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Abstract 

Human-managed green spaces in urban landscapes have become important focal points for insect conservation, partly because of 
the desirable insect diversity that these areas support, and also because exposure to nature is important for human health and well
being. An important issue in insect conservation is the extent to which nonpest insects are impacted by pesticide applications, but 
this has been relatively less examined outside of agricultural landscapes. Here, we investigated green spaces, including parks and 
private yards, in two urban areas (Sacramento, California, and Albuquerque, New Mexico, United States), asking if larval host plants 
for butterflies in the two regions contained herbicides, insecticides, and fungicides. We assayed 336 individual plants in 19 genera, in
cluding woody and herbaceous plants. Pesticide presence was ubiquitous: only 22 samples had no detectable levels of pesticides; the 
median number of compounds detected in the other 314 individual plants was three; and the maximum detected in any one plant 
was 18. Within Sacramento, azoxystrobin was detected in 84% of all samples, whereas atrazine was detected in 70% of samples 
within Albuquerque. Two compounds (azoxystrobin and chlorantraniliprole) were found to exceed concentrations that are known to 
cause lethal and sublethal effects in 71 out of 336 plants. Our results suggest that the effects of pesticides on nontarget species should 
be further explored in urban areas, and that nontarget effects on desirable insects are possible in these areas without thoughtful 
management and elimination of nonessential pesticide applications.
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Introduction
In the midst of the ongoing insect biodiversity crisis (Crossley 
et al., 2021; Eisenhauer et al., 2019; Forister et al., 2021; Van Klink 
et al., 2020; Wepprich et al., 2019), exposure to pesticides has 
been identified as a threat to nontarget insect populations 
(Serr~ao et al., 2022). These findings are somewhat unsurprising, 
given the trend toward the use of compounds with increasing 
toxicity to invertebrates over time, even when controlling for 
reductions in application rate (Schulz et al., 2021). Although our 
understanding of the influence of pesticide use on insect popula
tion trajectories in and near agroecosystems continues to grow 
(Brereton et al., 2011; Forister et al., 2016; Gilburn et al., 2015; 
Kuechle et al., 2022; Shirey & Ries, 2023; Van Deynze et al., 2024), 
relatively little attention has been devoted to understanding pes
ticide concentrations in urban areas. These densely populated 
areas contain impervious infrastructure such as houses, roads, 
and commercial buildings, but also insect habitat such as gar
dens and public parks (Meftaul et al., 2020; Pickett et al., 2011). 
Adequate habitat quality within urban areas is integral in the 
preservation of both insects and the myriad ecosystem services 
they provide (e.g., pollination, nutrient cycling, and cultural 
value, among others; Schowalter et al., 2018). These managed 

green spaces also support biodiversity, and in some instances, 
have been shown to contain diverse insect pollinator communi
ties (Hall et al., 2017).

Urban areas may house a more diverse array of pesticides 
than agricultural settings (Wittmer et al., 2010), as the com
pounds used in urban areas are applied to control a wider diver
sity of pests within a range of differing systems (e.g., structural, 
ornamental, and home garden), rather than management of a 
handful of known pests within a typical agricultural monocul

ture cropping system (Meftaul et al., 2020). Furthermore, applica
tion rates are known to far exceed those of conventional 
agriculture on a per-area basis (Haith & Duffany, 2007; Hoffman 
et al., 2000); considering all nonagricultural applications within 
the United States, a total of 42 million kg of conventional pesti
cides were used over the course of a single year (Atwood & 
Paisley-Jones, 2017). In addition, pesticides can be introduced to 
urban landscapes inadvertently because of agricultural field run
off or drift, particularly when these compounds are applied indis
criminately (Hoffman et al., 2000; Luo & Zhang, 2010). Pesticides 
can also be introduced to urban green spaces as a consequence 
of volatilization (Bedos et al., 2002). Given the limited habitat 
available to urban insects, the presence of pesticides in urban 
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green spaces could create an ecological trap, wherein an organ
ism drawn to the space for food or other resources could experi
ence lethal or sublethal effects following exposure to a given 
pesticide. Previous work has established patterns of pesticide 
contamination in urban surface waters (Nowell et al., 2021) and 
in pollen collected by bees near cities (Bot�ıas et al., 2017), but few 
studies have explored pesticides detected within known butterfly 
host plants in urban areas.

In this study, we assayed the presence and concentration of 
pesticides found within known or presumed butterfly host plants 
collected from urban spaces within Albuquerque, New Mexico, 
and Sacramento, California. We focused on butterfly host plants 
because both the life history of butterflies and their host plant 
associations are well established (Scott, 1986) relative to other in
sect taxa, facilitating an examination of pesticide residues con
tained within a set of known larval resources and potential 
effects on a major group of insects. Further, a variety of butterfly 
host plants can be present in urban spaces, often through inten
tional plantings of pollinator gardens, such as milkweed stands 
for monarch butterflies. In our study, host plants were opportu
nistically sampled from sites representative of urban areas, in
cluding parks, pollinator gardens, and private yards. Our primary 
objective was to describe the assemblage of pesticides that are 
present within urban landscapes and their field-realistic concen
trations. To explore potential sources of detected pesticides, we 
gathered county-specific agricultural and nonagricultural appli
cation data available for Sacramento, CA, to examine whether 
some of the pesticides observed within the sampled urban areas 
were potentially attributable to drift or run-off from reported 
applications. Finally, we referenced the toxicological literature to 
provide context for our pesticide detection results and discuss 
instances wherein exposure to detected concentrations might re
sult in sublethal or lethal effects for nonpest lepidopterans and 
other related species.

Materials and methods
Host plant sampling
Host plant samples were collected from Sacramento, California, 
and Albuquerque, New Mexico in the spring of 2022. To select the 
optimum timeframe in which to sample, we used iNaturalist to 
generate a list of commonly observed plants at both parks and 
natural areas within each city, as well as the approximate time 
periods in which those species were known to leaf out 
(iNaturalist, 2022). The plant list was then cross-referenced to es
tablish which larval lepidopteran species were likely to use spe
cific plants as larval hosts (Calflora, 2024; Cary & Toliver, 2024; 
Scott, 1986), and final candidate species were sampled (if pre
sent) within each city (more details below). Within Sacramento, 
we collected samples from 14 different sites, including public city 
parks (n¼9) and privately managed urban sites (n¼ 5), such as 
home yards or privately owned pollinator gardens, during the 
month of May (Figure 1A). Within Albuquerque, we collected 
samples from 10 different sites, chosen to represent a similar ar
ray of city parks (n¼ 5) and privately managed urban sites (n¼ 5) 
during the month of June (Figure 1B). A total of 19 host plant gen
era were sampled.

To sample privately managed urban sites, we recruited volun
teers from the Native Plant Society and Master Gardener chap
ters within Sacramento and Albuquerque. Volunteers were asked 
to complete a survey that assessed the suitability of their prop
erty for sampling, including the number of target butterfly host 
plant genera within each yard and if they apply pesticides. Given 

the constraints of sampling at privately owned sites, we were un
able to randomize the locations selected for sampling and in
stead chose sites in response to volunteer interest and access to 
locations. City parks were also selected opportunistically.

For each site, iNaturalist was referenced to establish the po
tential presence of plant species that are either known larval 
hosts or belong to genera containing known larval host species 
(iNaturalist, 2022). Plant sampling was conducted haphazardly 
by first taking a preliminary walk throughout the sampling area 
to establish the location of all focal plant genera. The website 
iNaturalist and other online resources were used to identify 
plants to the lowest taxonomic level possible (either genus or 
species; iNaturalist, 2022). A total of 10 plants per target species 
were sampled per site; for a site containing fewer than 10 plants 
of a given species, all plants were sampled (Tables S1 and S2, see 
online supplementary material). Plant samples were chosen to 
represent their spatial extent within a site. For example, for sites 
with an elevational gradient extending from upslope down to a 
riverbank, we sampled individuals from across the gradient. 
When unconstrained by site-level variables (such as the location 
of plants, plant availability, and plant size), plants were sampled 
from the edges to the center of a site. Examples of plant locations 
within a site are provided in Figure 1C and D.

We sampled between 5–10 g (wet wt) of leaf tissue per plant. 
Smaller forbs were often close to the 5 g minimum sample size, 
and thus, we sampled the majority, if not all, leaves. Tall trees 
were sampled by removing accessible leaves toward the base of 
the plant, whereas smaller trees or shrubs were sampled by re
moving leaves from the center of the plant (neither apical nor 
basal). Clippers were cleaned with 90% isopropyl alcohol between 
samples. Sampled leaves were placed into squares of aluminum 
foil, wrapped, and transported in plastic bags with ice packs. 
After collection, samples were stored in the freezer at −20 �C and 
then overnight shipped to the Cornell Chemical Ecology Core 
Facility for analysis.

Chemistry
A modified version of the EN 15662 QuEChERS procedure 
(European Committee for Standardization, 2008) was used to ex
tract host plant leaves, and the extracts were screened for 94 pes
ticides (including pesticide metabolites and pesticide breakdown 
products) by liquid chromatography mass spectrometry (LC-MS/ 
MS; Table S3, see online supplementary material). Our list of ana
lytes was compiled according to three main parameters: (1) the 
pesticide is used extensively in United States agriculture or by 
homeowners, (2) the pesticide is relevant to insects (e.g., studies 
have shown that it is either toxic to insects at environmentally 
realistic concentrations or in combination with other pesticides), 
and (3) the pesticide can be quantified using ultraperformance 
LC-MS/MS with a limit of quantification (LOQ) that is of a relevant 
toxicity to insects. Host plant leaves were extracted as follows. 
Frozen leaves (5–10 g) were cut into small pieces and mixed with 
5 mL of water and 10 mL of acetonitrile. The resulting mixtures 
were homogenized for 1 min with ceramic beads (�10 g, 2.8 mm di
ameter) using a Bead Ruptor 24 (OMNI, International, United 
States). A mixture of salts (6.5 g, EN 15662) comprised of 4 g MgSO4, 
1 g NaCl, 1 g sodium citrate tribasic dihydrate, and 0.5 g sodium cit
rate dibasic sesquihydrate was added. Samples were shaken vigor
ously for 1 min on the Bead Ruptor, centrifuged at 7,300× g for 
5 min, and 1 mL of the resulting supernatant was placed into a dis
persive solid phase extraction tube containing 900 mg MgSO4 and 
150 mg primary secondary amine (PSA). The samples were vortex- 
mixed for 1 min and centrifuged at 7.3×g for 5 min. Two hundred 
ninety-four microliters of supernatant were collected and 6 µL of a 
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solution containing three internal standards (0.3 µg/mL 13C3-met
alaxyl; 0.3 µg/mL 2H3-pyraclostrobin; 0.15 µg/mL 2H4-fluopyram) 
was added. Resulting samples were filtered (0.22 µm, polytetra
fluoroethylene) and stored at −20 �C before analysis.

Samples were analyzed by LC-MS/MS using a Vanquish Flex 
UHPLC system (Dionex Softron GmbH, Germering, Germany) 
equipped with a Waters Acquity UPLC BEH C18 column (2.1 mm 
x 100 mm, 1.7 µm particle size), in conjunction with a TSQ 
Quantis mass spectrometer (Thermo Scientific, San Jose, CA, 
United States). A complete description of the parameters used for 
this analysis is contained in the Supplementary Methods section 
(see online supplementary material). The range of limit of detec
tion (LOD) and LOQ for each compound (assuming 1 g of sample) 
varied between runs and are summarized for compounds in
cluded in the pesticide screening in Table S4 (see online supple
mentary material). Level of detection refers to minimum 

concentration at which a compound can be distinguished from a 
blank sample (but the concentration of the sample cannot be re
liably quantified), whereas LOQ is the concentration at which a 
compound can be quantified. In our study, LOQ is equal to three 
times the LOD. When a pesticide was detected in a sample at a 
concentration that fell below the LOQ value, we used the mass- 
adjusted LOD (i.e., LOD multiplied by the sample mass) value for 
that sample. This approach could underestimate the concentra
tion for these samples but provides a conservative value for sam
ples with trace amounts.

Finally, it is also important to note the limits of the assay used 
to determine the presence and concentration of pesticides within 
our samples. Multi-residue detection in complex sample matri
ces can be difficult, potentially resulting in signal suppression or 
enhancement (“matrix effects”; Veiga-del-Ba~no et al., 2024). 
Although the analytes selected for this analysis were carefully 
chosen to reflect pesticides that are commonly used within the 

Figure 1. (A–B) Maps depicting the sampling locations for Sacramento, CA, USA (A; n¼14) and Albuquerque, NM, USA (B; n¼ 10). Pie charts are color 
coded by the plant genera sampled within each site. Pie charts outlined in white indicate the focal site that is featured in the bottom panels, C and D. 
(C–D) Maps of representative parks from within Sacramento, CA (C) and Albuquerque, NM (D). Pie charts show the proportion of pesticide detections 
belonging to each pesticide class in individual plants sampled within the park, with plant locations jittered to avoid visual overlap. The outline color of 
each pie chart indicates the genera of the plant sampled.
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United States, we also acknowledge the potential error associated 
with the method employed for pesticide detection.

Analysis
The sampling design for this study, described above, was largely 
opportunistic and guided by the presence and location of target 
plants, and availability of volunteer yards. Because of the nature 
of that sampling, we focused our analyses on descriptive, sum
mary statistics, and visualizations of data, rather than the devel
opment of analyses for which assumptions (e.g., independence 
and random samples) might not be met. Thus, our presentation 
of results is aimed at documenting a snapshot of the pesticide 
landscape rather than evaluating specific hypotheses. Summary 
statistics and figures were all generated in R version 4.2.2 (R Core 
Team, 2024). Maps were generated using the ggmap (Kahle & 
Wickham, 2013), ggspatial (Dunnington, 2023), and PieGlyph 
(Vishwakarma et al., 2024) packages.

Exceedance data literature search
To examine the potential biological relevance of our findings, we 
compared the detected pesticide concentrations to established 
oral lethal concentrations found within the literature (where 
available) and interpreted exceedances of oral lethal concentra
tions in the context of the published residual level values (RL50) 
for a given compound, which contain information about rate of 
decay in the environment. We emphasize that this study is not a 
traditional risk assessment, and the studies and their reported 
thresholds referenced herein are to provide context for the con
centrations that we detected. One of those thresholds is lethal 
concentration (LC), which refers to the concentration of a chemi
cal that is expected to cause death in a certain percentage of the 
study animals after a specified period of exposure (Heath, 1972). 
Using ISI Web of Science and the ECOTOXicology Knowledgebase 
(Olker et al., 2022), we used the search terms (lepidop� OR 
butterfl� OR moth�) AND (name of compound) for each of the 
detected compounds to identify studies that experimentally ex
posed caterpillars to a given compound and reported LC end
points. Lethal concentration values are directly comparable to 
our study units, which are in ppb (quantified as ng of compound/ 
g of plant). In contrast, lethal dose values (e.g., LD50) are in units 
of compound per units of body weight (Trevan, 1927) but were in
cluded in our literature search in instances where LC endpoints 
were lacking. When information on nonpest lepidopterans was 
unavailable, we referenced the pest lepidopteran literature. If 
neither butterfly nor pest lepidopteran data were available, we 
referenced the bee literature. Although both pest lepidopterans 
and bees have limited relevance to butterfly physiology (e.g., 
Hoang et al., 2011; Voelckel & Jander, 2014), information derived 
from these groups is still better than a complete lack of informa
tion and were thus used to inform our understanding of relative 
toxicity of detected compounds for butterflies.

To assess environmental fate and whether chronic or acute 
exposure would be possible at a given detected concentration, we 
referenced the University of Hertforshire’s Pesticide Properties 
Database for RL50s (Lewis et al., 2016). Residual level is the range 
of days for which a given compound’s concentration declines by 
50% when the compound is contained within or on the surface of 
a particular plant matrix, wherein “plant matrix” refers to the 
plant tissue type (e.g., leaf or flower) and species in which a con
centration for a given compound was measured. We use estab
lished RL50 values as a proxy for how detected compounds may 
behave in sampled host plants.

Pesticide use data
To explore how patterns of pesticide detection relate to pesticide 
use patterns, we obtained data for pesticide application methods 
and the amount of active compounds applied for Sacramento 
County, California and Yolo County, California from the 
California Pesticide Use Report for the months before plant sam
pling occurred in Sacramento: January–May of 2022 (California 
Department of Pesticide Regulation, 2024a). Using these data, we 
fit a generalized linear model with a binomial distribution that 
examined the relationship between log-transformed pesticide 
application data (in total pounds of chemical applied) and the 
proportion of plant samples for which a given compound was 
detected. Although all sampling was conducted within the 
boundaries of Sacramento County, we elected to include Yolo 
County data to account for movement of pesticides applied 
within this county, as this region borders the sampled area. 
Pesticide application data were filtered to only include pesticides 
that host plant leaves were assayed for in the pesticide screen, 
yielding 87 compounds of the 94 that were tested. Degradants 
were included under the parent compounds. See Table S4 (see 
online supplementary material) for a complete breakdown of ap
plication data, including references for synonyms and degra
dants. These data include all pesticide applications made to 
support agricultural production except for seed treatments. They 
also include nonagricultural pesticide applications made to 
maintain roadside and railroad rights-of-way, parks, golf courses, 
cemeteries, and any application of a restricted material and/or 
made by a licensed pest control operator (e.g., landscaping or 
pest management professional). Consumer home-and-garden 
uses are not included. To the best of our knowledge, data on pes
ticide use are not available for Albuquerque, New Mexico.

Results and discussion
A total of 336 individual plants from 19 different genera were 
sampled (Figure 1; Tables S1 and S2, see online supplementary 
material), of which 314 samples were found to contain at least 
one pesticide. We detected 47 of the 94 pesticides included in the 
screening, of which 14 were insecticides, 10 were herbicides, 20 
were fungicides, one was an antibiotic, one was the breakdown 
product of an insecticide, and one was an adjuvant (Figure 2). 
Adjuvants are commonly used in pesticide mixtures to enhance 
the potency of the active ingredients. For samples in which pesti
cides were detected, the median number of compounds per plant 
was three, and the maximum number of compounds per plant 
was 18. Sampled host plants contained a range of 0–10 different 
fungicides, 0–7 different herbicides, and 0–7 different insecti
cides. Below, we detail compounds that were detected in high 
prevalence, reference potential sources of pesticides that were 
detected, and explore the potential consequences of the com
pounds that were detected given their concentrations.

Pesticide detection
Pesticide detection across cities and plant genera
Although pesticides were ubiquitous within both cities, several 
differences can be noted in the prevalence and assemblage of 
detected pesticides in each city (Figure 2). In Sacramento, we 
sampled more individual plants (181 plants from 12 genera) and 
detected a slightly higher number of pesticides (37 compounds) 
than in Albuquerque (31 compounds detected in 155 plants rep
resenting nine genera; Figure 2). The difference in the number of 
compounds was primarily due to a difference in the number of 
fungicides, with more fungicide compounds detected in 
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Sacramento (Figure 2). The average number of compounds con
tained within a sample was 5.5 and 2.6 for Sacramento and 
Albuquerque, respectively. Within Sacramento, three com
pounds were detected in the majority of samples, wherein azoxy
strobin (fungicide) was the most prevalent compound, contained 
in 84% of all samples; methoxyfenozide (insecticide) was in 78% 
of samples; and fluopyram (fungicide) was in 63% of samples 
(Figure 2B). This result is consistent with previous work that 
established methoxyfenozide, azoxystrobin, and fluopyram as 
being amongst the most prevalent compounds detected within 
milkweed plants, an important host plant for the monarch but
terfly, across various habitat types (including urban areas) in the 
Central Valley of California (Halsch et al., 2020). Azoxystrobin 
was also detected within more than 75% of milkweed nursery 
plants sampled from 15 states within the United States (Halsch 

et al., 2022). Conversely, atrazine (herbicide) was the only preva
lent compound within Albuquerque, contained in 70% of all sam
ples (Figure 2D). This variation between cities is not surprising 
given that Sacramento is within the most productive agricultural 
region in the United States (the Central Valley), and therefore 
likely exposed to drift from neighboring agricultural areas (see 
Potential sources of pesticides in Sacramento).

Overall, woody plants contained more compounds, and the 
highest numbers of pesticides were detected in Salix and Quercus, 
which contained 28 and 29 compounds, respectively (Figure 3). 
However, this pattern might arise because of sampling limita
tions for herbaceous species, as representation of woody genera 
was higher across sites. Within the herbaceous genera, Achillea 
contained the highest number of compounds detected (22); how
ever, compound accumulation curves for this and other 

Figure 2. Panels A and C: Mean and range concentration of pesticide detected (in parts per billion [PPB] on a log scale) by compound and compound 
class in Sacramento (SAC; A) and Albuquerque (ABQ; C). Averages were calculated for each compound after excluding samples in which that respective 
compound was not detected. Compounds without a datapoint were not detected in that city. Red horizontal lines, where present, indicate an 
established 10% lethal concentration (LC10) value or sublethal effect for nonpest lepidopterans. Black horizontal lines, where present, indicate 
established LC50 values for nonpest lepidopterans. Colors of the mean and range indicate the compound class to which the pesticide belongs, wherein 
insecticides are dark red, herbicides are green, fungicides are purple, and others are dark yellow. Panels B and D: Compound prevalence in Sacramento 
(B) and Albuquerque (D). Bars show the total number of plant samples in which compounds were detected (out of 181 and 155 total sampled plants for 
Sacramento and Albuquerque, respectively). Colors within the bars correspond to plant genus (as depicted in the legend) and indicate the number of 
respective samples for each plant genus.
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herbaceous genera suggest these numbers are conservative and 
compound richness would likely increase with additional sam
pling (Figure 3A and C). Across genera, 79% of plant samples con
tained residues of multiple compounds. Only 10 (out of 181) and 
12 (out of 155) plants were devoid of pesticides within 
Sacramento and Albuquerque, respectively. Both Salix and 
Quercus samples collected from Sacramento frequently contained 
a combination of insecticides, herbicides, fungicides (Figure S1, 
see online supplementary material), and the plateaus evident in 
compound accumulation curves for these genera suggest that 
they were both sufficiently sampled to estimate compound rich
ness (Figure 3). Beyond arising as an artifact of sampling, woody 
genera may accumulate more pesticides because they are ex
posed to pesticide application for the entirety of the year, rather 
than dying back during the winter months. Further, if agricul
tural runoff is reaching urban sites, deeper roots may facilitate 
the uptake of pesticides contained within groundwater. In con
trast, the herbaceous genera Plantago and Helianthus less fre
quently contained mixes of compounds (Figure S2, see online 
supplementary material).

Pesticide detection within sites and limitations of 
pesticide detection
Accumulation curves visualized at the level of individual sites 
were generally more indicative of rising compound richness with 
additional samples (Figure 4). However, it is interesting to note 
that the patterns of richness detected, even for curves that have 
not reached a plateau, revealed comparable ranges of pesticide 
richness across public and private areas for each city 

(Albuquerque private range: 5–14 compounds; Albuquerque pub
lic range: 9–15; Sacramento private range: 8–20; Sacramento pub
lic range: 4–23). We acknowledge that our estimates of the 
number of compounds in those spaces are certainly conservative 
and would increase with additional study. Private sites seemed to 
be slightly more prone to under-sampling (Figure 4A and C), but 
it is important to remember that this study was dependent on 
landowners volunteering access to their property. In the intake 
survey that was provided to screen for potential volunteers, most 
volunteers who allowed us to sample from their backyards indi
cated that they rarely (if ever) applied pesticides to their gardens 
and backyards, and we would thus anticipate that a higher num
ber of compounds would be found within the backyard of an av
erage or randomly sampled homeowner.

In addition to sampling limitations arising from nonrandom 
site access, we expect our estimation of pesticide residues in ur
ban areas to be conservative because the pesticide screening did 
not exhaustively assay all possible pesticides. Notably, we were 
unable to test for the presence of pyrethroid insecticides, which 
represent a potentially large source of contamination within the 
California Central Valley: within the last decade, pyrethroids 
have increased in surface water detections within the California 
Central Coast (DeMars et al., 2021), and they are commonly used 
to control pests within the Central Valley (California Department 
of Pesticide Regulation, 2024a). We were also unable to test for 
glyphosate, an herbicide commonly used across urban and agri
cultural landscapes (Duke, 2018). As we measured pesticide con
centrations of host plants at a single time point in early spring, 
we were unable to capture variability of compounds that might 

Figure 3. Compound accumulation curves by woody and herbaceous genera. Salix and Quercus were sampled in both Sacramento, CA, USA, and 
Albuquerque, NM, USA, and thus compound numbers for these genera are pooled across cities. All other genera were sampled within one city only. 
This graph excludes Bouteloua, which contained too few samples to rarefy. See Tables S1 and S2 (see online supplementary material) for a complete list 
of plant genera that were sampled.
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have been detected throughout the year or across years (Olaya- 

Arenas & Kaplan, 2019). We might expect to see more or different 

compounds in plant tissues at different sampling times given 

that certain compounds are applied and detected earlier or later 

in the growing season (Br€uhl et al., 2021; Hladik et al., 2023; 

Olaya-Arenas & Kaplan, 2019). The sampling timeframe that we 

selected, however, overlaps with when a variety of developing 

larvae are known to emerge and begin to feed (Scott, 1986; Shirey 

et al., 2022). Even if not actively feeding, larvae could still experi

ence cuticular exposure to pesticides being applied on vegetation 

or soil. Ultimately, the findings from host plants in Sacramento, 

California, and Albuquerque, New Mexico suggest nonpest 

Lepidoptera using host plants within urban green spaces are 

likely to be exposed to a variety of pesticides.

Potential sources of pesticides in Sacramento
Broadly, pesticide application amounts reported within Yolo 

County and Sacramento County during the spring of 2022 were 

weakly, but positively, associated with the frequency at which 

we detected compounds within sampled host plants (ß¼ 0.9476 ± 

0.0371 on the log scale, df¼ 1, p< 0.0001, R2¼0.27; Figure 5). This 

finding suggests that detected compounds may have been partly 

attributable to movement from application sites (sampled sites 

were 577–5,429 m away from the nearest agricultural field), 

within the range of distances at which pesticide movement has 

been previously observed (Baio et al., 2019; Lenard et al., 2025; 

Pimentel & Levitan, 1986). Conversely, the low variance 

explained is likely attributable at least in part to the complexity 

of the sources of detected pesticides beyond reported applica
tions, as well as the course spatial grain of the analysis.

Frequently detected pesticides may have originated from vari
ous application types. The prevalent insecticide methoxyfeno
zide was reported only in agricultural settings (California 
Department of Pesticide Regulation, 2024a), where it was sprayed 
from ground equipment onto fruit and nut crops (Figure S3, see 
online supplementary material). The prevalent fungicides azoxy
strobin and fluopyram were predominantly applied via ground 
equipment (with some aerial application) in an agricultural set
ting, with some applications in nonagricultural settings 
(California Department of Pesticide Regulation, 2024a; Figure S3, 
see online supplementary material). Although these results sug
gest that the presence of these compounds in host plant samples 
collected in the city of Sacramento may be partly attributable to 
agricultural drift, these pesticides may have also originated from 
nonreported uses. Given the high prevalence of azoxystrobin 
detected within sampled nursery plants (among other active 
ingredients; Halsch et al., 2022), nurseries may serve as a poten
tial source of compounds. Homeowner applications are also a po
tential source because each of these active compounds can be 
found in both restricted-use and general-use pesticide mixes 
(Britten, 2024; California Department of Pesticide Regulation, 
2024b). Similarly, milkweed plants sampled from agricultural, ur
ban, and wildlife refuge areas had comparable ranges of methox
yfenozide concentrations, making it difficult to infer the sources 
of this compound (Halsch et al., 2020). Methoxyfenozide was also 
detected ambiently within five wildlife refuges dispersed across 
the Sacramento Valley (Lenard et al., 2025).

Figure 4. Compound accumulation curves by city and site type (public vs. private). Panels A and B depict Sacramento, CA, USA, private and public 
sites, respectively, and Panels C and D depict Albuquerque, NM, USA, private and public sites, respectively. Sites are denoted with different colors. Site 
codes are provided for reference within Tables S1 and S2 (see online supplementary material), where a breakdown of plants sampled at each site 
is provided.
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In contrast to methoxyfenozide, we can infer that detections 
of thiobencarb in Sacramento stemmed from exclusively agricul
tural applications. Thiobencarb is a restricted-use pesticide that 
is applied solely in rice within the state of California (California 
Department of Pesticide Regulation, 2024a), which is grown to 
the north and west of Sacramento (United States Department of 
Agriculture, 2024). This compound was reported as having been 
applied aerially during the spring months before sampling 
(California Department of Pesticide Regulation, 2024a; Figure 5; 
Figure S3, see online supplementary material). Spray drift from 
aerial application poses a risk to nontarget terrestrial plants (U.S. 
Environmental Protection Agency, 1997), indicating that the de
tection of thiobencarb within both public and private urban 
green spaces resulted from movement out of agricultural land
scapes. Atrazine is another restricted-use compound that was 
detected, but no applications of this compound were reported in 
the 5 months preceding our sampling within the focal counties. 
Applications were thus either not reported or the residues we 
detected originated from movement outside of the focal counties. 
Such movement is possible, as this compound can persist in soil 
(half-life of 130 days), leaches easily through soil substrate, and is 
known to contaminate groundwater (U.S. Environmental 
Protection Agency, 2016). Atrazine can also reach the atmosphere 
via volatilization or particle transport, after which it can be de
posited hundreds of kilometers away (Thurman & Cromwell, 
2000). In addition to its detection in Sacramento, this compound 
was the most frequently detected in Albuquerque. Although pes
ticide application data are not available for Albuquerque, atra
zine was detected in New Mexico drinking water during the year 
of sampling and years preceding sampling (Environmental 
Working Group, 2023). Within this state, atrazine is commonly 
used to control broadleaf and grassy weeds in rangeland and ag
ricultural ecosystems (Environmental Working Group, 2023; 
Young & Spackman, 2021).

Beyond atrazine, six other compounds were detected in our 
samples but not listed as having been applied in either county 
relevant to our Sacramento samples, including ametryn, prome
ton, propazine, terbutryn, thiabendazole, and fumagillin, none of 
which are restricted use. The detection of the systemic fungicide 
thiabendazole could be explained by movement from other coun
ties, carryover from previous applications, or possibly by their 
use as seed treatments. Similarly, thiophanate-methyl was ap
plied in fruit and nut crops (Figure S3, see online supplementary 
material), but detections may have also originated from its unre
ported use as a seed treatment, because the planting of 
pesticide-coated seed is currently not tracked by California’s pes
ticide use reporting system. A full list of frequently detected com
pounds and their status as both systemic and/or seed use 
treatments can be found within Table S6 (see online supplemen
tary material). Other compounds that were detected but not 
reported may have originated from noncommercial applications.

Although our findings suggest that agricultural applications of 
pesticides are likely important sources of pesticides within urban 
environments, it is also imperative to consider what is applied 
within urban spaces. For example, carbaryl was one of the more 
frequently detected insecticides (25%) in our samples from 
Sacramento and is frequently used in home and garden settings 
(Atwood & Paisley-Jones, 2017). However, these applications are 
more difficult to track, and we were unable to account for them 
in our examination of pesticide use in Sacramento because pri
vate applications of unrestricted pesticides are not reported to 
the California Department of Pesticide Regulation. This empha
sizes the role of the homeowner in privately owned spaces. 
Outside of constraints on consumer availability, the only regula
tion of homeowner pesticide applications is what is available in 
stores and through the instructions provided on the label. 
Sampling of urban waterways shows that runoff and leaching 
from urban applications occur (Nowell et al., 2021). The risk of 

Figure 5. Log-transformed pesticide application data from the months of January through May of 2022, as compiled from both Sacramento and Yolo, 
CA, USA counties (California Department of Pesticide Regulation, 2024a) versus the percentage at which pesticides were detected within host plants 
sampled from urban areas in the city of Sacramento. The dark gray dashed line shows the fit of the generalized linear model with a binomial 
distribution predicting percent sample detection by log-transformed pesticide amount applied in pounds, with the associated 95% confidence 
interval in light gray (ß¼ 0.9476 ± 0.0371 on the log scale, χ2 ¼ 1;040, df¼1, p<0.0001, R2¼0.27). The following compounds were detected in plant 
samples but did not show records of use during the focal period: ametyryn, atrazine, prometon, propazine, terbutryn, thiabendazole, fumagillin.
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this increases with home applications, because training is not re
quired for private pesticide applications of unrestricted com
pounds, and untrained applicators might fail to follow 
application instructions and spread pesticides beyond the 
intended application area. Although the modern agricultural and 
nonagricultural spheres have become dependent on pesticides, 
we can be more selective about what is applied to our landscapes 
to achieve multiple outcomes. Pests can be managed through nu
merous nonchemical means (Sawyer & Casagrande, 1983), while 
still allowing urban spaces to support and bolster biodiversity, 
and consequently, human health.

Exceedances of lethal and sublethal values for 
butterflies
Of the 47 compounds that were detected, oral LC10, oral LC50, 
oral LC90, or other records of established sublethal effects for 
nonpest lepidopterans were available for atrazine, azoxystrobin, 
chlorantraniliprole, clothianidin, imidacloprid, pyraclostrobin, s- 
metolachlor, thiamethoxam, and trifloxystrobin (Table S5, see 
online supplementary material). These studies were conducted 
primarily on the monarch (Nymphalidae: Danaus plexippus), and 
secondarily on two butterflies in the family Lycaenidae, Lycaeides 
melissa and Polyommatus icarus. We considered chronic toxicity, 
acute toxicity, and sublethal effects to ascertain a more robust 
picture of the potential threat posed to developing larvae. 
Although some studies were unable to distinguish between oral 
versus contact toxicity, these were still included.

The fungicide azoxystrobin (detected in 84% samples in 
Sacramento; 26% of samples in Albuquerque) and the insecticide 
chlorantraniliprole (detected in 14% samples in Sacramento; 
0.05% samples in Albuquerque) were found in exceedance of at 
least one of these established values, considering chronic toxic
ity, acute toxicity, and sublethal effects (Table S7, see online sup
plementary material). Azoxystrobin concentrations in 51 plants 
sampled from within Sacramento either met or exceeded 
0.67 ppb—the mean field-realistic concentration of milkweed 
plants bordering agriculture in the midwestern United States and 
the concentration at which reductions in wing size were illus
trated to occur for monarchs (Danaus plexippus) in response to 
chronic exposure (Olaya-Arenas et al., 2020). Azoxystrobin has a 
residual level (RL50) ranging from 0.4 to 17.5 days on and in plant 
matrices (Lewis et al., 2016). On average, developing monarch lar
vae feed for 10–14 days (Oberhauser & Solensky, 2004). Only 15 of 
the 51 samples contained azoxystrobin concentrations that 
would still exceed the concentration at which sublethal effect 
are known to occur after degrading to one-half of their original 
value. Consequently, azoxystrobin is likely to degrade in plant 
tissues fast enough to limit exposure, assuming that repeated 
applications do not occur. However, even with a single applica
tion, under the right conditions (i.e., RL50≥ 10 days), it is possible 
that monarch larvae feeding on plants containing this compound 
could experience chronic exposure.

Of the 33 plants that contained chlorantraniliprole, the 
detected concentration of this compound either met or exceeded 
the chronic oral LC50 value for all monarch larval instars in 7 
plants, and all 33 plants containing chlorantraniliprole exceeded 
the chronic oral LC10 value for all monarch larval instars and 
acute oral LC10 value for second instars (Krishnan et al., 2021). 
Conversely, detected concentrations of chlorantraniliprole did 
not exceed the concentration that was established to kill 62% of 
the test population for the lycaenid, Lycaeides melissa (Halsch 
et al., 2023). Within and on a variety of plant matrices, chloran
traniliprole has an RL50 ranging from 2.2 to 12.6 days (Lewis 
et al., 2016). A feeding larva being exposed to a concentration of 

chlorantraniliprole exceeding the chronic LC50 value would have 
been unlikely, as the six observed exceedances would be under 
the threshold of toxicity following the reduction of the concen
tration of this compound to half of its original value. For all 33 
plants containing chlorantraniliprole, concentrations would 
have remained above the acute oral LC10 and chronic oral LC10 
values, even if the substance were to degrade to half of its origi
nal concentration. Thus, if monarch larvae were feeding within 
several days following this study, acute oral toxicity would have 
been possible, and chronic oral toxicity would have been less 
likely, as it would hinge on the degradation process exceeding 
9 days. However, these RL50 values are not representative of all 
methods of application. Chlorantraniliprole is also injected into 
trees to manage foliar pests; following injection, the concentra
tion of this compound gradually increases within the leaves and 
peaks 2 months after application (Coslor et al., 2019). If chloran
traniliprole was applied via an injection in the Populus and 
Quercus samples that were found to contain the compound, it 
may have persisted longer in these plants than suggested by the 
RL50 range, thereby increasing the probability of chronic oral ex
posure. Although most chlorantraniliprole applications were 
reported as having been applied via spraying, some “unspecified” 
listings could indicate their application via injection (California 
Department of Pesticide Regulation, 2024a).

Our results suggest a range of nonpest lepidopteran species 
could be exposed to these pesticides at potentially harmful con
centrations, as azoxystrobin was found across a wide array of 
both herbaceous and woody plants in Sacramento, and chloran
traniliprole was found in a wide array of woody and herbaceous 
genera in Sacramento, and one herbaceous genus (Sphaeralcea) 
and one woody genus (Chilopsis) in Albuquerque (Figure 2). 
Notably, interpretation of these exceedances using RL50 values 
hinges on the assumption that the compound would behave sim
ilarly in sampled plants as compared to how the compound be
haved in and on tested crop plant tissues. This study also does 
not account for routine spraying, which could well have occurred 
after we sampled. Furthermore, although it was the best that 
could be done given the available information, using data for one 
species (e.g., monarch) as a proxy for other nonpest lepidopter
ans is a limited approach. Beyond differing developmental times, 
and thus differing lengths of exposure to pesticides, there is also 
considerable variability in response to the same compound even 
within a taxonomic family—monarchs have been noted to be 70 
times more sensitive to clothianidin, as compared to the painted 
lady (Nymphalidae: Vanessa cardui; Krishnan et al., 2021; Peterson 
et al., 2019). Similarly, the monarch is much more sensitive to 
chlorantraniliprole as compared to the Melissa blue (Lycaeides 
melissa melissa; Halsch et al., 2023; Krishnan et al., 2021). 
Therefore, more information is needed to understand how the di
verse butterfly species using the host plants in our focal urban 
areas would be affected.

Although we found exceedances of sublethal and lethal con
centrations in two of the nine compounds for which there were 
available data, we emphasize the incomplete understanding of 
how the remaining 38 detected compounds may impact nonpest 
lepidopterans. These compounds with limited data include two 
of the most prevalent compounds we detected within 
Sacramento—fluopyram and methoxyfenozide. Although studies 
were lacking on the impact of fluopyram on lepidopterans, the 
acute oral LD50 value established for honeybee exposure to fluo
pyram (100,000 ppb) likely implies limited toxicity for butterflies 
for the range of concentrations we detected (0.16–3.2 ppb). 
Studies on the effects of methoxyfenozide on all lepidopterans 

Environmental Toxicology and Chemistry, 2025, Vol. 00, No. 00 | 9  
D

ow
nloaded from

 https://academ
ic.oup.com

/etc/advance-article/doi/10.1093/etojnl/vgaf218/8245823 by U
niversity of N

evada, R
eno user on 11 O

ctober 2025

https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf218#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf218#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf218#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf218#supplementary-data
https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf218#supplementary-data


were limited to application rates at which reductions in crop in
jury were found to occur—not on lethal or sublethal concentra
tions (e.g., Abd-Ella, 2015); consequently we cannot make 
inferences as to the potential impacts of this compound at the 
concentrations we detected, nor can we use the LC50 value that 
was established for bee species because this compound was for
mulated as an ecdysone mimic that induces a lethal premature 
molt in lepidopteran larvae specifically (LaLone et al., 2014). 
Investigation into methoxyfenozide effects on nontarget lepidop
tera could be especially productive, as butterflies are listed as 
one of the target pests for some registered pesticide mixes that 
contain methoxyfenozide as an active compound (California 
Department of Pesticide Regulation, 2024a), and the U. S. 
Environmental Protection Agency pesticide screening tool 
(SeqAPASS) suggests that monarchs may be susceptible to this 
compound (LaLone et al., 2014).

For remaining detected insecticides, herbicides, and fungi
cides, LC50 values and other toxicity endpoints were unavailable 
for pest lepidopterans. We instead reference the thresholds 
established for acute contact LD50 values established for honey
bees: highly toxic (<2 µg of active ingredient per bee), moderately 
toxic (2–11 µg active ingredient per bee), and practically nontoxic 
(>11 µg of active ingredient per bee) as a proxy for relative toxicity 
(U.S. Environmental Protection Agency, 2012). The insecticide 
acephate and the herbicide terbutryn may be highly toxic for but
terflies, and the insecticide fipronil may also be moderately toxic 
(Lewis et al., 2016). All remaining pesticides were considered 
practically nontoxic to honeybees (Lewis et al., 2016), demon
strating the potential for limited toxicity to butterflies. However, 
these results should be interpreted with caution given the differ
ences in physiology between hymenopterans and lepidopterans. 
Furthermore, the U.S. Environmental Protection Agency’s toxicity 
ratings are based on lethality, not sublethal effects. As we discuss 
above, azoxystrobin, considered a “practically nontoxic” fungi
cide, has been found to reduce monarch wing size (Olaya-Arenas 
et al., 2020). Such nonlethal effects can still cause population- 
level impacts.

Implications for urban butterflies
Only one of the compounds that was detected in exceedance of 
sublethal thresholds (where established) had documentation re
garding the effects of exposure on butterfly physiology or behavior. 
The sublethal effect documented for azoxystrobin in monarchs at 
0.67 ppb was a 12.5% reduction in wing size (Olaya-Arenas et al., 
2020). Even when effects are occurring at the sublethal level, an 
otherwise marginal reduction in wing length still has the potential 
to negatively impact energetic expenditure and fitness outcomes 
(Kingsolver, 1999). For the monarch, a critical component of sur
vival is the ability to migrate for up to thousands of kilometers 
(Reppert & de Roode, 2018); therefore, over long distances, a mar
ginal reduction in wing size may be a critical determinant of the 
survivorship of a monarch. Extending these effects to consider 
other species, wing length has been established as a proxy for dis
persal capacity (Sekar, 2012), which can be especially critical in 
navigating a patchwork of variable habitat quality in urban areas 
to opportunistically exploit resources.

However, interpretability of sublethal and lethal concentra
tion exceedances in a field-realistic context is more complex 
than considering the effects of each compound in isolation. 
Experiencing a single instance of acute toxicity (a single, short 
period of exposure to a given compound) is relatively unlikely for 
a feeding caterpillar. Furthermore, the establishment of lethal 
concentration and lethal dose values is always conducted in a set 
of controlled conditions (Morris-Schaffer & McCoy, 2021), and 

although necessary to solidify a clean relationship between dose 

and response, pesticides in urban centers represent only one axis 

of stress in a multi-dimensional landscape of stressors that may 

interact additively or synergistically. This is well-exemplified by 

a study examining the survivorship of Lycaeides melissa in re

sponse to multiple stressors—exposure to both chlorantranili

prole and environmental warming additively decreased survival 

rates compared to isolated pesticide exposure (Halsch et al., 

2023). Pesticides can also have synergistic effects that are often 

overlooked in assessments of lethal limits. Some fungicides have 

the potential to enhance the efficacy of other compounds 

(Sanchez-Bayo & Goka, 2014). In addition to being one of the 

more prevalent compounds that we detected, the fungicide fluo

pyram was frequently found in concert with other pesticides, 

possibly affecting their toxicity. Consequently, although these 

studies provide a baseline from which to assess the potential 

effects of the compounds we detected, they do not fully encapsu

late a field-realistic representation of what a larva may experi

ence in an urban green space and may underestimate the risk 

pesticide exposure poses to pollinator populations.

Conclusion
We documented widespread presence of pesticides within multi

ple butterfly host plants in green spaces within two urban cen

ters: Sacramento, California, and Albuquerque, New Mexico, 

United States. Host plants contained a mixture of insecticides, 

herbicides, and fungicides, which highlights the potential for ad

ditive or synergistic effects. Within each city, pesticides were 

ubiquitous across host plant genera collected from both public 

and private lands. However, we found notable differences in the 

composition of compounds found in the two cities: more com

pounds were commonly detected in Sacramento than in 

Albuquerque, a pattern that may relate to the presence of inten

sive agriculture in the immediate vicinity of Sacramento. In com

parison to some other insect taxa that have been studied, 

lepidopteran biodiversity is particularly sensitive to urbanization 

(Fenoglio et al., 2021; Theodorou et al., 2020), and declines have 

been documented in urban butterflies across a range of study 

systems (Ram�ırez-Restrepo & MacGregor-Fors, 2017). Our results 

suggest that one potential contributor to this pattern could be 

the pervasiveness of pesticides contained in butterfly host plants 

in urban green spaces. We acknowledge that future studies could 

more directly document host use in areas assayed for pesticides, 

rather than inferring host use, as we have done, from the litera

ture or from congeneric host relationships. It is also essential to 

remember that we lack an understanding of the nontarget effects 

of most of these compounds in field-realistic settings, therefore, 

our study highlights a suite of pesticides whose effects on nonp

est lepidopterans should be considered in future studies.
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Supplementary material is available online at Environmental 

Toxicology and Chemistry.

Data availability
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10 | Dittemore et al.  

D
ow

nloaded from
 https://academ

ic.oup.com
/etc/advance-article/doi/10.1093/etojnl/vgaf218/8245823 by U

niversity of N
evada, R

eno user on 11 O
ctober 2025

https://academic.oup.com/etc/article-lookup/doi/10.1093/etojnl/vgaf218#supplementary-data
https://doi.org/10.5281/zenodo.16929572


Author contributions
Clare Dittemore (Data curation, Formal analysis, Visualization, 
Writing—original draft, Writing—review & editing), Aaron 
Anderson (Conceptualization, Data curation, Funding acquisi
tion, Methodology, Writing—review & editing), Aimee Code 
(Conceptualization, Data curation, Funding acquisition, 
Methodology, Writing—review & editing), Angie Lenard (Data 
curation, Visualization, Writing—review & editing), Maggie 
Douglas (Visualization, Writing—review & editing), Chris Halsch 
(Visualization, Writing—review & editing), and Matthew Forister 
(Conceptualization, Visualization, Writing—review & editing)

Funding
C.M.D. and M.L.F. acknowledge support from the National 
Science Foundation (grant number DEB-2114793). A.A. and A.C. 
thank the Carroll Petrie Foundation (grant numbers 2022-113 and 
2023-141).

Conflicts of interest
The authors declare no conflict of interest.

Acknowledgments
The authors would like to thank W.A. and the Cornell Chemical 
Ecology Core Facility for performing the chemical analysis, and 
the volunteers in Sacramento and Albuquerque who allowed us 
to sample in their yards.

References
Abd-Ella, A. A. (2015). Efficacy of emamectin benzoate, pyridalyl and 

methoxyfenozide on pomegranate butterfly, Virachola livia (Klug) 

(Lepidoptera: Lycanidae) in cultivated and reclaimed lands. 

Journal of Phytopathology and Pest Management, 2, 32–42. https:// 

www.ppmj.net/index.php/ppdj/article/view/44
Atwood, D., & Paisley-Jones, C. (2017). Pesticides industry sales and us

age: 2008–2012 market estimates (Vol. 20460, pp. 2017–2001). U.S. 

Environmental Protection Agency.
Baio, F. H. R., Antuniassi, U. R., Castilho, B. R., Teodoro, P. E., & Silva, 

E. E. D. (2019). Factors affecting aerial spray drift in the Brazilian 

Cerrado. PLoS One, 14, e0212289. https://doi.org/10.1371/journal. 

pone.0212289

Bedos, C., Cellier, P., Calvet, R., Barriuso, E., & Gabrielle, B. (2002). 

Mass transfer of pesticides into the atmosphere by volatilization 

from soils and plants: Overview. Agronomie, 22, 21–33.
Bot�ıas, C., David, A., Hill, E. M., & Goulson, D. (2017). Quantifying expo

sure of wild bumblebees to mixtures of agrochemicals in agricul

tural and urban landscapes. Environmental Pollution, 222, 73–82. 

https://doi.org/10.1016/j.envpol.2017.01.001
Brereton, T., Roy, D., Middlebrook, I., Botham, M., & Warren, M. 

(2011). The development of butterfly indicators in the United 

Kingdom and assessments in 2010. Journal of Insect Conservation, 

15, 139–151. https://doi.org/10.1007/s10841-010-9333-z

Britten, A. (2024). Restricted Use Products (RUP) report. U.S. 

Environmental Protection Agency.
Br€uhl, C. A., Bakanov, N., K€othe, S., Eichler, L., Sorg, M., H€orren, T., 

M€uhlethaler, R., Meinel, G., & Lehmann, G. U. (2021). Direct pesti

cide exposure of insects in nature conservation areas in 

Germany. Scientific Reports, 11, 24144. https://doi.org/10.1038/ 

s41598-021-03366-w

Calflora (2024). Information on California plants for education, research and 

conservation. The Calflora Database. https://www.calflora.org/
California Department of Pesticide Regulation (2024a). Pesticide use 

report, 2022. California Department of Pesticide Regulation. 

https://calpip.cdpr.ca.gov/infodocs.cfm?page=intro

California Department of Pesticide Regulation (2024b). California Code 

of Regulations (Title 3. Food and Agriculture) Division 6. Pesticides and 

Pest Control Operations. Article 1. Restricted Materials. https:// 

www.cdpr.ca.gov/docs/legbills/calcode/020401.htm
Cary, S. J., & Toliver, M. E. (2024). Butterflies of New Mexico. Pajarito 

Environmental Education Center. https://peecnature.org/butter 

flies-of-new-mexico/

Coslor, C. C., Vandervoort, C., & Wise, J. C. (2019). Insecticide dose 

and seasonal timing of trunk injection in apples influence effi

cacy and residues in nectar and plant parts. Pest Management 

Science, 75, 1453–1463. https://doi.org/10.1002/ps.5268
Crossley, M. S., Smith, O. M., Berry, L. L., Phillips-Cosio, R., Glassberg, 

J., Holman, K. M., Holmquest, J. G., Meier, A. R., Varriano, S. A., 

McClung, M. R., Moran, M. D., & Snyder, W. E. (2021). Recent cli

mate change is creating hotspots of butterfly increase and de

cline across North America. Global Change Biology, 27, 2702–2714. 

https://doi.org/10.1111/gcb.15582
DeMars, C., Wang, R., Grieneisen, M. L., Steggall, J., & Zhang, M. 

(2021). Assessment of pyrethroid contamination and potential 

mitigation strategies in California Central Coast surface waters. 

Journal of Environmental Management, 278, 111507. https://doi.org/ 

10.1016/j.jenvman.2020.111507
Duke, S. O. (2018). The history and current status of glyphosate. Pest 

Management Science, 74, 1027–1034. https://doi.org/10.1002/ps.4652

Dunnington, D. (2023). _ggspatial: Spatial data framework for ggplot2. 

https://doi.org/10.32614/CRAN.package.ggspatial
Eisenhauer, N., Bonn, A., & A. Guerra, C. (2019). Recognizing the 

quiet extinction of invertebrates. Nature Communications, 10, 50. 

https://doi.org/10.1038/s41467-018-07916-1

Environmental Working Group (2023). Atrazine. EWG’s tap water data

base. https://www.ewg.org/tapwater//system-contaminant.php? 

pws=NM3527305&contamcode=2050#:�:text=Atrazine%20is%20a 

%20herbicide%20commonly%20detected%20in,comes%20fr 

om%20cornfield%20and%20other%20agricultural%20runoff
European Committee for Standardization (2008). Foods of plant 

origin—Determination of pesticide residues using GC-MS and/or 

LC-MS/MS following acetonitrile extraction/partitioning and cleanup by 

dispersive SPE—QuEChERS-Method. European Committee for 

Standardization.
Fenoglio, M. S., Calvi~no, A., Gonz�alez, E., Salvo, A., & Videla, M. 

(2021). Urbanisation drivers and underlying mechanisms of ter

restrial insect diversity loss in cities. Ecological Entomology, 46, 

757–771. https://doi.org/10.1111/een.13041

Forister, M. L., Cousens, B., Harrison, J. G., Anderson, K., Thorne, J. 

H., Waetjen, D., Nice, C. C., De Parsia, M., Hladik, M. L., Meese, R., 

van Vliet, H., & Shapiro, A. M. (2016). Increasing neonicotinoid 

use and the declining butterfly fauna of lowland California. 

Biology Letters, 12, 20160475. https://doi.org/10.1098/rsbl. 

2016.0475
Forister, M. L., Halsch, C. A., Nice, C. C., Fordyce, J. A., Dilts, T. E., 

Oliver, J. C., Prudic, K. L., Shapiro, A. M., Wilson, J. K., & Glassberg, 

J. (2021). Fewer butterflies seen by community scientists across 

the warming and drying landscapes of the American West. 

Science, 371, 1042–1045. https://doi.org/10.1126/science.abe5585
Gilburn, A. S., Bunnefeld, N., Wilson, J. M., Botham, M. S., Brereton, 

T. M., Fox, R., & Goulson, D. (2015). Are neonicotinoid insecticides 

driving declines of widespread butterflies? PeerJ, 3, e1402. https:// 

doi.org/10.7717/peerj.1402

Environmental Toxicology and Chemistry, 2025, Vol. 00, No. 00 | 11  
D

ow
nloaded from

 https://academ
ic.oup.com

/etc/advance-article/doi/10.1093/etojnl/vgaf218/8245823 by U
niversity of N

evada, R
eno user on 11 O

ctober 2025

https://www.ppmj.net/index.php/ppdj/article/view/44
https://www.ppmj.net/index.php/ppdj/article/view/44
https://doi.org/10.1371/journal.pone.0212289
https://doi.org/10.1371/journal.pone.0212289
https://doi.org/10.1016/j.envpol.2017.01.001
https://doi.org/10.1007/s10841-010-9333-z
https://doi.org/10.1038/s41598-021-03366-w
https://doi.org/10.1038/s41598-021-03366-w
https://www.calflora.org/
https://calpip.cdpr.ca.gov/infodocs.cfm?page=intro
https://www.cdpr.ca.gov/docs/legbills/calcode/020401.htm
https://www.cdpr.ca.gov/docs/legbills/calcode/020401.htm
https://peecnature.org/butterflies-of-new-mexico/
https://peecnature.org/butterflies-of-new-mexico/
https://doi.org/10.1002/ps.5268
https://doi.org/10.1111/gcb.15582
https://doi.org/10.1016/j.jenvman.2020.111507
https://doi.org/10.1016/j.jenvman.2020.111507
https://doi.org/10.1002/ps.4652
https://doi.org/10.32614/CRAN.package.ggspatial
https://doi.org/10.1038/s41467-018-07916-1
https://www.ewg.org/tapwater//system-contaminant.php?pws=NM3527305&contamcode=2050#:%7E:text=Atrazine%20is%20a%20herbicide%20commonly%20detected%20in,comes%20from%20cornfield%20and%20other%20agricultural%20runoff
https://www.ewg.org/tapwater//system-contaminant.php?pws=NM3527305&contamcode=2050#:%7E:text=Atrazine%20is%20a%20herbicide%20commonly%20detected%20in,comes%20from%20cornfield%20and%20other%20agricultural%20runoff
https://www.ewg.org/tapwater//system-contaminant.php?pws=NM3527305&contamcode=2050#:%7E:text=Atrazine%20is%20a%20herbicide%20commonly%20detected%20in,comes%20from%20cornfield%20and%20other%20agricultural%20runoff
https://www.ewg.org/tapwater//system-contaminant.php?pws=NM3527305&contamcode=2050#:%7E:text=Atrazine%20is%20a%20herbicide%20commonly%20detected%20in,comes%20from%20cornfield%20and%20other%20agricultural%20runoff
https://doi.org/10.1111/een.13041
https://doi.org/10.1098/rsbl.2016.0475
https://doi.org/10.1098/rsbl.2016.0475
https://doi.org/10.1126/science.abe5585
https://doi.org/10.7717/peerj.1402
https://doi.org/10.7717/peerj.1402


Haith, D. A., & Duffany, M. W. (2007). Pesticide runoff loads from 

lawns and golf courses. Journal of Environmental Engineering, 133, 

435–446. https://doi.org/10.1061/(ASCE)0733-9372(2007)133:4(435)
Hall, D. M., Camilo, G. R., Tonietto, R. K., Ollerton, J., Ahrn�e, K., 

Arduser, M., Baldock, K. C. R., Fowler, R., Frankie, G., Goulson, D., 

Gunnarsson, B., Hanley, M. E., Jackson, J. I., Langellotto, G., 

Lowenstein, D., Minor, E. S., Philpott, S. M., Potts, S. G., Sirohi, M. 

H., … Threlfall, C. G. (2017). The city as a refuge for insect polli

nators. Conservation Biology, 31, 24–29. https://doi.org/10.1111/ 

cobi.12840
Halsch, C. A., Code, A., Hoyle, S. M., Fordyce, J. A., Baert, N., & 

Forister, M. L. (2020). Pesticide contamination of milkweeds 

across the agricultural, urban, and open spaces of low-elevation 

northern California. Frontiers in Ecology and Evolution, 8, 162. 

https://doi.org/10.3389/fevo.2020.00162
Halsch, C. A., Hoyle, S. M., Code, A., Fordyce, J. A., & Forister, M. L. 

(2022). Milkweed plants bought at nurseries may expose mon

arch caterpillars to harmful pesticide residues. Biological 

Conservation, 273, 109699. https://doi.org/10.1016/j.biocon. 

2022.109699
Halsch, C. A., Zullo, D. J., & Forister, M. L. (2023). Additive and inter

active effects of anthropogenic stressors on an insect herbivore. 

Proceedings of the Royal Society B, 290, 20222431.
Heath, R. G. (1972). Comparative dietary toxicities of pesticides to birds 

(No. 152). US Government Printing Office.
Hladik, M. L., Kraus, J. M., Smith, C. D., Vandever, M., Kolpin, D. W., 

Givens, C. E., & Smalling, K. L. (2023). Wild bee exposure to pesti

cides in conservation grasslands increases along an agricultural 

gradient: A tale of two sample types. Environmental Science & 

Technology, 57, 321–330. https://doi.org/10.1021/acs.est.2c07195
Hoang, T. C., Pryor, R. L., Rand, G. M., & Frakes, R. A. (2011). Use of 

butterflies as nontarget insect test species and the acute toxicity 

and hazard of mosquito control insecticides. Environmental 

Toxicology and Chemistry, 30, 997–1005. https://doi.org/10.1002/ 

etc.462
Hoffman, R. S., Capel, P. D., & Larson, S. J. (2000). Comparison of pes

ticides in eight US urban streams. Environmental Toxicology and 

Chemistry, 19, 2249–2258. https://doi.org/10.1002/etc.5620190915

iNaturalist (2022). https://www.inaturalist.org
Kahle, D., & Wickham, H. (2013). ggmap: Spatial visualization with 

ggplot2. R Journal, 5, 144–161. https://doi.org/10.32614/CRAN. 

package.ggmap
Kingsolver, J. G. (1999). Experimental analyses of wing size, flight, 

and survival in the western white butterfly. Evolution, 53, 

1479–1490. https://doi.org/10.2307/2640894
Krishnan, N., Zhang, Y., Aust, M. E., Hellmich, R. L., Coats, J. R., & 

Bradbury, S. P. (2021). Monarch butterfly (Danaus plexippus) life-

stage risks from foliar and seed-treatment insecticides. 

Environmental Toxicology and Chemistry, 40, 1761–1777. https://doi. 

org/10.1002/etc.5016

Kuechle, K. J., Webb, E. B., Mengel, D., & Main, A. R. (2022). Seed 

treatments containing neonicotinoids and fungicides reduce 

aquatic insect richness and abundance in midwestern 

USA-managed floodplain wetlands. Environmental Science and 

Pollution Research International, 29, 45261–45275. https://doi.org/ 

10.1007/s11356-022-18991-9
LaLone, C., Villeneuve, D., Kristina, G., Tollefsen, K., & Ankley, G. 

(2014). Conservation of lepidopteran ecdysteroid receptor provides evi

dence for butterfly susceptibility to diacylhydrazine and bisacylhydra

zine chemicals. SETAC.
Lenard, A., Burns, T., Hladik, M. L., Keller, K. E., Marcum, S., 

Thogmartin, W. E., & Forister, M. L. (2025). Pesticide contamina

tion detected across five wildlife refuges in the Sacramento 

Valley of California. Science of the Total Environment, 969, 178991. 

https://doi.org/10.1016/j.scitotenv.2025.178991
Lewis, K. A., Tzilivakis, J., Warner, D. J., & Green, A. (2016). An inter

national database for pesticide risk assessments and manage

ment. Human and Ecological Risk Assessment, 22, 1050–1064. 

https://doi.org/10.1080/10807039.2015.1133242
Luo, Y., & Zhang, M. (2010). Spatially distributed pesticide exposure 

assessment in the Central Valley, California, USA. Environmental 

Pollution, 158, 1629–1637. https://doi.org/10.1016/j.envpol.2009. 

12.008

Meftaul, I. M., Venkateswarlu, K., Dharmarajan, R., Annamalai, P., & 

Megharaj, M. (2020). Pesticides in the urban environment: A po

tential threat that knocks at the door. Science of the Total 

Environment, 711, 134612. https://doi.org/10.1016/j.scitotenv. 

2019.134612
Morris-Schaffer, K., & McCoy, M. J. (2021). A review of the LD50 and 

its current role in hazard communication. ACS Chemical Health & 

Safety, 28, 25–33. https://doi.org/10.1021/acs.chas.0c00096
Nowell, L. H., Moran, P. W., Bexfield, L. M., Mahler, B. J., Van Metre, P. 

C., Bradley, P. M., Schmidt, T. S., Button, D. T., & Qi, S. L. (2021). Is 

there an urban pesticide signature? Urban streams in five US 

regions share common dissolved-phase pesticides but differ in 

predicted aquatic toxicity. Science of the Total Environment, 793, 

148453. https://doi.org/10.1016/j.scitotenv.2021.148453

Oberhauser, K. S., & Solensky, M. J. (Eds.) (2004). The monarch butterfly: 

Biology & conservation. Cornell University Press.
Olaya-Arenas, P., & Kaplan, I. (2019). Quantifying pesticide exposure 

risk for monarch caterpillars on milkweeds bordering agricul

tural land. Frontiers in Ecology and Evolution, 7, 445984. https://doi. 

org/10.3389/fevo.2019.00223
Olaya-Arenas, P., Hauri, K., Scharf, M. E., & Kaplan, I. (2020). Larval 

pesticide exposure impacts monarch butterfly performance. 

Scientific Reports, 10, 14490. https://doi.org/10.1038/s41598-020- 

71211-7
Olker, J. H., Elonen, C. M., Pilli, A., Anderson, A., Kinziger, B., 

Erickson, S., Skopinski, M., Pomplun, A., LaLone, C. A., Russom, 

C. L., & Hoff, D. (2022). The ECOTOXicology knowledgebase: A cu

rated database of ecologically relevant toxicity tests to support 

environmental research and risk assessment. Environmental 

Toxicology and Chemistry, 41, 1520–1539. https://doi.org/10.1002/ 

etc.5324
Peterson, E. M., Shaw, K. R., & Smith, P. N. (2019). Toxicity of agro

chemicals among larval painted lady butterflies (Vanessa cardui). 

Environmental Toxicology and Chemistry, 38, 2629–2636. https://doi. 

org/10.1002/etc.4565

Pickett, S. T. A., Cadenasso, M. L., Grove, J. M., Boone, C. G., 

Groffman, P. M., Irwin, E., Kaushal, S. S., Marshall, V., McGrath, B. 

P., Nilon, C. H., Pouyat, R. V., Szlavecz, K., Troy, A., & Warren, P. 

(2011). Urban ecological systems: Scientific foundations and a de

cade of progress. Journal of Environmental Management, 92, 

331–362. https://doi.org/10.1016/j.jenvman.2010.08.022
Pimentel, D., & Levitan, L. (1986). Pesticides: Amounts applied and 

amounts reaching pests. BioScience, 36, 86–91. https://doi.org/10. 

2307/1310108
R Core Team (2024). R: A language and environment for statistical com

puting. R Foundation for Statistical Computing. https://www.R- 

project.org/

Ram�ırez-Restrepo, L., & MacGregor-Fors, I. (2017). Butterflies in the 

city: A review of urban diurnal Lepidoptera. Urban Ecosystems, 20, 

171–182. https://doi.org/10.1007/s11252-016-0579-4
Reppert, S. M., & de Roode, J. C. (2018). Demystifying monarch but

terfly migration. Current Biology, 28, R1009–R1022. https://doi.org/ 

10.1016/j.cub.2018.02.067

12 | Dittemore et al.  

D
ow

nloaded from
 https://academ

ic.oup.com
/etc/advance-article/doi/10.1093/etojnl/vgaf218/8245823 by U

niversity of N
evada, R

eno user on 11 O
ctober 2025

https://doi.org/10.1061/(ASCE)0733-9372(2007)133:4(435)
https://doi.org/10.1111/cobi.12840
https://doi.org/10.1111/cobi.12840
https://doi.org/10.3389/fevo.2020.00162
https://doi.org/10.1016/j.biocon.2022.109699
https://doi.org/10.1016/j.biocon.2022.109699
https://doi.org/10.1021/acs.est.2c07195
https://doi.org/10.1002/etc.462
https://doi.org/10.1002/etc.462
https://doi.org/10.1002/etc.5620190915
https://www.inaturalist.org
https://doi.org/10.32614/CRAN.package.ggmap
https://doi.org/10.32614/CRAN.package.ggmap
https://doi.org/10.2307/2640894
https://doi.org/10.1002/etc.5016
https://doi.org/10.1002/etc.5016
https://doi.org/10.1007/s11356-022-18991-9
https://doi.org/10.1007/s11356-022-18991-9
https://doi.org/10.1016/j.scitotenv.2025.178991
https://doi.org/10.1080/10807039.2015.1133242
https://doi.org/10.1016/j.envpol.2009.12.008
https://doi.org/10.1016/j.envpol.2009.12.008
https://doi.org/10.1016/j.scitotenv.2019.134612
https://doi.org/10.1016/j.scitotenv.2019.134612
https://doi.org/10.1021/acs.chas.0c00096
https://doi.org/10.1016/j.scitotenv.2021.148453
https://doi.org/10.3389/fevo.2019.00223
https://doi.org/10.3389/fevo.2019.00223
https://doi.org/10.1038/s41598-020-71211-7
https://doi.org/10.1038/s41598-020-71211-7
https://doi.org/10.1002/etc.5324
https://doi.org/10.1002/etc.5324
https://doi.org/10.1002/etc.4565
https://doi.org/10.1002/etc.4565
https://doi.org/10.1016/j.jenvman.2010.08.022
https://doi.org/10.2307/1310108
https://doi.org/10.2307/1310108
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1007/s11252-016-0579-4
https://doi.org/10.1016/j.cub.2018.02.067
https://doi.org/10.1016/j.cub.2018.02.067


Sanchez-Bayo, F., & Goka, K. (2014). Pesticide residues and bees – A 

risk assessment. PLoS One, 9, e94482. https://doi.org/10.1371/jour 

nal.pone.0094482
Sawyer, A., & Casagrande, R. (1983). Urban pest management: A con

ceptual framework. Urban Ecology, 7, 145–157. https://doi.org/10. 

1016/0304-4009(83)90033-5
Schowalter, T. D., Noriega, J. A., & Tscharntke, T. (2018). Insect 

effects on ecosystem services—Introduction. Basic and Applied 

Ecology, 26, 1–7. https://doi.org/10.1016/j.baae.2017.09.011

Schulz, R., Bub, S., Petschick, L. L., Stehle, S., & Wolfram, J. (2021). 

Applied pesticide toxicity shifts toward plants and invertebrates, 

even in GM crops. Science, 372, 81–84. https://doi.org/10.1126/sci 

ence.abe1148
Scott, J. A. (1986). The butterflies of North America: A natural history and 

field guide. Stanford University Press.
Sekar, S. (2012). A meta-analysis of the traits affecting dispersal abil

ity in butterflies: Can wingspan be used as a proxy? Journal of 

Animal Ecology, 81, 174–184. https://doi.org/10.1111/j.1365-2656. 

2011.01909.x

Serr~ao, J. E., Plata-Rueda, A., Mart�ınez, L. C., & Zanuncio, J. C. (2022). 

Side-effects of pesticides on non-target insects in agriculture: A 

mini-review. Die Naturwissenschaften, 109, 17. https://doi.org/10. 

1007/s00114-022-01788-8
Shirey, V., & Ries, L. (2023). Population dynamics and drivers of the 

eastern monarch (Danaus plexippus) across its full annual cycle: A 

cross-scale synthesis of a model migratory species. Current 

Opinion in Insect Science, 60, 101132. https://doi.org/10.1016/j.cois. 

2023.101132
Shirey, V., Larsen, E., Doherty, A., Kim, C. A., Al-Sulaiman, F. T., 

Hinolan, J. D., Itliong, M. G. A., Naive, M. A. K., Ku, M., Belitz, M., 

Jeschke, G., Barve, V., Lamas, G., Kawahara, A. Y., Guralnick, R., 

Pierce, N. E., Lohman, D. J., & Ries, L. (2022). LepTraits 1.0 a glob

ally comprehensive dataset of butterfly traits. Scientific Data, 9, 

382. https://doi.org/10.1038/s41597-022-01473-5
Theodorou, P., Radzevi�ci�ut _e, R., Lentendu, G., Kahnt, B., Husemann, 

M., Bleidorn, C., Settele, J., Schweiger, O., Grosse, I., Wubet, T., 

Murray, T. E., & Paxton, R. J. (2020). Urban areas as hotspots for 

bees and pollination but not a panacea for all insects. Nature 

Communications, 11, 576. https://doi.org/10.1038/s41467-020- 

14496-6
Thurman, E. M., & Cromwell, A. E. (2000). Atmospheric transport, de

position, and fate of triazine herbicides and their metabolites in 

pristine areas at Isle Royale National Park. Environmental Science & 

Technology, 34, 3079–3085. https://doi.org/10.1021/es000995l

Trevan, J. W. (1927). The error of determination of toxicity. 
Proceedings of the Royal Society of London. Series B, Containing Papers 
of a Biological Character, 101, 483–514.

U.S. Environmental Protection Agency (1997). R.E.D. FACTS 
Thiobencarb pesticide reregistration. U.S. Environmental Protection 
Agency. https://www3.epa.gov/pesticides/chem_search/reg_ 
actions/reregistration/fs_PC-108401_1-Sep-97.pdf

U.S. Environmental Protection Agency (2012). Appendix F. Summary 
of Ecological Effects Data for Terrestrial Invertebrates 
and Plants.

U.S. Environmental Protection Agency (2016). Refined ecological risk as
sessment for atrazine. U.S. Environmental Protection Agency.

United States Department of Agriculture (2024). CroplandCROS. 

United States Department of Agriculture. https://croplandcros. 
scinet.usda.gov/

Van Deynze, B., Swinton, S. M., Hennessy, D. A., Haddad, N. M., & 

Ries, L. (2024). Insecticides, more than herbicides, land use, and 
climate, are associated with declines in butterfly species richness 
and abundance in the American Midwest. PLoS One, 19, e0304319. 
https://doi.org/10.1371/journal.pone.0304319

Van Klink, R., Bowler, D. E., Gongalsky, K. B., Swengel, A. B., Gentile, 
A., & Chase, J. M. (2020). Meta-analysis reveals declines in terres
trial but increases in freshwater insect abundances. Science, 368, 

417–420. https://doi.org/10.1126/science.aax9931
Veiga-del-Ba~no, J. M., Andreo-Mart�ınez, P., P�erez-Lucas, G., & 

Navarro, S. (2024). Overview of the evolution and trends of the 

QuEChERS sample preparation procedure. Reviews of 
Environmental Contamination and Toxicology, 262, 1–20. https://doi. 
org/10.1007/s44169-024-00073-1

Vishwakarma, R., Brophy, C., & Hurley, C. (2024). _PieGlyph: Axis 

INvariant Scatter Pie Plots_. https://doi.org/10.32614/CRAN.pack 
age.PieGlyph

Voelckel, C., & Jander, G. (2014). Annual plant reviews, insect-plant 

interactions. John Wiley & Sons.
Wepprich, T., Adrion, J. R., Ries, L., Wiedmann, J., & Haddad, N. M. 

(2019). Butterfly abundance declines over 20 years of systematic 

monitoring in Ohio, USA. PLoS One, 14, e0216270. https://doi.org/ 
10.1371/journal.pone.0216270

Wittmer, I., Bader, H.-P., Scheidegger, R., Singer, H., L€uck, A., Hanke, 

I., Carlsson, C., & Stamm, C. (2010). Significance of urban and ag
ricultural land use for biocide and pesticide dynamics in surface 
waters. Water Research, 44, 2850–2862. https://doi.org/10.1016/j. 
watres.2010.01.030

Young, K., & Spackman, C. (2021). Chemical weed and brush control for 
New Mexico Rangelands. New Mexico State University Extension. 
https://pubs.nmsu.edu/_circulars/CR597/index.html

Environmental Toxicology and Chemistry, 2025, Vol. 00, No. 00 | 13  
D

ow
nloaded from

 https://academ
ic.oup.com

/etc/advance-article/doi/10.1093/etojnl/vgaf218/8245823 by U
niversity of N

evada, R
eno user on 11 O

ctober 2025

https://doi.org/10.1371/journal.pone.0094482
https://doi.org/10.1371/journal.pone.0094482
https://doi.org/10.1016/0304-4009(83)90033-5
https://doi.org/10.1016/0304-4009(83)90033-5
https://doi.org/10.1016/j.baae.2017.09.011
https://doi.org/10.1126/science.abe1148
https://doi.org/10.1126/science.abe1148
https://doi.org/10.1111/j.1365-2656.2011.01909.x
https://doi.org/10.1111/j.1365-2656.2011.01909.x
https://doi.org/10.1007/s00114-022-01788-8
https://doi.org/10.1007/s00114-022-01788-8
https://doi.org/10.1016/j.cois.2023.101132
https://doi.org/10.1016/j.cois.2023.101132
https://doi.org/10.1038/s41597-022-01473-5
https://doi.org/10.1038/s41467-020-14496-6
https://doi.org/10.1038/s41467-020-14496-6
https://doi.org/10.1021/es000995l
https://www3.epa.gov/pesticides/chem_search/reg_actions/reregistration/fs_PC-108401_1-Sep-97.pdf
https://www3.epa.gov/pesticides/chem_search/reg_actions/reregistration/fs_PC-108401_1-Sep-97.pdf
https://croplandcros.scinet.usda.gov/
https://croplandcros.scinet.usda.gov/
https://doi.org/10.1371/journal.pone.0304319
https://doi.org/10.1126/science.aax9931
https://doi.org/10.1007/s44169-024-00073-1
https://doi.org/10.1007/s44169-024-00073-1
https://doi.org/10.32614/CRAN.package.PieGlyph
https://doi.org/10.32614/CRAN.package.PieGlyph
https://doi.org/10.1371/journal.pone.0216270
https://doi.org/10.1371/journal.pone.0216270
https://doi.org/10.1016/j.watres.2010.01.030
https://doi.org/10.1016/j.watres.2010.01.030
https://pubs.nmsu.edu/_circulars/CR597/index.html

	Active Content List
	Introduction
	Materials and methods
	Results and discussion
	Conclusion
	Supplementary material
	Data availability
	Author contributions
	Funding
	Conflicts of interest
	Acknowledgments
	References


