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Monarch butterflies are undergoing a long-term population decline, which has led to a
search for potential causes underlying this pattern. One poorly studied factor is exposure
to non-target pesticides on their primary host-plant, the common milkweed Asclepias
syriaca, during larval development. This species frequently grows near agricultural fields in
the Midwestern U.S., but the spectrum of pesticides encountered by monarch caterpillars
on milkweed leaves is unknown. Further, it is unclear whether pesticide exposure can
be avoided by isolating restored milkweed patches at sites far from cropland. Over 2
years, we analyzed 1,543 milkweed leaves across seven sites in northwestern Indiana
for the presence and concentration of a range of commonly used agricultural insecticides,
fungicides, and herbicides. Additionally, we tested the ability of local (i.e., nearest linear
distance to crop field) and landscape-level (i.e., % of corn/soybean in 1 km radius)
variables to predict the presence of pesticides on focal milkweeds. Overall, we detected
14 pesticides—4 insecticides, 4 herbicides, 6 fungicides—on milkweeds that varied
widely in their prevalence and concentration. The neonicotinoid clothianidin, the only
pesticide for which toxicity data are available in monarchs, was detected in 15-25%
of plants in June with nearly 60% of milkweeds at some sites testing positive (mean
conc. = 0.71 and 0.48 ng/g in 2015 and 2016, respectively); however, no samples
from July or August contained clothianidin. The related neonicotinoid thiamethoxam
and the pyrethroid deltamethrin were detected in most (>75%) samples throughout
the season, but only in the second year of the study. For thiamethoxam, isolating
milkweeds 50-100m from the nearest corn or soybean field tended to decrease the
concentration and likelihood of detecting residues, whereas landscape composition
surrounding milkweed sites had comparatively weak predictive power. These data
suggest that monarch caterpillars frequently consume a diversity of pesticides in their
diet; the lethal or sublethal impacts of this exposure remain to be tested.
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INTRODUCTION

Since 1960, agricultural intensification and a corresponding rise
in pesticide use has been an environmental concern due to
contamination of soil-water-air and movement of chemicals
through the trophic chain (Carson, 1962; Krupke et al., 2007;
Epstein, 2014; Douglas et al., 2015). Because broad-spectrum
pesticides are, by nature, not specific to focal pests, they can affect
non-target beneficial organisms (i.e., pollinators, parasitoids,
predators) inhabiting crops, as well as unmanaged habitats
neighboring agricultural land (Longley and Sotherton, 1997;
Aktar et al., 2009). Routes of exposure are varied and challenging
to track, but include direct contact with contaminated surfaces or
spray droplets, residues remaining on the soil, and consumption
via food resources such as leaves, nectar or pollen (Cilgi and
Jepson, 1995; Longley and Stark, 1996). In many cases, only
a small fraction of active ingredient makes contact with target
pests, while the remainder is absorbed by the greater ecosystem.
Pesticides applied by aircraft, for example, can reach as little as
50% of the target crop with the remainder moving to surrounding
areas as far as 30km downwind (Pimentel and Levitan, 1986;
Pimentel, 1995). As a result, a range of insect pests, from aphids
to caterpillars, are estimated to contact <0.1% of insecticides
applied for their control (Pimentel and Levitan, 1986). Even
newer, more targeted technologies are vulnerable to this pesticide
‘loss’; namely, seed treatments that were once touted for their
limited off-site drift (Jeschke and Nauen, 2008). New data
estimate that only 1.3% of initial seed treatment is recovered
from corn plants exposed to the neonicotinoid clothianidin, with
the remaining 98-99% of material leached into the environment
(Alford and Krupke, 2017).

Off-site exposure to mobile insecticides is particularly a
concern for pollinators, many of which inhabit agricultural
landscapes and are undergoing long-term population declines.
Several studies provide evidence of lower abundance and/or
diversity of butterflies in the field margins of insecticide-treated
crops compared with unsprayed controls (Rands and Sotherton,
1986; Dover et al, 1990; De Snoo et al, 1998). In most
cases, it is unknown whether effects are caused by exposure
to adults nectaring on flowering plants or larvae developing
on contaminated leaves. However, a field experiment exposing
Pieris brassicae caterpillars at different distances downwind to
spray drift from the insecticide diflubenzuron, showed higher
mortality when developing on leaves of their host-plant up to
16 m from the field edge (Davis et al., 1991). Similarly, several
studies illustrate that the nectar and/or pollen of wild flowering
plants on crop field edges contain residues of neonicotinoid
insecticides among other agrochemicals (Krupke et al., 2012;
Botias et al, 2015, 2016; David et al, 2016; Mogren and
Lundgren, 2016). Indeed, much of the recent focus of non-
target impacts on pollinators centers on the neonicotinoids,
due in large part to their widespread adoption in global
agriculture (Douglas and Tooker, 2015). Although this work
has primarily targeted bees, increasing evidence suggests that
butterflies are also affected. Two recent time-scale analyses of
reductions in butterfly diversity over the past several decades link
these changes with the introduction and rise of neonicotinoids

in the UK (Gilburn et al., 2015) and California (Forister
et al, 2016). These correlative analyses were complimented
by a few experimental lab studies showing strong negative
effects on larval development for butterflies reared at field-
realistic exposure levels for clothianidin (Pecenka and Lundgren,
2015) and imidacloprid (Whitehorn et al., 2018). Yet, due
to the strong research emphasis on bees and pollen/nectar
composition, we still lack field data on dietary exposure to
pesticides for butterfly larvae developing on leaves of host-plants
bordering cropland.

The common milkweed Asclepias syriaca L. is an abundant
and opportunistic herbaceous plant growing in disturbed
agricultural areas throughout the eastern United States
(Woodson, 1954). It is notorious as being the primary larval
food plant for the migratory monarch butterfly (Danaus
plexippus L.) throughout its summer breeding range (Seiber
et al., 1986; Wassenaar and Hobson, 1998). While Asclepias
is a relatively diverse genus in North America and monarchs
are capable of feeding on most, if not all, of these species,
A. syriaca is by far the most widely available and used by
monarchs in the Midwestern U.S. (Hartzler and Buhler,
2000; Zaya et al, 2017). Because A. syriaca grows in close
proximity to corn and soybean fields and monarchs specialize
on milkweed, this system offers a unique opportunity to
examine the links between crop management, pesticide leaf
concentrations, and butterfly development. Importantly,
monarch populations have declined sharply over the last 20
years with censuses in overwintering sites reporting an 82%
decrease in population size (Inamine et al, 2016; Semmens
et al., 2016; Malcolm, 2018). Hypothesized contributors to
this decline include: loss of overwintering forests in Mexico
(Brower et al, 2012); reductions in milkweed host-plants
due to widespread use of the herbicide glyphosate (Hartzler,
2010; Pleasants and Oberhauser, 2013; Stenoien et al., 2016;
Thogmartin et al.,, 2017a); urban development (Brower et al.,
2012); severe weather events (Swengel, 1995; Brower et al.,
2012); climate change (Oberhauser and Peterson, 2003;
Flockhart et al, 2015; Saunders et al, 2017); and parasites
(Altizer and Oberhauser, 1999; Altizer et al., 2004, 2015).

TABLE 1 | Area of corn and soybean, expressed as percent of total land use,
planted in a 1 km radius around milkweed sites sampled in 2015 and 2016.

Year Site % Corn % Soybean
2015 ACRE 29.6 26.2
Kankakee close 12.4 14.4
Kankakee far 0.0 0.0
Meigs 24.8 36.9
PWA 48.3 6.6
TPAC 485 30.5
2016 ACRE 14.6 39.7
Kankakee close 20.1 22.9
Kankakee far 0.0 0.0
Prophetstown 26.3 8.3
PWA 27.2 22.2
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TABLE 2 | Local site characteristics and number of plant replicates for milkweeds sampled in 2015 and 2016.

Year Site No. milkweed plants Distance (min-max) from milkweed to Direction of milkweed relative to Size of neighboring
sampled nearest agricultural field (m) crop crop field (ha)
2015 ACRE 38 5-63 1.25
Kankakee 50 407-508 E 128.93
close
Kankakee far 50 2,312-2,398 E 128.93
Meigs 66 0-246 N,EW 2.84
PWA 50 36-143 W 74.73
TPAC 36 0-30 N,S,EW 4.26
2016 ACRE 60 5-105 S 1.25
Kankakee 30 62-74 E 96.78
close
Kankakee far 30 1,641-1,714 E 96.78
Prophetstown 60 15-119 E 43.38
PWA 54 34-86 w 74.73

Although pesticides have been considered as a factor
underlying the monarch decline (see Oberhauser et al., 2006;
Krischik et al., 2015; Pecenka and Lundgren, 2015; Thogmartin
et al., 2017a), it is difficult to evaluate this hypothesis because
we lack data on field exposure during larval development.
Interestingly, monarch declines have temporally coincided with
the increase in use of neonicotinoids throughout agricultural
regions in their summer breeding habitat, leading some to
speculate whether this is a correlative or causal relationship
(Stone, 2013). A recent petition by the U.S. Fish & Wildlife
Service to protect monarchs under the endangered species act
highlights this point: “It is notable that the monarch decline has
occurred during the same time period that the use of neonicotinoid
insecticides in the key monarch breeding areas has dramatically
increased, although, to our knowledge no one has tested the
hypothesis that neonicotinoid use is a significant driver of monarch
population dynamics.”

A lab toxicity assay of monarch larvae exposed to different
concentrations of clothianidin—the main neonicotinoid seed
treatment applied to corn—showed lethal effects with an LCs
at 15.6 ng/g and sub-lethal effects at as little as 1 ng/g (Pecenka
and Lundgren, 2015). Despite the lack of data on realistic
field exposure, some have taken proactive measures to protect
monarchs against potential harm. In 2014, for instance, the U.S.
Fish & Wildlife Service phased out neonicotinoid insecticides
on crops grown on National Wildlife Refuge System lands.
Further, the U.S. Department of Agriculture developed a wildlife
habitat evaluation guide and decision support tool for monarch
butterfly restoration in which a 125-foot-wide pesticide-free
buffer around restored milkweed habitat is advocated (USDA-
NRCS 2016). To our knowledge, these buffers have not been
“ground truthed” by quantifying actual pesticide residues on
milkweed plants varying in their distance from the edge of
agricultural fields. Such data are critical for defining the validity
of nearest-distance thresholds used by land managers creating
monarch habitat. Given that recent monarch population models
estimate that 1.6 billion milkweed stems need to be added to the

Midwestern region to achieve future conservation goals, close
proximity to agricultural land is unavoidable (Pleasants, 2017;
Thogmartin et al., 2017b).

With this in mind, our primary aim in this study was
to define and quantify the spectrum of pesticides exposed to
potential consumption by monarch caterpillars on their host-
plant, A. syriaca, in agricultural landscapes. Secondarily, we
assessed how pesticide presence varies with linear distance
between focal milkweeds and cropland. This was done to test
the degree to which pesticide residues diminish with increasing
spatial isolation at a local-scale, which is most relevant to
land managers who often have some amount of flexibility
over local habitat placement on their property. Pesticide-free
buffers assume a proximity threshold beyond which exposure
is minimal to non-existent. Last, we compared the effectiveness
of nearest-distance buffer models with broader landscape-
scale analyses of land use to determine which better predicts
monarch exposure.

METHODS
Study Areas

In 2015 and 2016, we sampled A. syriaca at seven sites across two
counties—Tippecanoe and Newton—in northwestern Indiana,
USA. Each site was separated from the nearest site by at
least 2km with the farthest two sites ca. 100 km apart. A site
consisted of a patch of at least 30 milkweed plants growing
in an area adjacent to a corn or soybean field. Although all
milkweed patches were embedded within agricultural landscapes
dominated by corn and soybean production (see Table1 for
land use data and SI Appendix, Figures S1 and S2 for reference
GIS land use maps to visualize surrounding habitats for a
representative agricultural and natural site, respectively), the
local habitat varied widely from unmanaged crop field edges to
large prairies used in restoration or conservation. As a result,
the degree of isolation separating milkweeds from the nearest
crop field varied widely, from 0 to >2km; however, most
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were within a 100m buffer zone of the field edge. Because
we were constrained by the location of existing milkweeds
and site configuration, we had little control over min/max
distances, as well as other factors that could affect pesticide
movement, e.g., soil type, direction of milkweed patch relative
to crop field (upwind vs. downwind). Data on number of
plants sampled per site/year, distance range separating milkweeds
from crop, size of neighboring crop field, and direction
of milkweeds compared to crop are provided in Table 2.
Sites included:

(i) Purdue Agronomy Center for Research & Education (ACRE),
a 1,408 acre farm managed for row crop research, mainly
corn and soybean. Within ACRE, we identified and sampled
milkweed plants in the Peterson Prairie Plot, a 4 acre tall
grass prairie restoration planting established in 2003.

(ii) Kankakee Sands, a 20,000 acre protected savannah-prairie
owned and managed by The Nature Conservancy. Because
of its large area, we identified two sites within this location;
one directly abutting a soybean field named “Kankakee
close” and another that was in the core area, at least
1,500 m from the nearest agricultural land designated as
“Kankakee far.”

(iii) Meigs-Purdue Agricultural Center, a 145 acre research farm
used primarily for fruit and vegetable production, but also
including row crop agriculture. Because we could only
identify 28 naturally growing milkweeds at this site, we
supplemented by transplanting an additional 38 plants.
Seedlings from two milkweed species (A. syriaca and A.
incarnata) were transplanted in the field in April 2015
in six rows, each of which contained five plants along a
distance transect from the corn field edge: 0, 5, 10, 20,
and 30 m. Transects were separated by 10 m. An additional
eight plants at 0m were placed along the northern and
western borders of the field. It is unclear whether the lack of
milkweed at this site, as well as site (vi) below, was due to the
high local use of glyphosate or because these field margins
were occasionally mowed, which likely reduced milkweed
stand establishment.

(iv) Prophetstown State Park, a 900 acre restored prairie.
Milkweeds in this area were within a grassland close to a
large corn field.

(v) Purdue Wildlife Area (PWA), a 159 acre property
that includes forest, wetlands, and early successional
habitat. Milkweeds were adjacent to a corn field on the
western border.

(vi) Throckmorton-Purdue Agricultural Center (TPAC), an 830
acre research farm managed for row crop research, mainly
corn and soybean. Similar to the Meigs site described above,
we used milkweed transplants along distance transects
running perpendicular to the corn field edge. In 2015, 36
plants were placed around the corn field; four transects
at 0, 5, 10, 20, and 30 m along the western field edge,
four transects at 0, 5, 10m along the eastern edge, and
four individual plants at 0 m along the north and south
field edges.

Field Sampling

Milkweed Leaf Samples

During June, July, and August in both years, leaf tissue was
collected from milkweed plants for chemical analysis. On average,
we sampled 48 plants per site each year, with 524 total milkweed
plants sampled over the 2-year period across all sites. Within a
given site, sampled plants were semi-randomly chosen to span a
distance gradient along a transect extending out from the crop
field edge. Each month, two leaves were removed to provide at
least one-gram of tissue for analysis. The two leaves were located
in the central portion of the plant, avoiding the new growth in
the apical meristem and older senescent leaves at the bottom
of the stem. This leaf position roughly coincides with where we
often observe monarch larvae feeding in the field. Leaves were
sealed in plastic bags and kept in a cooler with ice before they
were transferred to a —80°C freezer in the laboratory. Because we
collected whole-leaf samples, we do not know whether residues
were on plant surfaces or inside of plant tissues. Similarly,
due to the large number of pesticides measured and logistical
challenges with sampling from multiple field sites over time,
we did not attempt to control for variation in other factors
that undoubtedly impact pesticide detection, e.g., rainfall, time
since application, half-life. However, our sampling design over
two years with several samples at different time points within a
given year, using multiple sites, and a relatively large number of
plant replicates per site, was in part intended to account for this
inevitable background “noise” and provide a reasonable estimate
for average exposure at a given time and place.

Plants were labeled with colored flagging tape to sample the
same individuals in subsequent months and georeferenced to
calculate the linear distance between focal milkweeds and the
nearest corn/soybean field in the study area. To calculate the
distance of each individual plant to the crop fields we used an
ArcGIS model for each individual site. The tools used in the
model include: “Project” that converts data from one coordinate
system (WGS_1984) to another (NAD_1983_UTM_Zone_16N);
“Near” which calculates the distance between the input feature
(milkweeds) and the near feature (crop field); “Add field” that
adds a new field to a table, in our case the distance from
milkweeds to the crop; and “Calculate field” which calculates the
values within the new field in the table (SI Appendix, Figure S3).

Soil Samples

We collected five soil samples per site during June, July and
August 2016, resulting in 15 total samples per site. Soil was
collected from random locations in the same approximate area
where milkweeds were growing at different distances from the
crop (SI Appendix, Figure S4). To do so, we used a soil core (2 cm
diameter), sampling the top ca. 18 cm, although the sampling
depth varied with soil compaction across sites. Because soil
type plays an important role in the retention or degradation of
pesticides, we identified the types of soils at each site using the
USDA Soil Survey Geographic Database (SSURGO) map data,
which contains information for 3,200 soil surveys (SI Appendix,
Table S1).
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TABLE 3 | Summary data for pesticides detected in milkweed leaf samples across both years of the study.

2015 leaves (n = 841) 2016 leaves (n = 702)
% Mean SE Median Max % Mean SE Median Max LOD %
detection  (ng/g) (ng/g) (ng/g) detection (ng/g) (ng/g) (ng/g) (ng/g) recovery
Insecticides Clothianidin 4.6 0.71 0.15 <LOD 56.5 8.1 0.48 0.09 <LOD 28.5 1.060 107.4
Thiamethoxam 1.8 0.19 0.12 <LOD 94.8 75.4 1.87 0.23 1.44 1561.3 0.230 110.0
Imidacloprid 0.2 0.01 0.01 <LOD 3.7 n.d. n.d. n.d. n.d. n.d. 0.640 93.5
Deltamethrin n.d. n.d. n.d. n.d. n.d. 98.9 3.78 0.47 1.91 248.5 0.420 109.8
Herbicides Atrazine 79.7 6.84 0.61 0.52 238.7 86.6 37.00 4.36 4.73 1352.9 0.040 80.3
Metolachlor 59.2 0.73 0.05 0.15 15.3 25.8 1.37 0.19 <LOD 58.1 0.040 99.4
Acetochlor 10.1 0.26 0.06 <LOD 43.0 21 0.09 0.03 <LOD 1.6 0.126 99.5
2-4D 0.2 0.002 <0.01 <LOD 1.0 n.d. n.d. n.d. n.d. n.d. 0.126 65.6
Fungicides Azoxystrobin 64.6 6.80 1.33 0.01 245.8 29.6 0.21 0.03 <LOD 7.8 0.012 89.2
Pyraclostrobin ~ 54.7 4.66 0.56 0.1 211.7 31.1 11.44 1.37 <LOD 453.6 0.002 71.3
Trifloxystrobin 39.6 1.77 0.32 <LOD 164.2 271 3.92 0.55 <LOD 15614 0.012 69.9
Propiconazole 34.0 0.41 0.05 <LOD 271 98.3 1.27 0.07 0.86 27.2 0.040 49.5
Metalaxyl 20.0 0.019 <0.01 <LOD 2.2 5.3 0.02 <0.01 <LOD 1.3 0.012 93.7
Difenoconazole ~ 12.6 0.005 <0.01 <LOD 0.6 6.8 0.001 <0.01 <LOD 0.1 0.001 63.3

“% detection” = percent of leaf samples with measurable levels (i.e., above the limit of detection, LOD) for a given pesticide. n.d. = not detected.
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A Insecticides B Herbicides C Fungicides
100 EE Jun | 100 - 100
—Ju b a
80 - B Aug | 80 b
60 - 60 c
a
40 40
4 =
20 20 b

Percentage of plants with pesticide residues

\ A \
oot o poe\od\ NC
o\ .
2016
D Insecticides E Herbicides F Fungicides
100 | ; 222 |100 - 3 100 222
a
80 1 80 - 80 - b b
b
60 + " 60 - a 60 -
40 - 40 40 -
a
20 4 20 b 20 8
0 - 0 =23 E 0 aa
= = = = = — = = = = =
WO 20 ‘\('\(\ d.\\o( ’D“e ‘(\\o( _Lo\e o =
SO LR 5 @ ged o e 1O
O o ge? pF P gt 000® o 0

FIGURE 1 | Frequency of pesticide residues detected from milkweed leaf tissue during June, July and August 2015 (A-C) and 2016 (D-F). Percentages
are calculated from samples summed across all study sites. Months with different letters, by pesticide, indicate significant differences (P < 0.05).
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TABLE 4 | Summary data for pesticides detected in soil samples collected from
the field in 2016.

2016 soil samples (n = 75)

Active Ingredient % Mean SE Median Max
detection  (ng/g) (ng/g) (ng/g)
Clothianidin 100 1.75 0.25 1.19 8.60
Acetochlor 100 2.33 0.21 2.08 6.83
Atrazine 96.7 5.64 0.62 3.53 27.22
Metolachlor 68.3 1.54 0.23 0.80 8.01
Azoxystrobin 66.7 0.16 0.03 0.07 1.17
Pyraclostrobin 100 0.01 <0.01 0.01 0.07
Metalaxy! 45 0.29 0.05 <LOD 1.45

“% detection” = percent of samples with detectable levels (i.e., above the limit of detection,
LOD) for a given pesticide. LOD and % recovery data are approximately the same as those
reported in Table 3 for leaf values.

Land Use Analysis

Although we measured the linear distance of each plant to a
specific crop field within our study areas, distance alone may
be a poor predictor of variation in pesticide residues. Thus,
we quantified the area of corn and soybean in a 1km radius
buffer around the milkweed sampling sites since most of the
pesticide inputs are compounds applied to these two crops,
which dominate land use in our region. To do so, we used the
ArcGIS buffer geoprocessing tool with a 1km radius, extracted
by mask to obtain the crops just within the buffer and tabulated
area to calculate the percent of corn, soybean and other crops
as a fraction of total land use. Land use data were obtained
from USDA NASS Cropland Data Layer for Indiana (www.
indianamap.org).

We also estimated corn and soybean pesticide use at a broader
geographical scale (county-level) to assess the relationship
between pesticide inputs in those crops and the residues
associated with our plants. We used the USGS pesticide database,
which estimates pesticide applications per crop per state; we
used Epest-low values, which are more conservative and tend
to better match other estimates. To quantify the amount of
pesticides applied in the two counties (Tippecanoe and Newton)
where milkweeds were sampled, we first divided the total amount
of each corn or soybean pesticide applied at the state-level
(i.e., for Indiana only) by state-wide acreage to provide a per
area use rate in each year. This approach assumes that state-
wide averages are reflected in local grower practices, which may
not always be the case. The per-unit rate was then multiplied
by the area of corn or soybean planted per county in that
year to estimate how much of each pesticide was applied near
milkweed sites (SI Appendix, Table S2). Because USGS datasets
stopped including seed treatments in their pesticide surveys
after 2014, we unfortunately could not include neonicotinoids
and some fungicides using this approach. However, virtually all
corn (>90%) in our area is seed treated with clothianidin and
thus total corn acreage is a good proxy for neonicotinoid input
(Douglas and Tooker, 2015). In addition to the information
provided by USGS, a list of the pesticides applied during

our sampling to corn or soybean close to the milkweeds was
provided by the staff managers at the different sites (SI Appendix,
Table S3).

Laboratory Analysis

Leaf Pesticide Residue Analysis

QuEChERS (Quick-Easy-Cheap-Effective-Rugged-Safe)
extraction method was used to identify pesticide residues
associated with milkweed samples. We screened 65 commonly
used pesticides following the approach by Long and Krupke
(2016). Multiple leaves within a sampled plant/date were
combined and chopped with scissors to obtain a roughly
homogenized 1g sample. All plant tissues were processed
with scissors and forceps, cleaned in a 70% alcohol solution
before processing each sample and latex gloves were used to avoid
contamination between samples. Each 1 g sample was transferred
into a 7 ml homogenizer tube (Bertin-technologies) with 2 g of
zirconium oxide beads (2mm diameter; Bertin-technologies).
To homogenize the tissue, 2ml of double deionized (dd) water
was added to each tube, after which tubes were set in a Precellys
24 lysis homogenizer, which processed samples using four
cycles at 5,000 rpm. Homogenized samples were transferred
to 15ml tubes, and 2ml dd water and 4ml of the extraction
solvent acetonitrile were added. The 15ml tubes contained the
1 g plant tissue, 4 ml dd water and 4 ml acetonitrile. Ten pl of
an isotopically labeled internal standard mix containing the
pesticides screened was added to the 15 ml tubes. The standards
help in the quantification of the pesticides in the samples, because
a calibration curve is then created to assign a concentration value
to peaks obtained from the processed samples.

The anhydrous salts magnesium sulfate (1.2g) and sodium
acetate (0.3 g) were added to enhance the extraction efficiency
and induce phase separation with acetonitrile. Each 15ml
tube was agitated for Imin with a S8220 Deluxe Mixer
Vortex (Scientific Products) and shaken on a VWR W-150
Waver Orbital Shaker at speed 10 for 10 min. The tubes were
centrifuged at 4°C, 2,500 rpm for 10 min, for phase separation.
One ml of supernatant was added to 2ml Agilent dispersive
Solid Phase Extraction tubes (part no: 5982-5321), containing
25mg PSA, 7.5mg GCB and 150 mg MgSOy, cleaning up the
samples before the analysis by liquid chromatography. The
dispersive SPE tubes with the 1ml supernatant were spun
in a vortex (Labnet VX100) for 10min and centrifuged at
15,000 rpm for 5min in an Eppendorf Centrifuge 5424. The
supernatant was then transferred into 2ml Eppendorf tubes,
which evaporated overnight in a speed vacuum (SC250EXP,
ThermoFisher Scientific). The dry residue at the bottom of the
tubes was mixed with 100 pl of acetonitrile, spun for 10 min
in a vortex, centrifuged for 5min, and the supernatant was
transferred to liquid chromatography mass spectrometry (LC-
MS) autosampler vials. The identification, quantification and
separation of the pesticide residues were carried out in an
Agilent 1200 rapid resolution liquid chromatography with a
triple quadrupole mass spectrometry (Agilent 6460 series) and an
Agilent Zorbax SB-Phenyl 4.6 x 150 mm, 5 um column (Agilent
technologies, Santa Clara, CA). Both the QuEChERS method
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FIGURE 2 | Frequency of pesticide residues detected in soil samples during June, July and August 2016 (A-C). Percentages are calculated from samples summed
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Clothianidin in leaves = -.0877 + .62306 * Clothianidin in soil
Pearson Correlation, r=0.763, p <0.0001
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FIGURE 3 | Relationship between clothianidin concentration detected in soil
and leaves from adjacent milkweed plants. Data points represent a paired
soil-leaf sample for a given site/month.

modification and LC-MS analysis were performed at the Bindley
Bioscience Center at Purdue University.

Soil Pesticide Residue Analysis

QuEChERS extraction method was modified and used to identify
pesticide residues in soil, similar to the above-described protocol.
Seven grams of wet soil were weighed on a scale (Mettler
Toledo model MS3001S). The samples were dried for 2 days at
105°C in individual aluminum baking cups. The dry weight of
each individual sample was recorded to calculate the pesticide
concentration in ng/g per sample; dry weight varied between
5.04 and 6.96g. Dry soil was sieved and slowly added and
mixed to avoid clumping with 5ml dd water in a 50 ml falcon
tube. The 50 ml tubes were agitated for 1min, then 5ml of

acetonitrile (ACN) at 99% and acetic acid at 1% were added,
followed by 10 pl of an isotopically labeled internal standards
mix containing the 65 pesticides targeted for screening. The tubes
were agitated in a vortex for 7 min and then 4 g of magnesium
sulfate (MgSOy4) and 1 g of sodium acetate (NaOAC) were added
slowly, shaking regularly in a vortex to facilitate the incorporation
of the salts with the soil and avoid clumps. Upon adding salts,
tubes were agitated in a vortex for another 2min to dissolve
any clumps. The samples were centrifuged for 5min at 4,000
rpm and 1.4ml of supernatant was transferred into dispersive
Solid Phase Extraction tubes (part no: 5982-5122), containing
50mg PSA, 50mg CI18EC and 150 mg MgSOy, to clean up
the samples before the analysis by liquid chromatography. The
dispersive SPE tubes were spun for 5min and centrifuged at
5,000 rpm for 3 min; 1 ml of supernatant was then transferred
to 2ml Eppendorf tubes and left to dry overnight in a speed
vacuum (SC250EXP, ThermoFisher Scientific). The next day,
samples were resuspended in 100 pl of acetonitrile, spun for
5 min and centrifuged for 7 min at 13,000 rpm before transferring
the supernatant into an LC-MS vial. Pesticide identification
and quantification were carried out as described above for
leaf samples.

Statistical Analysis

We only targeted pesticides for statistical analysis and figures
if they were detected in >1% of milkweed samples with
overall concentrations >1 ng/g. Pesticides that fell below these
thresholds were considered either too sporadic or diffuse to cause
significant ecological impacts on monarch populations.

The effects of year, month and site on pesticide presence
in milkweed tissue were evaluated with a mixed model logistic
regression, with binary data (SI Appendix, Table $4). When
pesticide residues were found in association with milkweed tissue
we assigned a value of 1 and when pesticide residues were below
the detection limit we gave a value of 0. Site was considered
as a random factor, and year and month were fixed factors.
For this analysis, we only used 0/1 data, rather than the actual
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TABLE 5 | The effects of month and distance separating focal plants from the
nearest cropland on thiamethoxam detection associated with milkweed leaves at
three sites (A-C) sampled in 2016.

thiamethoxam detection

Estimate SE z P
(A) ACRE
Intercept 4.7246 0.9683 4.88 <0.0001
Distance —0.0474 0.0129 —3.69 0.0002
Month (June) 0 0 . .
Month (July) —2.2309 1.076 -2.07 0.0381
Month (Aug) —1.8966 1.1915 —1.59 0.1114
Distance*June 0 0 . .
Distance*July 0.0203 0.0147 1.38 0.1676
Distance*Aug 0.0437 0.0149 2.93 0.0034
(B) PWA
Intercept 2.6371 0.6978 3.78 0.0002
Distance —0.0357 0.0087 —-4.13 <0.0001
Month (June) 0 0 . .
Month (July) -0.2727 0.1585 -1.72 0.0854
Month (Aug) —1.6186 1.1439 —1.42 0.1571
Distance*June 0 0 .
Distance*July 0.0013 0.0013 1.02 0.3084
Distance*Aug —0.0149 0.0197 -0.76 0.4473
(C) PROPHETSTOWN
Intercept 1.8445 1.1599 1.59 0.1118
Distance 0.0441 0.0087 5.07 <0.0001
Month (June) 0 0
Month (July) 2.3034 1.59 1.45 0.1474
Month (Aug) 1.0881 1.6329 0.67 0.5052
Distance*June 0 0
Distance*July —0.0735 0.0154 —4.79 <0.0001
Distance*Aug —-0.1072 0.0214 —5.01 <0.0001

Data from 2015 were not used due to the overall low detection rates of thiamethoxam
(see Figure 1A). Significant (P < 0.05) effects bolded for emphasis.

concentrations due to the large number of samples below the
detection limit.

We used a correlation analysis to test the relationship
between pesticide concentrations found in soil vs. corresponding
values in milkweed leaves. To do so, we created a 5m buffer
around the points where soil samples were collected and
selected the plants inside the buffer (SI Appendix, Figure S4).
These soil-plant samples were paired together as spatially co-
occurring to test for a correlative pattern. In cases where
multiple plants were within the soil buffer we averaged the
plant data to create a single mean value for each pesticide at
that location.

To evaluate the effects of land use on pesticide residues
associated with milkweed leaves we used a three-tiered approach,
starting with local habitat placement and ending with landscape-
scale crop pesticide use. For local habitat placement, we used a
two-part hurdle model with logistic regression using binary data
based on detection frequency, followed by a secondary analysis

using the continuous concentration data with non-detections
removed. For this analysis, we focused on the three insecticides—
thiamethoxam, clothianidin, deltamethrin—since the impacts of
fungicides/herbicides on monarchs at this point are unknown.
Because distance to field is confounded with site, we were unable
to include both factors in the model. In working with naturally
occurring milkweed patches we were constrained by existing
plant distributional patterns (see Table2), resulting in some
sites with all milkweeds clustered relatively close to the field
margin (0-30m for 2015 TPAC) and other sites that were far
further away (2,300-2,400 m for 2015 Kankakee far). Thus, we
developed site-specific models that include the factors year (when
appropriate; some pesticides were mostly detected one of the
2 years), month, and distance separating milkweed plants from
the nearest agricultural field. This allows us to test the effects
of spatial isolation, while controlling for temporal variation. We
only analyzed sites in which the distance gradient spanned the
125 ft distance threshold proposed for milkweed restoration.
Several of our sites (see Table 2) included milkweeds that far
exceeded this distance threshold, even at the closest proximity,
and, consequently, distance from nearest crop field is biologically
less relevant in these cases.

Next, simple linear regressions per year and pesticide active
ingredient were used to quantify the relationship between percent
of corn and soybean planted in a 1km radius around milkweed
habitats and the frequency of milkweed leaves with pesticide
residues. For this analysis, we took advantage of natural variation
in land use surrounding our sites, which varied widely from
no agriculture to ca. 80% cropland (see Table 1). Last, we used
correlations to determine whether corn or soybean pesticides
applied at the county-level reflected the frequency of residues
associated with milkweed leaves. This analysis used Tippecanoe
as the focal county since this housed the majority of our
milkweed sites and has a similar agricultural backdrop to the
other county (Newton) surveyed. Also, we focused this county
analysis only on fungicides for two reasons: one, given the
chemical and application differences across pesticide classes, we
wanted to avoid directly comparing, for example, insecticides and
herbicides; and two, fungicides had the most active ingredients-
—6 compounds—which allowed us to make this comparison (i.e.,
we were unable to use a correlation with only 2 or 3 data points
in the case of insecticides and herbicides).

All statistical analyses were conducted with R software 3.5.1
using the packages car, ggplot2, Imer4, and multicomp, except for
local habitat use (i.e., distance from crop), for which we employed
the Proc Genmod and Proc GLM functions in SAS, V. 9.4.

RESULTS

Leaf Pesticides

Across both years of the study, 14 pesticides commonly used in
crops in Indiana were detected on milkweed leaves (Table 3). It
is important to note, however, that this is not a comprehensive
list. While we screened a relatively large number of pesticides,
focusing on ones that we know are ubiquitous components of
row crop pest management in our region, some compounds
are difficult to detect due to factors such as high volatility
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(e.g., dicamba) or require a different, more specialized analytical
approach for quantification (e.g., glyphosate).

Clothianidin, the insecticide that to date has received the
most attention for potential non-target impacts on monarchs,
was only detected in 4-8% of total samples; however, those
values are somewhat misleading since it averages across all sites
and dates. As a general pattern for both sampling years, we
almost exclusively detected clothianidin in June, but not in July
or August (Figures 1A,D). During these early season samples,
clothianidin was detected in ca. 15-25% of plants with nearly 60%
of milkweeds at some sites testing positive. Interestingly, both
thiamethoxam (neonicotinoid) and deltamethrin (pyrethroid)
varied dramatically in their detection rates across years (SI
Appendix, Table S4), with both compounds occurring at high
frequencies in 2016 (75-99%) while being virtually absent from
samples in 2015 (Figures 1A,D). Imidacloprid (neonicotinoid)
was only found in a small number of plants (0.2%) in the first
year of this study.

Atrazine was the most commonly detected (80-87% on
average, although some months approached 100% of samples)
and occurred at the highest mean concentrations (6.84
and 37.0 ng/g) of any pesticide surveyed in either year,
followed by s-metolachlor and acetochlor among the herbicides
(Table 3). Notably, s-metolachlor displayed consistent within-
season patterns in both sampling years whereby detection rates

were several-fold higher early in the season before gradually
declining in July and August (Figures1B,E; SI Appendix,
Table S4).

Overall, fungicides were the most omnipresent of pesticides
detected on milkweed with 6 compounds consistently occurring
on leaves. Several fungicides, most notably propiconazole (98%
detection rate in 2016), were somewhat commonly detected,
but only at trace (<1 ng/g) amounts. The compounds that
combined relatively high concentrations and detection rates
included pyraclostrobin (31-55%) and trifloxystrobin (27-40%;
Table 3). In contrast with the herbicide s-metolachlor, which
decreased throughout the season, the two strobilurin fungicides
showed the opposite pattern, gradually increasing from June to
August in both years (Figures 1C,F; SI Appendix, Table S4).
Propiconazole detection frequency displayed a nearly 3-fold
increase between years one and two, from 34 to 98% of samples.

Soil Pesticides

We found 7 pesticides in soil across the sites sampled in
2016 (Table4), which were a subset of the 14 pesticides
recorded from milkweed leaves. Clothianidin was the only
insecticide detected and it was found in all samples consistently
throughout the summer (Figure2A), in contrast with leaf
presence, which was restricted to only June. Thus, clothianidin
was far more ubiquitous in the soil than leaves. Importantly,
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FIGURE 5 | Relationship between distance separating focal plants from
cropland and concentration of the neonicotinoid thiamethoxam associated
with milkweed leaves at one of our sites, Prophetstown. Each data point is an
individual plant sample for June, July, or August.

soil concentrations of clothianidin were highly correlated with
levels in co-occurring milkweed leaves (Figure 3; r = 0.763,
p < 0.0001). This was the only pesticide showing a soil-
plant association.

We detected three herbicides—atrazine, s-metolachlor,
acetochlor—and three fungicides—azyoxystrobin,
pyraclostrobin, metalaxyl. Similar to clothianidin, soil
concentrations of these compounds tended to be far more
stable over time, i.e., leaf values fluctuated dramatically across
months when the same soil values remained relatively constant
(compare Figurel vs. Figure2) even though half-life of
pesticides vary with soil physical and chemical characteristics
and our plants grow under different soil types (SI Appendix,
Table S1).

Land Use

Linear distance separating milkweed plants from agricultural
fields was a strong predictor of thiamethoxam detection
frequency at all of the sites evaluated (Table 5). However, distance
frequently interacted with sampling month, resulting in variation
in the nature of the relationship over time. In 6 of 9 cases (3 sites
x 3 months), detection rates declined with increasing distance
separating milkweed from crop field up to 150m, although
the shape of this relationship varied (Figure 4). The other two
insecticides either showed no spatial patterning (clothianidin;
no significant main or interactive effects of distance from crop)
or were detected in nearly 100% of samples and thus did not
have sufficient variation in detection frequency to statistically
evaluate using binary data (deltamethrin in 2016, Table 3).
When continuous concentration data were used after removing
samples below the detection threshold, one of the three sites
also showed a distance relationship involving thiamethoxam
(Figure 5; distance x month, F = 11.35, P < 0.0001). Similar to
detection data, concentrations were higher in milkweeds growing

closer to field edges. As with binary data, no relationships were
observed for clothianidin or deltamethrin.

Although we found substantial site-level variation in pesticide
presence on milkweed, landscape composition—namely, amount
of corn and soybean—within a 1km radius surrounding
focal sites was a poor predictor of our data. Across both
2015 (Figure 6) and 2016 (Figure?7), only one pesticide—
pyraclostrobin in 2015 (Figure 6D; F = 8.61, P < 0.05)—
showed a relationship between land use and detection frequency
(SI Appendix, Table S5). In this case, percent of plants with
measurable amounts of pyraclostrobin increased from ca. 40 to
70% when comparing the least to most agricultural sites.

Finally, at the county-level, which encompasses the broadest
spatial scale employed (for reference, Tippecanoe Co. is ca. 1,300
km?), the total amount of fungicides applied to soybean had a
marginally significant (r = 0.85, P = 0.06) effect on the percent
detection frequency of fungicides for milkweed leaves in 2015
(Figure 8B). However, other relationships were not significant
(corn 2015, r = 0.38, P = 0.28; corn 2016, r = 0.18, P = 0.77).

DISCUSSION

Our study clearly shows that the foliage of milkweed growing in
prairies and unmanaged habitats neighboring cropland contains
residues from a wide variety of agricultural pesticides, primarily
those applied to corn and soybean. The actual risk of these
pesticides, however, depends on how frequently milkweeds
contain those levels in the field. Our data reveal strong
spatiotemporal variation in pesticide occurrence across sites,
months, and years, which means that the threat posed by these
chemicals depends on if, when, and where they coincide with
monarch colonization and phenology. Below we highlight the
implications of these findings for each of the three major pesticide
classes and discuss whether pesticide exposure can be avoided
based on local and landscape-level habitat placement.

Insecticides
Contamination of non-target plants by neonicotinoids used
in agriculture is widely reported, but almost exclusively for
pollen or nectar samples taken from flowers (Greatti et al,
2003; Krupke et al., 2012; Bonmatin et al., 2014; Botias et al.,
2015, 2016; Mogren and Lundgren, 2016). Consistent with this
literature, our study found neonicotinoid residues associated
with milkweed leaves around farmland, specifically the active
ingredients clothianidin and thiamethoxam. Although seed
treatment data are no longer reported for U.S. row crops, most
corn in our region is seed treated, primarily with clothianidin,
and much of the soybean acreage also employs a seed treatment,
mainly thiamethoxam (Douglas and Tooker, 2015). Corn and
soybean dominate land use in the areas surrounding each of
our milkweed sites, and thus it is not surprising that these two
insecticides were among the ones most commonly detected.
Importantly, the leaf concentrations we recorded (up to 56.5
and 151.3 ng/g for clothianidin and thiamethoxam, respectively)
are within the range previously reported from other studies.
For example, a recent analysis of clothianidin on the leaves of
plants used in pollinator strips bordering seed-treated corn fields
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reported values that were comparable to our milkweed data
(Mogren and Lundgren, 2016), including sunflower (max. 81
ng/g), buckwheat (max. 54 ng/g), and phacelia (max. 33 ng/g).
Interestingly, some milkweed concentrations were also roughly
similar to those reported from the leaves of seed-treated crops
such as corn (7-86 ng/g at 20-34 days post planting; Alford
and Krupke, 2017) and soybean (105 ng/g in V1 stage and 1.7
ng/g in V4 stage after 17 and 56 days; Magalhaes et al., 2009).
Perhaps most relevant to our study, Pecenka and Lundgren
(2015) documented clothianidin in 36-64% of milkweed leaves
surveyed in South Dakota at mean concentrations of 1.24 and
1.11 ng/g. By comparison, we detected clothianidin at a far lower
rate (4.6 and 8.1%, overall, for the 2 years), but with comparable
mean values (0.71 and 0.48 ng/g). Pecenka and Lundgren (2015)
used dose-response curves for monarch larvae to clothianidin,
which revealed the LCsp at 15.63 ng/g and sublethal effects at as
little as 1 ng/g. Based on extrapolating these calculations to our
field data, sublethal effects should be observed for monarchs on
5-8% of leaves surveyed (averaged across all sites, months, and
years; risk varies seasonally), whereas lethal effects (i.e., >LCsg)

are limited to 1.4% of samples. It is important to note that
our assessment is based solely on clothianidin, for which data
exist on monarch growth and survival. Our second sampling
year revealed that thiamethoxam can be much more prevalent—
detected in 75% of samples—but its toxicity to monarchs is
unknown at present.

Another critical aspect of our neonicotinoid data is that
during both years of the study, residues diminished dramatically
over the course of the summer. We virtually only detected
clothianidin in June, and thiamethoxam detection in year 2
dropped by ~50% from June-July to August. This within-season
decline would be consistent with pesticide degradation from
the putative time of exposure (i.e., when seed-treated fields are
planted in late spring) to the timing of when milkweeds were
sampled. More importantly, the data suggest that early-season
monarchs are at greater risk from neonicotinoid exposure than
subsequent generations occurring later in the season. Similarly,
our data suggest strong annual fluctuations in risk, indicating
that monarchs likely encounter a different suite of pesticides
each year. Thiamethoxam and deltamethrin, for example, were
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more prevalent in the second sample year. This is likely a result
of local or regional differences in pest management approaches
employed by farms. Active ingredients for foliar sprays such as
deltamethrin can vary greatly across years, depending on factors
such as price and availability. Thiamethoxam is more likely to
be a reflection of seed treatments, which vary with the relative
acreage of corn vs. soybean in the landscape. Further, in corn/soy
rotations, the insecticides used will change on an alternate year
basis. Overlaying temporal variation in pesticide presence with
the timing of non-target insect colonization and development is
a key component to risk assessment that, to our knowledge, is
rarely incorporated into such studies.

While we did not document the mechanism by which
neonicotinoids moved from cropland to milkweeds in this study,
for clothianidin we found a strong positive relationship between
soil and leaf concentrations (Figure 3). This could be simply
correlative (i.e., areas with high neonicotinoid deposition result
in correspondingly higher concentrations both in soil and on
plant surfaces), or indicative of systemic uptake from soil into
nearby plants. In all cases, we analyzed whole tissue samples so,
unfortunately, do not know whether pesticides are on the leaf
surface or inside the plant, for systemic compounds. Overall,
the clothianidin concentrations in our soil samples (range:
0.88-8.59 ng/g; mean: 1.75 ng/g) were comparable with those
reported in other studies of agricultural soils, ie., 6.57 ng/g
(Botias et al., 2015), 7.0 ng/g (Xu et al., 2016), 2.1 and 6.3 ng/g
(Krupke et al., 2012).

Last, in 2016 we frequently detected the pyrethroid
deltamethrin in milkweed samples. Although pyrethroids
are considered highly toxic to lepidopterans in general,
nothing is known specifically about the deltamethrin-monarch
relationship. A few studies have found negative non-target effects
of the related pyrethroids, permethrin, and resmethrin, used in
mosquito control on monarch caterpillars (Oberhauser et al.,
2006, 2009). Similarly, field applications of deltamethrin in the
UK increased mortality of Pieris butterfly larvae developing in
hedgerows bordering cereals (Cilgi and Jepson, 1995). Topical
application of 20 ng was sufficient to kill 50% of P. brassicae
individuals after 2 weeks of exposure (Cilgi and Jepson, 1995);
however, host plants influence caterpillar susceptibility to
deltamethrin (Tan and Guo, 1996), and thus it is difficult to
extrapolate these values for milkweed.

Herbicides and Fungicides

Monarch decline is often attributed to an indirect effect
from glyphosate reducing milkweed abundance (Hartzler, 2010;
Pleasants and Oberhauser, 2013; Pleasants, 2017). Yet, the direct
effects of herbicides on monarchs (i.e., those not merely caused
by a reduction in milkweed availability) are unknown, and likely
dismissed since herbicides are considered non-toxic to insects
(but see Russell and Schultz, 2009; Stark et al., 2012). Potential
non-target pathways could occur via herbicide exposure, either
topically or orally, changing some aspect of caterpillar physiology
or altering the milkweed-monarch interaction by e.g., interfering
with or amplifying the induced defense pathways employed
by milkweeds (Boutin et al., 2004, 2014). For instance, the

herbicide 2,4D functions as a plant defense elicitor, resulting
in resistance to herbivorous insects on plants exposed to low
doses (Xin et al., 2012). Also, drift of the herbicide dicamba into
field margins reduced pollinator visitation rates (Bohnenblust
et al., 2016), impacted the abundance of several arthropods in
the community (Egan et al, 2014), and decreased caterpillar
development (Bohnenblust et al., 2016). Herbicides such as
glyphosate can even act directly on pollinators by disrupting their
gut microbiome (Motta et al., 2018).

Of the herbicides sampled, atrazine was the most commonly
detected and at the highest concentrations. Much of what
is known about atrazine’s impacts on invertebrates comes
from aquatic food webs where run-off into streams or lakes
alters community structure (Dewey, 1986; Gruessner and
Watzin, 1996). While these are mostly indirect effects via
reductions in the population of algae or related macrophytes,
direct effects of atrazine on insects are documented (Miota
et al, 2000; Graymore et al, 2001), as well as their role
in synergizing insecticides such as organophosphates
(Anderson and Lydy, 2002).

For fungicides, the compounds we detected in milkweed
leaves largely match those reported from pollen, honey,
nectar, wax, and foliage of wildflowers or crops (Krupke
et al., 2012; Sanchez-Bayo and Goka, 2014; David et al,

2016; Long and Krupke, 2016). Fungicides inhibiting
ergosterol biosynthesis, like propiconazole, act as synergists
for neonicotinoid insecticides, increasing their toxicity

to bees by inhibiting cytochrome P450s that function in
detoxification (Pilling and Jepson, 1993; Pilling et al,, 1995;
Johnson et al., 2013). There is also the potential for additive
toxicity when insects are exposed to mixtures of pesticides.
Propiconazole was detected in 98% of milkweed samples in 2016,
in many cases co-occurring with insecticides like deltamethrin
and thiamethoxam. The high frequency of the fungicides
propiconazole, pyraclostrobin, and trifloxystrobin compared
with metalaxyl and azoxystrobin could be related to the high
use of these fungicides to increase yield in hybrid corn and
soybean (Paul et al., 2011; Mahoney et al., 2015).

Land Use

For the neonicotinoid thiamethoxam, we found that detection
frequency and concentrations tended to be higher on milkweeds
growing in closer proximity to agricultural land. This suggests
that spatially isolating milkweed restoration sites from crop
fields could be an effective approach to reduce risk. To our
knowledge, the proposed 125 ft buffer distance is a somewhat
arbitrary value that is not based on specific criteria; however,
our data nevertheless suggest that milkweed habitat restoration
abiding by this rule would likely result in fewer plants containing
thiamethoxam and at lower concentrations (see values >38.1 m
on Figures 4, 5). What remains unclear is the degree to which
these reductions result in enhanced survival and/or performance
of monarch caterpillars, which is the ultimate goal. This would
require experimentally rearing larvae on plants in the field
along a distance transect extending from a crop field edge.
In fact, bypassing high quality monarch habitat on land that
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is relatively close to a corn or soybean field could have a
net detrimental effect on monarch conservation if the benefits
of additional milkweed stems exceed the detrimental impact
of higher pesticide load; a scenario that is entirely plausible,
depending on the factor(s) most limiting monarch fitness. This
is particularly true for pesticides such as clothianidin that already
occur at relatively low frequencies. Deltamethrin also occurred
at frequencies and concentrations that were independent of
distance to crop. This could be due to the fact that this insecticide
is likely applied via aerially spraying, which may result in
greater propensity for drift beyond the immediate surrounding of
crop fields.

At the landscape level, amount of row crop production
in the 1km radius around milkweed sites was generally a
poor predictor of pesticide presence on milkweeds. Only one
of the pesticides tested—pyraclostrobin—showed a significant
relationship whereby prevalence increased on milkweeds with
increasing agricultural intensity. That being said, several of
the pesticides, including clothianidin in both years, were most
prevalent at the most heavily agricultural site while showing the
lowest occurrence at the least agricultural site. We suspect that
the lack of statistical power due to low site replication (n =
6 and 5 sites in 2015 and 2016, respectively) played a role in
these outcomes, especially for a coarse predictor variable like
total crop acres that does not account for variation in local site
factors. A similar conclusion was drawn from a recent study
of pesticide residues on native bees; despite trends, land cover
in a 1km radius around sites was non-significant, likely due
to low site replication (Hladik et al., 2018). Our county-level
analysis led to an analogous conclusion. Correlations suggested
that greater use by farmers at the regional scale increased
prevalence of fungicides on milkweeds, but statistical effects
were equivocal (i.e., marginal significance) due to low replication
(Figure 8).

CONCLUSIONS

Risk assessment evaluating the potential impacts of pesticides
on monarchs entails a two-step process; first, documenting
the chemicals that larvae and/or adults are exposed to in
the environment, and second, experimentally testing those
chemicals most commonly encountered to assess lethal and
sub-lethal effects. Here, we take the first step in this process,
documenting the spectrum of pesticides encountered by
monarch larvae on the most critical host-plant in their summer
breeding range, A. syriaca. We strongly emphasize, however,
that pesticide presence does not necessarily translate into
impact. Unlike honeybees, for which LDsy data are widely
available on most compounds, at present such information
is only available for clothianidin in the monarch system.
Clearly, a major emphasis of future research efforts should
be to close this knowledge gap by quantifying monarch
larval responses to a range of pesticides under controlled
lab settings. Based on our field data, obvious starting points
for these trials would be insecticides such as thiamethoxam

and several of the ubiquitous fungicides that occur on
milkweed leaves.

Assuming pesticide presence is undesirable for land managers
focused on restoring milkweed for monarch conservation, our
data secondarily point to local habitat placement—namely, site
isolation—as an effective tool for reducing non-target exposure.
Additional work to help refine these recommendations could
focus on site-specific factors that contribute to oft-site pesticide
drift beyond simple linear distance, e.g., wind direction, slope,

soil type.
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