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Abstract. Pesticide application is used in horticulture to reduce plant damage from or-
ganisms such as insects and mites. Systemic insecticides are highly efficacious and
readily taken up by plant tissues. However, pesticide-treated plants may impose risks
to nontarget insects or other organisms within ecosystems. In this study, insecticide
residues in nectar, leaves, and flower petals of the horticulturally significant herba-
ceous annual snapdragon, Antirrhinum majus (Lamiales: Plantaginaceae), were as-
sessed at two locations over several weeks following foliar and drench treatment with
five systemic insecticides. Concentrations of the insecticides were determined by liquid
chromatography—mass spectrometry. The independent effects Application Method, Ap-
plication Rate, and Time were statistically significant among all active ingredients in
the three matrices in both sites in California (CA) and New Jersey (NJ). The interac-
tion effects were also generally statistically significant in the CA site but less consis-
tently so in the NJ site, dependent on the active ingredient and matrix. Post hoc
analyses found the highest residue concentrations in leaves and the lowest in nectar, a
trend generally consistent over time regardless of active ingredient for both the CA and
NJ sites. The results of this study are discussed in the context of conserving pollinators
and other beneficial insects. It is recommended that similar studies should be imple-
mented in different geographical regions and climates, along with multiyear studies for
perennial ornamental plants.

Systemic insecticides are useful for pest
management in the ornamental horticulture
industry because of their efficacy and their
ability to protect most or all parts of the
treated plant. However, residues of these in-
secticides may also translocate to pollen and
nectar, potentially exposing economically or
ecologically important pollinators and other
nontarget organisms, to residues. For exam-
ple, residues of cyantraniliprole and one of its
metabolites (J9Z38) at levels above 5 mg/kg
eliminated the integrity of cell structure in earth-
worms due to oxidative stress (Zhang et al.
2020). A summary of peer-reviewed literature
from 2009 to 2019 indicated that 90% of the
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studies showed negative effects of chronic sub-
lethal doses of neonicotinoids on pollinator
health, ranging from impairment of brood de-
velopment and foraging activity to neurological
damage (Lu et al. 2020).

Concentrations of neonicotinoids found in
plant tissues between 5 and 10 parts per bil-
lion (ppb) are considered sufficient to protect
from insect pests (Byme and Toscano 2006;
Castle et al. 2005); however, nontarget insect
species, such as pollinators, may also be sen-
sitive to these insecticides at lower amounts.
For example, the LCs (the concentration of a
certain molecule that will kill 50% of the test
subjects) of imidacloprid and clothianidin is

between 4 and 5 ng for individual Apis melli-
fera, which when ingested is 0.010% of the
mass required of DDT to yield the same re-
sult (Suchail et al. 2000). The 48-hour oral
LDsq of Bombus impatiens (eastern bumble
bee) was >1.7 pg of flupyradifurone (a bute-
nolide), >0.54 pg of cyantraniliprole (a di-
amide), and 0.0012 pg of thiamethoxam (a
neonicotinoid) (Mundy-Heisz et al. 2022).
Thiamethoxam can affect egg development, col-
ony initiation, worker efficiency and memory,
and male size through ingestion at concentra-
tions of 2.4 ppb and 1 ppm on bumble bees and
honeybees, respectively (Baron et al. 2017;
Stanley and Raine 2017; Stanley et al. 2015a,
2015b). Multiple pesticides contained in either
plant tissue or nectar can potentially increase
risk. Imidacloprid and thiamethoxam together in-
creased risk to honeybee colony health through
exposure to contaminated pollen and honey
(Sanchez-Bayo and Goka 2014). Insecticides
can act synergistically with triazole fungicides to
create greater risk to pollinator health (Sanchez-
Bayo and Goka 2014). Timing of exposure to
low levels of neonicotinoid insecticides affects
honeybee colonies differently with no immediate
negative effects early in the season but exposure
increased brood failure later in the season, which
affects colony health during overwintering
(Dively et al. 2015).

A large variety of ormamental plants are
found in urban systems (Loram et al. 2008).
Research into their attractiveness to pollina-
tors and impacts on pollinator health has in-
creased in recent years, but their contribution
to pollinator conservation is currently in
question, with factors such as morphological
variability among cultivars, nectar rewards,
and environment contributing to the debate
(Erickson et al. 2020; Garbuzov and Ratnieks
2014; Lowenstein et al. 2019; Rollings and
Goulson 2019). Insecticides are often used on
ornamental plants in production and in land-
scapes. Several studies on ornamental plants
have documented the presence of neonicoti-
noids and organophosphates in leaf and/or
pollen at levels that could pose health risks
for bees (Lentola et al. 2017; Toumi et al.
2016). Although pollen and nectar are the
most commonly analyzed matrices for pesti-
cide residues, very few studies include flower
petals and leaves, two tissues underrepre-
sented in ornamental plant residue studies.

Snapdragons, widely grown in commer-
cial and residential gardens in the United
States, are attractive to pollinators and specif-
ically known to be visited by large-bodied
and long-tongued bees (Vargas et al. 2017).
The purpose of this study was to determine
concentrations of the systemic insecticides,
namely dinotefuran, imidacloprid, thiame-
thoxam, flupyradifurone, and cyantraniliprole,
in the nectar, flower petals, and leaves of snap-
dragons and determine whether they vary ac-
cording to application method (foliar or
drench), application rate (high or low label
rates), and time (week after treatment). In
this study, two experiments were conducted
at different sites using two different culti-
vars, housing systems, and environmental
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Table 1. Pesticides, active ingredients, and doses used for foliar and drench treatment applications.

Amount of
Application Amount per 100 gal product used per ~ Amount of product Amount of product per
Product Active ingredient method Dose water liter of water per container NJ (mL) container CA (mL)
Marathon Imidacloprid Foliar Low 0.85 fl oz 0.07 mL/L 0.45 0.05
High 1.7 fl oz 0.13 mL/L 0.85 0.09
Drench Low 4.03 fl oz 0.31 mL/L 1.99 0.2
High 8.06 fl oz 0.63 mL/L 4.05 0.41
BY 102960 Flupyradifurone Foliar Low 7 fl oz 0.55 mL/L 3.54 0.36
50 SL (Altus) High 14 fl oz 1.09 mL/L 7.01 0.72
Drench Low 14 fl oz 0.07 mL/L 0.45 0.05
High 28 fl oz 0.15 mL/L 0.97 0.10
Safari 20.0 W/W  Dinotefuran Foliar Low 4 oz 0.30 g/L 1.93 0.2
SG High 8 oz 0.6 g/L 3.86 0.39
Drench Low 12 oz 0.9 g/L 5.79 0.59
High 24 oz 1.80 g/L 11.6 1.18
Flagship 25SWG  Thiamethoxam Foliar Low 20z 0.15 g/L 0.97 0.10
High 8.5 oz 0.64 g/L 4.12 0.42
Drench Low 4 0z 0.30 g/L 1.93 0.2
High 8.5 0z 0.64 g/L 4.12 0.42
Mainspring GNL  Cyantraniliprole Foliar Low 11loz 0.08 mL/L 0.51 0.05
High 16 fl oz 1.25 mL/L 8.04 0.82
Drench Low 6 fl oz 0.47 mL/L 3.02 0.31
High 12 fl oz 0.94 mL/L 6.05 0.62

CA = California; NJ = New Jersey.

growing conditions. Exploration of residue
consistency among different growing practices
allows for a larger population of horticulturists
to use the results of this study when making de-
cisions on insecticidal applications.

Materials and Methods

Greenhouse experiments were conducted
in NJ and southern CA, USA, to analyze the
residues of different insecticides in the nectar,
petals, and leaves of the common snapdragon
(Antirrhinum majus L.). Although the same
rates of insecticides were used, snapdragon
cultivar, pot size, nectar collection method,
and sample collection timings varied between
these two locations.

Pesticide treatments

All plants were treated once flower buds
were forming, ~2 months after planting. Treat-
ments [Marathon II (imidacloprid), Altus (flu-
pyradifurone), both Bayer Crop Science LP,
Clayton, NC, USA; Safari 20 SG (dinotefuran),
Valent USA Corporation, Leland, MS, USA;
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and Flagship 25WG (thiamethoxam), Mainspring
GNL (cyantraniliprole), both Syngenta Crop
Protection LLC, Greensboro, NC, USA] were
applied either as media drenches or as foliar
sprays at high and low rates (Table 1). Foliar
sprays were applied to the point of runoff using
a spray bottle or backpack sprayer with three-
nozzle boom; media drenches were applied to
pots at volumes based on pot size. Plants in the
control group received only a water spray.

Greenhouse experiment in southern
California

In southern California, snapdragon ‘Son-
net White’ plants were grown in a greenhouse
at the University of California South Coast
Research and Extension Center, in Irvine,
CA. From Mar to Jul 2019, average maxi-
mum and minimum temperatures were 28
and 18°C.

Snapdragon ‘Sonnet White’ seedlings
(Ball Horticultural Company, West Chicago,
IL, USA) were transplanted into plastic con-
tainers (656 mL, 25 cm deep, 6.4-cm-diameter
deepots; Steuwe and Sons, Corvallis, OR,
USA) filled with a standard nursery mix com-
posed of 55% to 60% white peat, 10% to 20%
perlite, and 25% to 35% aged fine bark
(SunGro Metro Mix 838; Crop Production
Services, Inc., Goleta, CA, USA). Plants
were hand-watered as needed and fertilized
with 0.25 tsp of Osmocote 14N-14P-14K
controlled release fertilizer, 2 weeks after
planting. Foliar and drench application treat-
ments were applied on 21 May 2019; drenches
were made using 20 mL of diluted insecticide
per pot. Forty-five plants were used for each
treatment, with five plants per replicate and
nine replications per treatment randomly ar-
ranged in a completely randomized design and
maintained on greenhouse benches.

Three composite samples of three to five
leaves and 30 to 45 flowers obtained from 15
different plants each were collected 2, 4, 6,
and 8 weeks after treatment. Leaves were

immediately frozen, and flowers were rinsed
and placed in plastic bags and stored in a refrig-
erator until nectar extraction using microtubes.
Nectar was pipetted into microcentrifuge tubes
and frozen. Samples of nectar, leaves and petals
were shipped on dry ice to Clemson University
for pesticide residue analysis. On arrival, sam-
ples were stored at —80 °C until analysis.

Greenhouse experiments in NJ

In NJ, snapdragons ‘Sonnet Yellow’ were
grown in three heated, plastic-covered hoop-
houses at the Rutgers, State University of
New Jersey Specialty Crop Research Center,
in Cream Ridge, NJ, USA. Two separate tri-
als were conducted from Dec 2019 to Mar
2020 and Dec 2020 to Mar 2021. Over the
entire trial period in both trials, the average
humidity in the hoophouses was 75% and the
average maximum and minimum tempera-
tures were 27° and 18 °C, respectively. Snap-
dragon seedlings (KubePak, Allentown, NJ,
USA) were transplanted into plastic contain-
ers (class 600 pots; Hummert International,
Earth City, MO, USA) filled with a standard
nursery mix composed of 55% to 60% white
peat, 10% to 20% perlite, and 25% to 35%
aged fine bark (SunGro Professional Growing
Mix; Sungro Horticulture, Agawam, MA,
USA). Plants were overhead-irrigated as
needed and fertilized with 15N-9P-12K
Osmocote Plus fertilizer 2 to 5 d after plant-
ing; 25 to 30 plants were used per treatment,
with single-plant replicates. Treatments were
arranged in a randomized block design with
10 plants of each treatment per heated hoop-
house (block). Treatments were applied once in
each trial on 17 Jan 2018 and 7 Jan 2019.
Drench applications were made using 4 fl oz
(118.294 mL) of prepared solution per pot. Foliar
sprays were applied to drip with a CO, -powered
backpack sprayer with a three-nozzle boom.

Three composite samples of four to five
leaves, petals from five flowers, and nectar pi-
petted from flowers were obtained from each
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treatment in each block 2, 6, and 10 weeks af-
ter application. Leaves and flower petals were
immediately frozen. Collected nectar was pi-
petted into microcentrifuge tubes and frozen in
batches; if less than 0.5 mL was collected,
samples were frozen, and collections contin-
ued daily for 1 to 4 d per plot until at least 1
mL was collected unless insufficient flowers
were available. Samples of nectar, leaves, and
flower petals were shipped via semifreezer
truck (ACDS, North Rose, NY, USA) to
Clemson University for pesticide residue anal-
ysis. On arrival, samples were stored at
—80 °C until analysis.

Pesticide residue methods

Chemicals. Chemical standards for the
stable isotope-labeled (SIL) pesticides, dino-
tefuran-('>Cs), thiamethoxam-('*Cy4,'°N),
clothianidin-("*C4,"*N), and imidacloprid-(dy),
were purchased from Cambridge Isotope Labo-
ratories, Inc. (Andover, MA, USA). Custom-
synthesized flupyradifurone-(ds) and cyantrani-
liprole-(d;) standards were purchased from
Clearsynth (Brampton, Ontario, Canada). A
stock solution mixture of six SIL standards at
1 pg/mL was prepared in acetonitrile and stored
at —20 °C. High-purity analytical standards for
dinotefuran, thiamethoxam, clothianidin, imida-
cloprid, flupyradifurone, cyantraniliprole, and
chlorantraniliprole were purchased from Chem
Service, Inc. (West Chester, PA, USA) and imi-
dacloprid-olefin (imidacloprid metabolite) was
purchased from Sigma-Aldrich (St. Louis, MO,
USA). A stock solution of each of the eight
standards and metabolite (1 pg/mL) was pre-
pared in acetonitrile and stored at —20°C.
Chlorantraniliprole was added to the standard
mixture as a quality control check for reagent
contamination during the pesticide residue anal-
ysis. Liquid chromatography—mass spectrome-
try (LC/MS)-grade formic acid, water, and
acetonitrile were obtained from Fisher Scien-
tific (Waltham, MA, USA). Anhydrous sodium
acetate, magnesium sulfate, and the dispersive
solid phase extraction (dSPE) sorbent Supel™
QuE Verde (Part No. 55442-U) were purchased
from Sigma-Aldrich. Quick Easy, Cheap, Effec-
tive, Rugged, and Safe (QUEChERS) Dispersive
Kits (Part No: 5982-5122) were purchased from
Agilent (Santa Clara, CA, USA).

Pesticide extraction fiom leaf, flower petal,
and nectar tissues. The pesticide residue anal-
ysis of leaves, flower petals, and nectar tis-
sues used a modified QUEChERS method
that was optimized for each plant tissue type.
Five-hundred-milligram leaf samples were
weighed into 7-mL screw-cap tubes. Before
sample extraction, the internal standards were
added at 100 ng/g fresh weight, followed by
1.5 mL MS-grade water and 10 to 15 metal
homogenization beads in each tube. Samples
were homogenized to a slurry using a Pre-
cellys Evolution homogenizer (Bertin Instru-
ments, Montigny-le-Bretonneux, France) at
6000 rpm for five repetitions of 30-s cycles.
Three milliliters MS-grade acetonitrile was
added to the slurry and vortexed at 2500 rpm
for 5 min; 800 + 10 mg magnesium sulfate
and 200 £ 5 mg sodium acetate were then
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Table 2. Multiple Reaction Monitoring ion transitions for insecticides and their stable isotope-labeled

internal standards.

Insecticide name Precursor ion (m/z)

Product ion (m/z) Collision energy (V)

Imidacloprid-olefin 252.0
Dinotefuran 203.1
Dinotefuran-'3Cs 208.1
Thiamethoxam 292.0
Thiamethoxam-'3C,,'°N 297.0
Clothianidin 250.0
Clothianidin-'3C,,"* N 255.0
Imidacloprid 256.0
Imidacloprid-d, 260.1
Flupyradifurone 289.0
Flupyradifurone-ds 294.1
Cyantraniliprole 475.0
Cyantraniliprole-d; 478.0

205.10 11
46.10 22
81.10 11

129.10 —-12

114.10 —12
73.10 -19

132.10 —12
73.15 —21
88.10 —16

211.05 —-12

181.05 —23

132.00 —20

216.00 —-12

186.00 —23

136.95 —20

169.05 —13

113.10 -30

132.00 —16

174.10 —-12

136.90 —16

113.10 —28

175.10 —16

209.00 —14

210.00 —11

179.10 -19

213.00 —15

214.05 —10

125.95 -20
99.00 —48
90.05 —40

125.95 —26
90.00 -39
99.00 —45

285.90 —14

443.85 -19

112.00 =55

285.85 —15

443.85 -20

176.95 —45

added, and the samples were vortexed imme-
diately at 1118 g, for 5 min. Following cen-
trifugation, aliquots of 1.6 mL supernatant
were transferred to 500 mg + 5 mg Supel™
QuE Verde dSPE in 7-mL screw-cap tubes
and shaken at 50 rpm for 10 min in a rotary
shaker. Samples were then centrifuged at
1118 g, for 5 min, and 800 pL of the super-
natant was transferred to 2.0-mL glass vials
for analysis on liquid chromatography—tandem
mass spectrometry (LC-MS/MS).

For flower petal and nectar tissues, the
following modifications were made to the ex-
traction method to improve the sensitivity of
analysis because of the relatively lower con-
centrations of pesticide residues in these tis-
sues. Flower petal tissues (0.5 g) were spiked
with SIL internal standards (120 ng/g), ho-
mogenized with 1.5 mL MS-grade water, and
extracted with 3 mL acetonitrile. Magnesium
sulfate and sodium acetate were added to ex-
tracts as in the procedure for leaves, and after
centrifugation, 1.8 mL supernatant was trans-
ferred to 2-mL screw-cap tubes containing
250 mg QuEChERS Dispersive Kit (Agilent,
Part 5982-5122) and shaken on rotary shaker for
10 min at 50 rpm. After centrifugation, 1 mL of
the supernatant was transferred to 2.0-mL glass
vials and dried under nitrogen gas stream at

30°C. Dried extracts were re-dissolved in
100 pL acetonitrile and transferred to poly-
propylene inserts for analysis on LC-MS/MS.

Nectar samples (0.4 mL) were spiked
with SIL internal standards (25 ng/mL nec-
tar), vortexed with 1.1 mL MS-grade water
for 5 min at 1118 g, and extracted with 2 mL
acetonitrile by vortexing for 5 min at 2500 rpm.
Magnesium sulfate and sodium acetate were
added as in the procedure for leaves. After
centrifugation, 1.8 mL of supernatant was trans-
ferred to 2-mL screw-cap tubes containing
250 mg QuEChERS Dispersive Kit (Agilent,
Part 5982-5122). Extracts were then shaken,
centrifuged, concentrated by evaporation under
nitrogen stream, re-dissolved in 100 pL aceto-
nitrile, and analyzed on LC-MS/MS as in the
procedure for flower petal tissues.

Insecticide residue analysis on HPLC-MS/
MS. Insecticide residues from leaf, flower
petals, and nectar were analyzed on high-
pressure liquid chromatography coupled to
tandem mass spectrometry (HPLC-MS/MS;
Shimadzu LCMS-8040, Shimadzu Kyoto,
Japan) following separation on a Kinetex
XB-C18 column (2.6 pm 150 x 3.0 mm;
Phenomenex, Torrance, CA, USA). A solvent
gradient was used with 0.1% formic acid in
water (solvent A) and 0.1% formic acid in
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acetonitrile (solvent B). The column was ini-
tially equilibrated at 5% solvent B at 0 min,
increased to 10% B at 1.0 min, then to 95%
B at 8.0 min, held at 95% B for 2 min until
10.1 min, and then decreased to 5% B at
10.1 min. The solvent flow rate was main-
tained at 0.4 mL/min and the injection vol-
ume for samples and standards was 2 pL.
Insecticides were ionized in an electrospray
ionization source with the nebulizing gas at
3 L/min, drying gas at 12 L/min, heat block at
400°C, desolvation line at 250°C, and cone
voltage set to 4.5 kV. lons were analyzed in the
mass spectrometer with the Multiple Reaction
Monitoring ion transitions (Table 2).

Insecticide residues were quantified by
normalizing with the SIL internal standards.
For this, samples and external calibration
standards were prepared with the same con-
centration of the internal standards, and the
normalized peak areas were used in the cali-
bration curve. By normalizing insecticide res-
idues with the internal standards for each
insecticide, we were able to accurately quan-
tify the residue concentrations by controlling
for all losses during the sample extraction,
cleanup, and instrument analysis (via matrix
effects in electrospray ionization). The external
calibration curves ranged from 0.78 ng/mL to
800 ng/mL for the nonlabeled insecticide resi-
due concentrations and were prepared by serial
dilution of the 800 ng/mL nonlabeled insecti-
cide standard mixture in acetonitrile containing
the internal standard.

Statistical analyses. Nectar residues were
normalized to average Brix concentration
within each experiment for an accurate within-
experiment comparison of nectar residues. Nor-
malizing ppb in a sample was calculated by
multiplying the ppb of a sample by the quotient
of the measured Brix in a sample divided
by the average Brix across the experiment.

Residue data from nectar, petals, and leaves
were square-root transformed to normalize
skewed distributions in the data set. Imidaclo-
prid plus its olefin metabolite were statistically
analyzed together; the same process was ap-
plied to thiamethoxam and its metabolite
clothianidin. All means and standard errors re-
ported are from the pretransformed data. Data
obtained from CA and NJ experiments were
analyzed separately because of different meth-
ods used in plant production/maintenance and
nectar extraction, as well as length of experi-
ments and different sample collection time-
points. The data from NJ were combined due
to identical methods implemented in 2018 and
2019 experiments. All statistical analyses were
performed in JMP 16Pro (SAS Inc.).

Mixed model effects test with repeated
measures and post hoc Tukey'’s tests. A mixed
model effect test with repeated measures was
implemented to test if the independent variables
had statistically significant effects on the depen-
dent variable. The dependent variable was the
transformed residue concentrations whereas
the independent variables (model effects) were
Application Method, Application Rate, Time
(weeks after treatment), Application Method x
Rate, Application Method x Time, Time X
Rate, and Application Method x Rate x Time.
An effect or combination of effects was consid-
ered to have a statistically significant effect on
residue concentration (in ppb) when P = 0.05.

Tukey’s tests were performed to explore
the differences among residues as influenced
by the independent variables. Results from
Tukey’s tests were considered statistically
significant when P = 0.05.

Results

In both locations, Application Method
(drench and foliar) had a significant effect on

the residues of all insecticides in all tissues,
except for cyantraniliprole residues in the pet-
als from the CA experiment and flupyradifur-
one residues in the leaves from the NIJ
experiment (Tables 3 and 4). Application rate
(high and low) had a significant effect on the
residues of all actives in all plant tissues in
the CA experiment (Table 3). Rate had a sig-
nificant effect on most insecticides in the NJ
experiment except for dinotefuran residues in
the petals and nectar (Table 4). Time (2, 4, 6,
and 8 weeks after treatment in the CA experi-
ment and 2, 6, and 10 weeks after treatment
in the NJ experiment) had a significant effect
in all cases except for cyantraniliprole resi-
dues found in the petals of the CA experi-
ment and imidacloprid residues found in the
nectar of the NJ experiment (Tables 3 and 4).
However, statistical significance of interac-
tion effects (Application Method x Rate, Ap-
plication Method % Time, Rate x Time, and
Application Method x Rate x Time) was less
consistent (Tables 3 and 4).

Generally, the highest concentrations of
residues, regardless of active ingredient were
found in the leaves and the lowest concentra-
tions in nectar in both locations. Nectar con-
centrations ranged from 0.19 + 0.03 ppb (low
rate of cyantraniliprole applied as a foliar
spray, at 10 weeks after treatment in NJ) to
42,352 + 1506 ppb in leaves (high rate of di-
notefuran applied as a drench, at 2 weeks af-
ter treatment in CA) (Tables 5-14). Drench
applications typically resulted in higher resi-
dues than foliar applications, and samples
from plants treated with the high application
rates contained higher residues than the low
rates, with varying statistical significance and
some exceptions (Tables 5—14).

Dinotefuran residues in both plant tissues
and nectar declined over time in both loca-
tions regardless of rate or application method

Table 3. F ratios of two-way analysis of variance with repeated measurements of effects of Application Method and dose on the concentration of five dif-
ferent active ingredients (imidacloprid, flupyradifurone, dinotefuran, thiamethoxam, and cyantraniliprole) on leaves, petals, and nectar of snapdragon
‘Sonnet White’ at 2, 4, 6, and 8 weeks after treatment (WAT) in California.

Imidacloprid Flupyradifurone Dinotefuran Thiamethoxam Cyantraniliprole
F F F F
Leaves Application method 1622.5%*%* 44 .5%%* 643.1%** 627.9%** 133.6%**
Dose 195.8%** 75.9%** 67.4%** 141.9%** 190.1%**
Time T5.7%** T8.T*** 293.0%** 240.5%** 7.9%%*
Application method x Dose 128.9%** 0.05 29.4%** 20.4%** 125.2%%*
Application method x Time 14.6%** 34 5%** 92 .8¥** 28.5%** 5.8%*
Time x Dose 9.3 4.8%* 9.6%** 19.1%** 4.7%*
Time x Application method x Dose 3.8% 1.9 8.4%* 6.7%* 3.1*
Petals Application method 522.13%%* 12.1%* 85.14%* 3.03* 1.15
Dose 66.76%** 29.56%** 7.45% 8.98** 9.34%*
Time 14.01%%* 33.40%** 34.74%%* 17.56%*%* 5.97
Application method % Dose 30.89** 7.55% 1.90 0.81 2.18
Application method x Time 5.72%* 25.04%** 15.89%** 0.71 5.48%
Time x Dose 2.33% 10.34%** 1.36 2.44 1.48
Time x Application method x Dose 5.50%* 14.99%** 0.01 0.08 1.31
Nectar Application method 474 .85%** 19.95%** 303.93%** 587.75%** 322.23%%*
Dose 41.45%*%* 51.70%** 21.80%** 53.17%* 52.32%%*
Time 24.45%%* T1.23%** 113.65%** 76.35%** 15.02%**
Application method x Dose 24.95%%* 5.24% 10.49%* 21.51%* 3.36%
Application method x Time 26.51%%* 3.20% 61.26%** 31.05%** 1.14
Time x Dose 3.39%* 6.13%* 4.94%* 4.54%* 591*
Time x Application method x Dose 4.20%* 0.43 1.21 0.54 2.94%

There were two levels of Application method (drench and foliar) and two levels of doses (high and low). Leaves, petals, and nectar were collected at four

different times (2, 4, 6, and 8 WAT).

* k¥ E* indicate significant at P =< 0.05, P = 0.01, or P = 0.0001, respectively.
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Table 4. F ratios of two-way analysis of variance with repeated measurements of effects of Application Method and dose on the concentration of five dif-
ferent active ingredients (imidacloprid, flupyradifurone, dinotefuran, thiamethoxam, and cyantraniliprole) on leaves, petals, and nectar of snapdragon
‘Sonnet Yellow’ at 2, 6, and 10 weeks after treatment (WAT) in New Jersey.

Imidacloprid Flupyradifurone Dinotefuran Thiamethoxam Cyantraniliprole
F F F F
Leaves Application method 192.8008*** 0.0002 370%%* 365.6472%** 61.3682%**
Dose 16.6921%** 21.9623*** 11.173%* 53.07%** 81.906%**
Time 25.5047%** 51.2833%%* 16.688*** 47.1763%** 36.153%**
Application method x Dose 5.1911%* 0.0372 4.205%* 13.1021** 9.2116**
Time x Application method 2.6207 25.4685%** 4.742%* 11.25%** 16.8369%**
Time x Dose 1.1798 0.6926 0.179 3.7% 12.1839%**
Time x Application method x Dose 0.1842 0.0154 0.051 0.6178 12.1237%**
Petals Application method 05.531%%* 14.4807** 135.595%** 175.94%%* 30.6617%**
Dose 13.2315%* 19.747%%* 2.897 33.8472%%* 12.9361%*
Time 3.2765* 13.585%** 12.963*** 11.9561%** 6.6079%*
Application method x Dose 6.6977* 0.1986 1.328 24.77815%** 0.0001
Time x Application method 0.5023 2.4869 5.58%%* 9.6141%* 3.7741%
Time x Dose 1.6282 2.3832 0.44 1.2451 0.1003
Time x Application method x Dose 0.4532 1.1726 0.519 0.7326 0.0571
Nectar Application method 136.56%** 26.5875%** 183.65791*** 152.3045%** 30.2032%**
Dose 15.857** 33.9755%%* 3.5072 22.447%%* 18.2757***
Time 2.4376 22.3979%** 18.175%** 7.471%%* 13.1519%%*
Application method x Dose 1.506** 4.6264* 1.434 8.077** 0.1224
Time x Application method 1.605 3.7949* 9.222%* 3.367* 1.9195
Time x Dose 0.0973 0.68 0.2557 0.0839 2.405
Time x Application method x Dose 0.741 0.1227 0.1919 0.1996 1.8522

There were two levels of Application method (drench and foliar) and two levels of doses (high and low). Leaves, petals, and nectar were collected at 2, 6,

and 10 WAT.

* Rk REE indicate significant at Tukey’s P = 0.05, P = 0.01, or P = 0.0001, respectively.

(Tables 5 and 6), and this was significant in
all cases except for nectar from CA treated
with the low foliar rate (df = 3, F = 0.0547,
P = 0.0547) and petals from NJ treated with
the high drench rate (df = 2, P = 0.089).
Imidacloprid residues also decreased in
the leaves and petals from both sites over
time with varying statistical significance (Ta-
bles 7 and 8). In CA, imidacloprid residue
concentrations from the high-rate drench
treatments declined significantly over time
from 447.5 to 80.8 ppb (P = 0.0006), but res-
idues in plants treated with high-rate foliar
applications remained low with a slight in-
crease at week 8 (5.1 to 16.3 ppb, P =
0.0006) (Table 7). In NJ, there were several
slight increases in concentrations over time,
found mostly in the nectar, but none were
found to be statistically significant (Table 8).
Thiamethoxam residues significantly de-
clined in leaf tissue over time at both sites
(Tables 9 and 10). Thiamethoxam levels in
petals significantly decreased over time re-
gardless of application method or application
rate in the CA experiment (Table 9). In NJ,
declines in residues over time were signifi-
cant except in the nectar from the high-rate
drench and the petals from foliar applications
(Table 10). Also, residues from petals in
CA tended to be lower than those from NIJ
for corresponding drench treatments (i.e.,
43.5 ppb and 19.6 ppb in the CA experiment,
but 489 ppb and 149.2 ppb in the NJ experi-
ments at 2 weeks after treatment). However,
the opposite was true for the foliar treatments
(Tables 9 and 10). In NJ, thiamethoxam resi-
dues in nectar declined significantly after
application throughout the sampled weeks
in all except the high-rate drench treatment
(means = 134.3, 90.22, 72.9; df = 2, P =
0.1997) (Table 10). Thiamethoxam residues
from nectar in the CA experiment significantly
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decreased over time in both drench treat-
ments (Table 9), but residues increased by
8 weeks after treatment at both the high
(week 6, 0.74 ppb; week 8, 2.47 ppb) and
low application rates (week 6, 1.9 ppb; week
8, 2.19 ppb) in foliar applications, although
increases were not statistically significant
(Table 9).

Flupyradifurone residues decreased over
time across tissues, nectar, rates, and applica-
tion method in CA except for the low foliar
and drench application rate residues found in
nectar (Table 11). Flupyradifurone residues
also similarly declined over time in NJ (Table
12), but the statistical significance was less
consistent than in the CA experiment.

Cyantraniliprole residues generally de-
creased over time regardless of rate, tissue,
nectar, or application method for both loca-
tions (Tables 13 and 14). However, cyantra-
niliprole residues in nectar from plants
sprayed with the low application rate in-
creased over time in the CA experiment
(week 2 mean = 0.8 £ 0.2, week 8 mean =
1.11 £ 0.5; df = 3, P = 0.0773), as did resi-
dues in the petals of the NJ experiment from
plants treated with the high drench applica-
tion rate (week 2 mean = 60.14 £ 14.45,
week 10 mean = 69.7 £ 36.3; df = 2, P =
0.9504).

Discussion and Conclusion

In this study, drench application resulted in
greater concentrations of systemic insecticides
than foliar application at the recommended la-
bel rates. Higher residue concentrations after
drench applications vs. foliar sprays is consis-
tent with other studies, such as in swamp milk-
weed nectar with dinotefuran, imidacloprid,
and thiamethoxam (Cowles and Eitzer 2017).
Residues in pollen and nectar have been

shown to be the primary exposure routes
for honeybee colonies (Sanchez-Bayo and
Goka 2014). Neonicotinoid concentrations of
1000 ppb and above have been found in the
nectar and pollen of wildflowers and crops
in Canada, Europe, and the United States
(David et al. 2016; Long and Krupke 2016;
Stewart et al. 2014; Tsvetkov et al. 2017;
Woodcock et al. 2017). Pollen collected from
13 pollen traps from hives of honeybees for-
aging at three commercial ornamental plant
nurseries in Connecticut indicated that honey-
bees foraged from diverse flower plants but
were exposed to multiple active ingredients
whose maximum ppb values ranged from 456
ppb (spiromesifen) down to 0.9 ppb (diazinon)
(Stoner et al. 2019). Neonicotinoids have often
been found in soils, aquatic environments, ter-
restrial ecotones, and crop systems in concen-
trations above the target pests’ LCsy (Goulson
2013). Among 10 pesticides detected in 100
nectar samples taken from several agricultural
settings in Pakistan, imidacloprid, thiame-
thoxam, and fipronil were the most abundant
insecticides; comprising 8%, 6%, and 5% of
the abundance of total pesticides detected, re-
spectively (Pervez and Manzoor 2020).
Multiple factors influence pesticide resi-
dues collected by pollinators. A study in Italy
noted increased insecticide concentrations in
honeybees’ pollen loads when apple trees
bloomed; pollen residues were similar inside
and outside the orchards before and 2 weeks
after bloom (Favaro et al. 2019). Beebread
and pollen collected from five apiaries in
China contained higher pesticide residue con-
centrations in spring and those of imidacloprid,
thiamethoxam, fenpropathrin, bifenthrin, and
chlorpyrifos commonly occurring within the
beebread (Tong et al. 2018). Application
method also can directly affect residue lev-
els when using label rates. For example,
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higher mean concentrations of dinotefuran,
thiamethoxam, and imidacloprid found in
swamp milkweed nectar when applied as a
2 weeks before bloom (Cowles and Eitzer

Application to open flowers can deposit
insecticides directly onto pollen such that
concentrations in both leaves and pollen are

In this study, residues within leaves,
flower petals, and nectar showed similar
trends between the two locations, but residue

2017). Imidacloprid formulated as granular prod-
uct applied at 1x and 2x label rates to tropical

milkweed (Asclepias curassavica) grown in
label rate for the granular imidacloprid formula-
tion results in higher active ingredient amounts
being applied than comparable liquid imidaclo-

prid drench formulations (5.6 and 11.3 mg a.i.
seed seeds treated with thiamethoxam showed

very low residues in honey and bee bread, with
experimental hives showing no significant differ-
ences in colony health when analyzed against
the control group (Pilling et al. 2013).

similar (Lentola et al. 2017). Residues of cy-
antraniliprole and its metabolites varied de-
pending on tomato tissue type, tissue age,
time after treatment, and ripening stage of
fruits (Huynh et al. 2021). Additional pertur-
bations, such as shifts in climate and climate
extremes, have been shown to affect the level
of insecticide, herbicide, and fungicide expendi-

wheat crops (Rhodes and McCarl 2020), affect-
ing pollinator exposure.

prid concentrations in nectar were highly var-
iable after drench applications between the
two locations. Residues in the CA experiment
after treatment. Eight weeks after treatment,
the mean residues for high and low drench

application rates declined to 80.8 ppb and
nectar residues were lower than in the CA ex-
periment, at 35.8 and 12.1 ppb with the high
and low rates 2 weeks after treatment, respec-
tively, whereas concentrations declined to
22.5 and 15.2 ppb 10 weeks after treatment.
Factors contributing to these differences may
be pot size and shape, soilless media compo-

drench, compared with a foliar spray, up to
3-gal pots (300 and 600 mg a.i. per pot) yielded
very large concentrations in the flowers 3 weeks
after treatment (6030 and 10,400 ppb, respec-
tively (Krischik et al. 2015). Note, however, the
per 1-gal pot). Conversely, maize and oil rape-
ture when treating potato, soybean, corn, and
variability did exist. For example, imidaclo-
averaged 447.5 ppb with the high rate and
79.38 ppb with the low rate in nectar 2 weeks
41.3 ppb, respectively. In the NJ experiment,
sition, growing temperature, irrigation, etc.
The CA and NIJ sites used different-sized
containers in this study: 0.6561 deepots in CA
and 6.435] classic pots in NJ. Moisture in soil
can affect the half-life of acetamiprid (Gupta
and Gajbhiye 2007) and thiamethoxam (Gupta
et al. 2008), with drier conditions increasing the
half-life dramatically. In addition, the nectar ex-
traction process was different between the sites,
with NJ pipetting nectar directly from the base
of the snapdragon flower, a process that essen-
tially mimics how a pollinator would collect
nectar, whereas the CA location harvested
flowers and collected nectar in the laboratory,
which could concentrate residues. This direct
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introduced

is

pipetting process, in theory, should be more
representative of bee nectar collection and ex-
posure and is recommended for future studies.
The Environmental Protection Agency has
established concentration levels of concern for
which there is greater risk to negatively affect
honeybee health. The level of concern for
ingestion is 25 ppb for imidacloprid, 55 ppb
for cyantraniliprole, 35 ppb for thiamethoxam,
0.4 ppb for dinotefuran, and 10,000 ppb for
current label advisories against drench applica-
tions of tested systemic neonicotinoids made
als, or nectar did not exceed the level of con-
cern, so when used alone, this active ingredient
may be a candidate for applications to manage
pests with limited impact on bee populations.
or rate and may also provide an additional op-
tion for management of pests with minimal to
no risk of impact on bee populations. In honey-
bees, imidacloprid had no adverse effects on
worker mortality or overwintering deaths after
chronic ingestion exposure at typical concentra-
tions that honeybees would encounter in the
The negative effects certain concentra-
tions of systemic insecticides have on honey-
bee colony health can be increased despite
troduced, such as a concentration thought of
Thoughtful experimental designs involv-
ing field-like conditions are key to under-

et al. 2010). The mean nectar residues of the fo-
liar application of imidacloprid in this study fell
within this 2 to 20 ppb range, whereas drench
applications were often higher than 20 ppb.
This suggests foliar applications of imidaclo-
prid as a safer avenue than the drench in terms
of pollinator conservation.

as relatively safe to pollinators can be harm-
ful when another stressor

(Alaux et al. 2010). This study compared the
additive effect the parasitic microsporidian
Nosema ceranae had on colony health and

mortality when introduced to colonies being
exposed to 0.7, 7, and 70 ppb of imidacloprid

via ingestion (Alaux et al. 2010). Over a 10-
ment group showed higher bee mortality at
all three concentrations than the imidacloprid
or Nosema treatment groups individually and
the control (Alaux et al. 2010). In this current
cases well over, the concentrations used in Alaux
et al. (2010), suggesting the risk of applying imi-

dacloprid even at lower rates in areas where hon-

eybee colonies are susceptible to parasites.
standing how insecticide residues truly move

throughout the systems in which they are ap-
target pests alike. For instance, a 2018 study

Cyantraniliprole residues in nectar never ex-
ceeded 20 ppb regardless of application method
wild (2-20 ppb) (Faucon et al. 2005; Johnson
using lower rates when other variables are in-
day period, the imidacloprid + Nosema treat-
study, nectar residues fell within, and in certain
plied, creating realistic exposure values to
nontarget organisms such as pollinators and
measuring the DT50, the time required for
the quantity of a compound to degrade by
half, showed the lowest DT50 values (mea-
sured in days) were found in soil cores from

pre-bloom to minimize exposure and risk. For
flupyradifurone, residues in leaves, flower pet-

each active ingredient within nectar above
flupyradifurone. Results of this study support
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the field compared with soil cores under regi-
mented light and moisture conditions in the
laboratory (Hilton et al. 2018). Spatiotempo-
ral modeling has shown that bioaccumulation
of pesticides is higher in dry and arid regions,
compared with colder and more humid condi-
tions (Li 2022a). Such studies could poten-
tially be very valuable to understand behavior
of residues in established horticultural plants.
Multiyear studies of systemic insecticide resi-
dues should be considered in the environmen-
tal horticulture industry, as herbaceous and
especially woody perennials form a large part
of the industry and provide a multiyear re-
source for the local pollinators. Factors such
as solubility can affect the plant’s ability to
take up and metabolize systemic insecticides,
as shown with dinotefuran and imidacloprid
drenches on Ilex Xattenuata. and Clethra
alnifolia in Mach et al. (2017). Hilton et al.
(2018) also used different soil types as an
independent variable taken from different
parts of Europe. More studies such as this
could be especially valuable, given the vari-
ance in regional geology and climate. Ex-
posure assessments by simulating residue
levels in pollen and nectar could potentially
be tools in mitigating the negative impacts
insecticides can have on honeybees. Input-
ting physiochemical properties of an insec-
ticide chemistry into a model accounting
for factors such as application, geographic,
environmental, and plant physiological var-
iability can show the importance that these
factors can have on nectar and pollen residue
when assessing risk to honeybees (Li 2022b).

Foliar applications of systemic insecti-
cides in some cases can be more effective
than drench applications. For example, in a
study of 10 translaminar and systemic pesti-
cides to determine efficacy for the sweetpotato
whitefly (Bemisia tabaci) infesting poinsettia,
foliar-applied imidacloprid, dinotefuran, flupyr-
adifurone, and cyantraniliprole was more effec-
tive in reducing nymph density compared with
drenches up to 56 d after treatment in some
cases (Gill and Chong 2021). Where drench ap-
plications may not be preferred, foliar applica-
tion may be a viable methodology to manage
certain pests effectively while lower pollinator
exposure in pollen and nectar. In addition, using
insecticides selectively in combination with in-
sect predators that target the same pest as the
insecticide can sometimes provide high efficacy
(Torres and de F. Bueno 2018), these integrated
strategies also have potential to reduce pollina-
tor exposure while still maintaining acceptable
levels of pest management.
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