overall residue levels of neonicotinoids
in pumpkin flowers. Studies to assess residue levels should be
replicated at different locations or over multiple years to
determine the range of residues under different environmental
conditions. Second, pumpkin, with its large staminate flowers,
was used as a surrogate to represent the cucurbit crop grouping,
because of the ease in collecting pollen and nectar. However,
other cucurbits such as cucumber and melons with higher plant
densities, less plant biomass, and smaller and fewer flowers per
plant may have different residue profiles. Planting on bare
ground may affect the rate of insecticide dissipation in a
different way from plastic mulch, which can reduce runoff and
minimize percolation of foliar- and soil-applied pesticides.22

Neonicotinoid metabolites accounted for 15.5−27.2% of the
total residue amounts found in pollen and nectar. Breakdown
products, such as olefin and hydroxy metabolites of
imidacloprid and clothianidin, have acute toxicity to some
pollinators similar to that of the parent compound and thus
should be considered in an exposure assessment. Nectar
residues were consistently 73.5−88.8% lower than pollen
residues, suggesting that pollen alone may be used to estimate
exposure risk to pollinators and thus eliminating the difficult
task of collecting nectar.
We presented here evidence to support our hypothesis that

higher residues are present in pollen and nectar if systemic
neonicotinoids are applied closer to flowering. Foliar treat-
ments and chemigation through drip irrigation applied during
flowering resulted in the highest residues of parent insecticide
and metabolites. The three neonicotinoids in the study showed
similar residue profiles in pollen and nectar with regard to the

split transplant-drip treatment regimen. The lowest levels of
residues were detected in treatment regimens involving
applications of insecticides at planting, as either seed dressing,
bedding tray drench, or transplant water treatment. The uptake
and translocation of residues from these at-planting applications
clearly decreased as the growing season progressed and the
crop approached flowering. If neonicotinoids are needed for
insect control on cucurbits, they should be applied at planting
or shortly after to mitigate the exposure to pollinators.
The results of this study showed that potential exposure of

neonicotinoid residues in pollen and nectar to pollinators
depends on the method and timing of application relative to
flowering. Residue levels in pollen and nectar of a treated
pumpkin crop were significantly higher than residue amounts
published in the open literature from studies of seed-treated
agronomic crops.11 According to this study, residues of
neonicotinoids plus metabolites in pumpkin treated with label
rates may reach average levels up to 122 ng/g in pollen and
17.6 ng/g in nectar. This worst-case exposure scenario is not
acutely lethal to honey bees based on acute oral LD50 values for
neonicotinoids, which vary widely depending on the study
protocol and source of bees.11 Many laboratory and micro-
colony studies have reported sublethal effects of neonicotinoids
on foraging behavior, cognitive abilities of individual honey
bees, and brood development, although few effects have been
reproduced in field studies using queenright colonies.11

Chronic exposure of sublethal doses could be short-lived or
extended depending upon the period of flowering of the crop
and the sequence of treated crops pollinated by bees. Moreover,
the actual dose of neonicotinoids exposed to a honey bee
colony may be much lower than the residue levels in stored and
processed pollen and nectar in the hive. Honey bees forage on a
wide range of floral food sources and will visit different kinds of
plants during the same trip. Returning bees can be carrying
mixed loads of pollen from a treated crop together with
uncontaminated pollen, which would dilute the residue levels
entering the hive. Furthermore, stored pollen and nectar are
subject to multiple steps in food processing, storage, and
exposure conditions23 that can result in rapid neonicotinoid
degradation. Further studies are needed to determine the fate of
these neonicotionoids and their actual exposure dose in bee
broods, workers, and the queen.
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