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Abstract

Herbicides are used as management tools to improve habitat for native plants and animals, but their application may also
have harmful effects on the native community. The federally threatened Oregon silverspot butterfly (Speyeria =Argynnis
zerene hippolyta) resides in remnant native grasslands along the Pacific Northwest coast. However, like many grasslands,
many of these areas have high incidences of invasive plants, such as false dandelion (Hypochaeris radicata) and velvet
grass (Holcus lanatus). These and other invasive plants severely limit the abundance of the Oregon silverspot’s larval host
plant, the early blue violet (Viola adunca). Selective herbicides, such as clopyralid and fluazifop-P-butyl, can reduce inva-
sive plant abundance. However, non-target effects of these herbicides, and of adjuvants applied with these herbicides, on
Oregon silverspots are unknown. In our study, we applied herbicides and adjuvants to host plants and Zerene silverspot (S.
z. zerene) larvae, a subspecies closely related to Oregon silverspots. Responses in silverspot larvae measured in two experi-
ments included survival, sex ratio, development time, mass, morphology, fecundity, and behavior. Our results suggest that
negative effects of herbicides, clopyralid and fluazifop-P-butyl, and adjuvants, Agri-Dex® and Nu-Film®-IR, are limited.
However, we detected weak effects from clopyralid and fluazifop-P-butyl with and without Agri-Dex® on larval and pupal
development time and pupal mass.

Implications for insect conservation Our study contributes to the growing literature on non-target effects of herbicides on but-
terflies, which suggests that butterfly responses are species- and chemical-specific. For Speyeria species, our results indicate
that the risks posed by the herbicides we examined are low. In management settings where herbicides are used to combat
invasive species posing a conservation threat to native communities, monitoring the direct and indirect effects of herbicides
on Oregon silverspots or other Speyeria butterflies will shed additional light on the risk—benefit tradeoffs.
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Invasive plants are a leading threat to at-risk butterfly popu-
lations (Keeler et al. 2006; Wagner and Van Driesche 2010;
Florens et al. 2010; Hanula and Horn 2011; LaBar and
Schultz 2012; Gallien et al. 2017; Augustine and Kingsolver
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invasive plants are associated with the decline of 31 out of
33 butterflies currently listed as threatened or endangered
under the U.S. Endangered Species Act, and 24 out of 26
recovery plans for these butterflies recommend invasive
plant control (USFWS 2020a). Multiple management tools
have been used to reduce invasive plant competitors in but-
terfly habitat, including mechanical methods (e.g., manual
removal and mowing), chemical methods (e.g., herbicides),
burning, and grazing by livestock (Huntzinger 2003; Vogel
et al. 2007; Dennehy et al. 2011; Moranz et al. 2014). In
cases where mechanical methods fail to combat invasive
plants or when burning or grazing are not possible, selec-
tive herbicides targeting specific plants are a promising
alternative (Dennehy et al. 2011; LaBar and Schultz 2012).
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However, herbicides, though formulated to kill plants, can
still negatively impact butterflies and other insects (Eliyahu
et al. 2003; Herbert et al. 2014; Saska et al. 2016; Pereira
et al. 2018; Rainio et al. 2019).

Under laboratory and greenhouse conditions, several
studies have documented direct effects of herbicides on
butterflies (Kutlesa and Caveney 2001; Russell and Schultz
2010; Stark et al. 2012; Bohnenblust et al. 2013; Schultz
et al. 2016). A number of studies have detected reduced
larval survival (Kutlesa and Caveney 2001; Russell and
Schultz 2010; Stark et al. 2012; Schultz et al. 2016) and,
in one study, investigators observed reduced fecundity in
females (Stark et al. 2012); either of these effects could be
problematic for conserving populations of at-risk butterflies.
Other life history variables, such as development time, mass,
morphology, or behavior of individual butterflies, are also
known to be impacted by herbicides (Russell and Schultz
2010; Stark et al. 2012; Bohnenblust et al. 2013; Schultz
et al. 2016). For example, herbicides can accelerate larval
and pupal development time (Russell and Schultz 2010),
which can cause long-term impacts on butterfly populations,
such as population asynchrony (Lingren et al. 1988; Jones
and Aihara-Sasaki 2001). Although all these studies cap-
tured direct effects of herbicides on butterflies, which are
best observed under controlled conditions, laboratory exper-
iments are not able to document indirect costs or benefits
of herbicides associated with changes to habitat conditions.

Under field conditions, few studies have documented
direct and indirect effects of herbicides on insects (Agnello
et al. 1986; Martinez et al. 2001; Watts et al. 2015; Pereira
et al. 2018), with most having been focused on butterflies
(Blake et al. 2011; LaBar and Schultz 2012; Glaeser and
Schultz 2014; Schultz and Ferguson 2020). No studies have
systematically detected a direct effect, positive or nega-
tive, on butterfly egg or larval survival in areas treated with
herbicides (LaBar and Schultz 2012; Glaeser and Schultz
2014; Schultz and Ferguson 2020). However, one study
documented an increase in butterfly abundance and diver-
sity in herbicide-treated sites (Blake et al. 2011). Two stud-
ies examined butterfly residence time; one study did not
detect an effect in sites treated with herbicides (Glaeser
and Schultz 2014), while investigators in the other study
observed reduced time spent in herbicide-treated areas
(LaBar and Schultz 2012). In addition, all studies cited here
documented the potential for indirect effects of herbicides
on butterflies through their habitat. For example, a number
of studies detected a decrease in invasive plant abundance
(Blake et al. 2011; Glaeser and Schultz 2014; Schultz and
Ferguson 2020), while investigators in one study observed
an increase in native plant abundance and diversity (Blake
et al. 2011), suggesting effective management of butterfly
habitat. Despite their potential negative effects on butterflies,
herbicides are one of the most promising management tools

@ Springer

for maintaining suitable butterfly habitat (Dennehy et al.
2011; LaBar and Schultz 2012).

To evaluate the use of herbicides for butterfly conser-
vation, we undertook a controlled experiment in a green-
house setting to assess their direct non-target effects. We
used the Oregon silverspot (Speyeria zerene hippolyta)
system to evaluate effects of herbicides on butterflies. A
recent genomic study suggests that Speyeria be regarded as
a subgenus of Argynnis rather than a separate genus (Zhang
et al. 2020). For the sake of consistency with other eco-
logical and conservation-related studies as well as usage by
federal agencies, such as the U.S. Fish and Wildlife Ser-
vice (USFWS), and for ease of adoption by practitioners
in insect conservation, we used the name Speyeria in our
study. The Oregon silverspot is a federally threatened butter-
fly whose survival depends on habitat restoration (McCorkle
and Hammond 1988; Bierzychudek and Warner 2015). A
reliance on habitat restoration is common for many declin-
ing butterflies (Schultz et al. 2008; Wagner and Van Dri-
esche 2010), including two other U.S. federally listed S.
zerene subspecies: the Behren’s silverspot (S. z. behrensii;
endangered) and Myrtle’s silverspot (S. z. myrtleae; endan-
gered; Hammond and McCorkle 1983; Sims 2017). Oregon
silverspots and other federally listed S. zerene subspecies
mostly reside in fragmented coastal grasslands from which
it is particularly difficult to successfully remove invasive
plants using non-chemical methods (USFWS 2009, 2016;
Silvernail 2017). We conducted a greenhouse study to assess
direct non-target effects of a forb-specific herbicide and a
grass-specific herbicide. We viewed this greenhouse study
as an important precursor to field studies that will be able to
evaluate both direct and indirect effects of herbicides on the
butterfly population. Most previous studies evaluating the
effects of herbicides on butterflies documented the effects
of grass-specific herbicides; however, because managers
would like to control for both invasive grasses and forbs, we
documented the effects of each type of herbicide. In addi-
tion, to our knowledge, no prior studies have systematically
examined effects of any herbicide on members of the genus
Speyeria. As such, our results are applicable to other at-risk
Speyeria butterflies, including the callippe silverspot (S. cal-
lippe callippe; federally endangered), Great Basin silverspot
(S. nokomis nokomis; under federal review), and regal fritil-
lary (S. idalia; under federal review).

We evaluated the effects of clopyralid and fluazifop-P-
butyl on a surrogate subspecies, the Zerene silverspot (S. z.
zerene), which is in the same species complex as the Oregon
silverspot (McHugh et al. 2013; De Moya et al. 2017; War-
ren et al. 2017; Pelham 2021). Prior to this study, USFWS
was aware of the potential value of using clopyralid and
fluazifop-P-butyl in combination with either the Agri-Dex®
or Nu-Film®-IR adjuvants, particularly in spring and fall,
as management tools for habitat occupied by the Oregon
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silverspot, but lacked sufficient information regarding poten-
tial impacts for the butterfly (R. G. Chuck pers. comm.,
USFWS). In two experiments, we measured survival, sex
ratio, development time, mass, morphology, fecundity, and
behavior of the Zerene silverspot, a suitable surrogate sub-
species, in response to herbicide applications.

Methods
Study species and system

Oregon silverspots reside in remnant native grasslands
along the coast of Oregon and Northern California (USFWS
2020b). These butterflies are univoltine and can be seen fly-
ing from July through September (McCorkle and Hammond
1988; James and Nunnallee 2011; Pyle and LaBar 2018).
During that time, mating occurs shortly after female eclo-
sion, and females oviposit within or adjacent to areas con-
taining early blue violets. After approximately two weeks,
eggs hatch and newly hatched larvae eat their eggshells and
enter diapause, overwintering in leaf litter as first instar lar-
vae. Larvae end diapause in April or May when their host
plants begin emerging from the ground. Larvae feed on host
plants until pupating in June. Adults emerge in July through
September.

We used the Zerene silverspot as a surrogate subspecies
for the Oregon silverspot to test for the potential conse-
quences of using two herbicides, clopyralid and fluazifop-
P-butyl, each applied with one of two adjuvants, Agri-Dex®
and Nu-Film®-IR, in habitat occupied by Oregon silvers-
pots. The Zerene silverspot is a common subspecies in the
same species complex as the Oregon silverspot (McHugh
et al. 2013; De Moya et al. 2017; Warren et al. 2017; Pel-
ham 2021). Unlike Oregon silverspots, Zerene silverspots
reside in montane grasslands in the southern Cascade Range
(James and Nunnallee 2011; Pyle and LaBar 2018). Despite
having a different distribution, the primary life history dif-
ference between Zerene and Oregon silverspots is the pres-
ence of a reproductive diapause. Reproductive diapause, a
period after mating and before active oviposition, is common
in Speyeria (Kopper et al. 2001; James 2008; James and
Nunnallee 2011; James and Pelham 2011; Sims and Sha-
piro 2014). Zerene silverspots and other S. zerene subspe-
cies from low to mid-elevations typically have a reproduc-
tive diapause, while subspecies from higher elevations or
coastal areas, like Oregon silverspots, appear to either lack,
or have a reduced, reproductive diapause (Sims 1984, 2017,
McCorkle and Hammond 1988; Sims and Shapiro 2016).
Another difference between the two S. zerene subspecies
is that the Oregon silverspot experiences an extended lar-
val development period, which seems to be asynchronous
(McCorkle and Hammond 1988). Otherwise, Zerene and

Oregon silverspots share similar life histories, are univoltine,
overwinter as first instar larvae, and use early blue violets as
a larval food source.

Chemicals

We tested four chemicals on the Zerene silverspot: two her-
bicides, clopyralid and fluazifop-P-butyl, and two adjuvants,
Agri-Dex® and Nu-Film®-IR. Clopyralid is used to reduce
annual and perennial broadleaf weeds, such as false dande-
lion (Hypochaeris radicata), yellow starthistle (Centaurea
solstitialis), spotted knapweed (C. stoebe), and honey mes-
quite (Prosopis glandulosa; Morghan et al. 2003; Ansley
and Castellano 2006; Silvernail 2017; MacDonald et al.
2019). This broadleaf-specific herbicide mimics the plant
growth hormone auxin, causing uncontrolled and disorgan-
ized growth leading to death (Sterling and Hall 1997; Tu
et al. 2001). Fluazifop-P-butyl is used to reduce tall non-
native grasses, such as velvet grass (Holcus lanatus), tall
oatgrass (Arrhenatherum elatius), and tall fescue (Festuca
arundinacea), while having a limited impact on native
bunchgrasses such as Roemer’s fescue (F. roemeri) and
red fescue (F. rubra; Silvernail 2017; Bennion et al. 2020),
which are bunchgrasses found in Oregon silverspot habi-
tat. This grass-specific herbicide inhibits acetyl-coenzyme
A carboxylase, thus disrupting lipid synthesis, cell mem-
brane formation, and plant growth in grasses with interca-
lary meristem growth (Walker et al. 1988; Luo et al. 2004).
Both clopyralid and fluazifop-P-butyl have limited effects
on the visual appearance of early blue violets. Clopyralid
can increase stem height and curl leaves, while fluazifop-
P-butyl does not have obvious effects on the appearance of
host plants (Silvernail 2017).

We used the following herbicide formulations: clopyralid
as Stinger® (40.9% clopyralid, Dow AgroSciences LLC,
Indianapolis, Indiana) and fluazifop-P-butyl as Fusilade® DX
(24.5% fluazifop-P-butyl, Syngenta Crop Protection, LLC,
Greensboro, North Carolina). Herbicides are applied with
an adjuvant or “spreader-sticker” that is designed to increase
the efficacy of the herbicide (Gauvrit and Cabanne 1993).
We used the following adjuvant formulations: Agri-Dex®
(99% heavy range paraffinic oil, polyol fatty acid esters,
and polyethoxylated derivatives thereof, Helena Chemical
Company, Collierville, Tennessee) and Nu-Film®-IR (96%
poly-1-p-menthene, Miller Chemical and Fertilizer Corpora-
tion, LLC, Hannover, Pennsylvania). Agri-Dex® (hereafter
Agri-Dex) is used in coastal grassland restoration in Oregon
(Silvernail 2017), while Nu-Film®-IR (hereafter Nu-Film)
is used broadly in grassland restoration in the Pacific North-
west (Dennehy et al. 2011; Bennion et al. 2020).
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Herbicide exposure experiment

To test for effects of herbicides and adjuvants on the
Zerene silverspot, we conducted an experiment to measure
responses of post-diapause larvae treated with chemicals and
reared on early blue violets treated with chemicals. Treat-
ments included distilled water for untreated (U), Agri-Dex
(A), Nu-Film (N), clopyralid (C), clopyralid with Agri-Dex
(CA), clopyralid with Nu-Film (CN), fluazifop-P-butyl (F),
fluazifop-P-butyl with Agri-Dex (FA), and fluazifop-P-butyl
with Nu-Film (FN). Treatments with one chemical (A, N, C,
and F) allowed us to test for effects between herbicides and
adjuvants; however, in management, chemicals are applied
as a mixture of herbicide, adjuvant, and water. To isolate
treatment effects from other factors affecting responses, we
conducted this experiment in a single bay in the greenhouse
at Washington State University (WSU) Vancouver.

We administered treatments to post-diapause larvae and
adjacent host plants, which followed methods from Russell
and Schultz (2010) and Schultz et al. (2016). Host plants
were supplied by two Oregon nurseries and larvae came
from females belonging to a single population in an Oregon
montane grassland (Supplemental Material S1). We applied
treatments to 360 larvae (40 larvae per each of the nine
treatments) on three dates based on when larvae reached
second instar. We treated 180 second instar larvae on May
31, 2018 (20 larvae per treatment), 90 on June 2, 2018 (10
larvae per treatment), and 72 on June 6, 2018 (8 larvae per
treatment). In addition, we treated 18 first instar larvae on
June 6, 2018 (2 larvae per treatment). Larvae were randomly
assigned to treatments. We applied treatments using an R&D
Precision CO, powered (276 kPa) backpack sprayer (R&D
Sprayers, Opelousas, Louisiana) with a handheld wand and
flat fan 8002VS nozzle. We used the manufacturer’s recom-
mended field rates of 4.7 mL Stinger®, 12.4 mL Fusilade®
DX, 25.0 mL Agri—Dex®, and 2.99 mL Nu-Film®-IR per
1000 mL for each mixture. We applied distilled water to
larvae and plants assigned to the U treatment prior to using
the equipment to administer other treatments. To admin-
ister the spray, we held the nozzle 1 m above the larvae
and host plants, making a single overspray pass with the
appointed treatment at 1.6 s/m>. To prevent cross-contam-
ination, we bottom-watered host plants for the duration of
the experiment.

Larvae were reared on host plants subjected to the same
treatment as the larvae. We transferred larvae to other
treated host plants when current host plant material was
low or depleted. When adults eclosed, we marked them with
unique color codes on their ventral hindwings and placed
them in netted enclosures in the greenhouse. Adult enclo-
sures contained 1-6 individuals belonging to the same sex
and treatment with Gatorade® provided as an artificial nectar
source (Russell and Schultz 2010; Schultz et al. 2016). We
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mated adults from the same treatment by introducing males
to females in netted enclosures. After mating, we transferred
each female to a paper bag with two leaves from host plants
in the same treatment and strips of paper as a medium for
oviposition (Anderson et al. 2010).

We recorded larval and pupal survival, larval and pupal
development time, pupal and adult mass, adult morphology,
sex, and lifetime fecundity of individual butterflies who were
treated with chemicals as larvae (Doll et al. 2021). Individu-
als were monitored daily to record survival. Development
time was recorded from the larval to pupal stages and from
the pupal to adult stages. We weighed pupae 24 h after pupa-
tion. Adults were weighed and photographed for morpho-
metric analysis. We measured abdomen length and width,
left forewing length, and left hindwing area using ImagelJ
(Rasband 2018). Finally, we collected eggs from females
every other day to record lifetime fecundity and recorded
offspring survival and development time from eggs to pre-
diapause larvae daily (Doll et al. 2021).

Oviposition behavior experiment

To test for an effect of herbicides and adjuvants on Zerene
silverspot oviposition behavior, we conducted an experi-
ment to measure egg-laying behavior on early blue violets
treated with chemicals. Because clopyralid’s half-life in
soils averages 1-2 months, an application in spring will
potentially leave residual clopyralid on host plants when
females oviposit in summer (Tu et al. 2001; Dow 2003).
However, because fluazifop-P-butyl’s half-life in soils
averages 1-2 weeks, an application in spring will likely
not leave residual fluazifop-P-butyl in summer (Tu et al.
2001; Durkin 2014). Therefore, in this experiment, treat-
ments included untreated (U), clopyralid with Agri-Dex
(CA), and clopyralid with Nu-Film (CN). Treatments did
not include clopyralid without an adjuvant because field
protocols always include an adjuvant, and the goal of this
experiment was to mimic field-based protocols which might
be experienced by ovipositing butterflies in the wild. For
this experiment, we propagated host plants and collected
females from a single population in an Oregon montane
grassland (Supplemental Material S2). To isolate treatment
effects from other factors affecting oviposition behavior, we
conducted this experiment in a single bay in the greenhouse
at WSU Vancouver.

We followed methods from Glaeser and Schultz (2014)
when observing oviposition behavior, which is based on
methods from Singer (1982) and Singer et al. (1992). We
measured post-alighting oviposition preference in staged
encounters where females “accepted” an early blue violet
by pressing their extruded ovipositor against the host plant
and were removed before laying an egg (Singer 1982; Singer
et al. 1992; Glaeser and Schultz 2014; Buckingham et al.
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2016). We conducted observations between 10:30 AM and
3:30 PM. To conduct observations, we placed 25 females
on five randomly selected host plants from each treatment
for 5 min or until they displayed oviposition behavior (Doll
et al. 2021). If females displayed oviposition behavior, we
removed them for a minimum of 5 min before placing them
on another host plant. In the absence of direct sunlight, we
used overhead grow lights to simulate sunlight.

Statistical analyses

We conducted all analyses using R 4.0.2 (R Core Team
2020) using R packages “MASS” (Venables and Ripley
2002) for principal component analyses (PCA) and “lme4”
(Bates et al. 2015) for all other analyses. To evaluate treat-
ment effects on survival, development time, mass, fecun-
dity, and oviposition behavior, we used statistical models
and included treatments—with U as the baseline—and other
experimental factors where appropriate. After checking to
make sure all model assumptions were met, we made infer-
ence about treatment effects based on the size of treatment
coefficients and whether the 95% confidence intervals on
coefficients excluded zero. Finally, we calculated a bino-
mial proportion and confidence interval around the esti-
mated proportion to determine whether there was an even
sex ratio for each treatment, and we used a PCA to explore
adult morphology.

Herbicide exposure experiment

We analyzed treatment effects on survival from (1) post-
diapause larvae to pupae (n=358) and from (2) pupae to
adults (n=301) using two binomial generalized linear mod-
els (GLMs), with logit link functions. Prior to these analy-
ses, we excluded two individuals due to death from mishan-
dling larvae. For the analysis of larval survival, explanatory
variables included treatment (U, A, N, C, CA, CN, F, FA,
and FN) as well as other factors that might influence the
outcome—the categorical variable of treatment date (May
31, June 2, and June 6, 2018), larval mass (g), and the inter-
action between treatment date and larval mass. However, for
the analysis of pupal survival, only treatment was used as an
explanatory variable because there were few observations of
mortality in the pupal stage. Finally, we calculated binomial
proportions along with confidence intervals to determine
whether the sex ratio of adults was different from 1:1 for
each treatment.

We assessed treatment effects on development time
(days) from (1) post-diapause larvae to pupae and from
(2) pupae to adults using two linear models (LMs). To
account for sex differences, we excluded individuals that
had an unknown sex or that failed to survive to the adult
stage (n=287). Explanatory variables included treatment,

treatment date, larval mass, the interaction between
treatment date and larval mass, sex, and the interaction
between treatment date and sex. We evaluated treatment
effects on mass (g) of (1) pupae and (2) adults using two
LMs. Explanatory variables included treatment, treatment
date, larval mass, the interaction between treatment date
and larval mass, sex, and the interaction between treatment
date and sex.

We explored female and male morphology individually
using two PCAs with the following morphological meas-
urements: abdomen length (mm), abdomen width (mm),
forewing length (mm), and hindwing area (mmz). Prior to
these analyses, we removed four females and two males
with unmeasurable abdomens or wing deformities, three
females with missing data values, and one male outlier
with undue influence. Finally, we retained enough prin-
cipal components to explain at least 80% of the variance
for each PCA.

We analyzed treatment effects on lifetime fecundity of
females that successfully mated with males in the same
treatment. To evaluate fecundity of mated females, we used
a negative binomial GLM with a log link function. The
negative binomial GLM was used instead of the Poisson
because of overdispersion. For this analysis, only treatment
was included as an explanatory variable because of the low
sample size of mated females.

We assessed treatment effects on survival and develop-
ment time from eggs to pre-diapause larvae for the offspring
produced by mated females. To examine offspring survival
to pre-diapause larvae (n=7504), we used a binomial gen-
eralized linear mixed model (GLMM) with a logit link func-
tion. In addition, to analyze offspring development time
to pre-diapause larvae (n=5470), we used a linear mixed
model with an identity link function. For both analyses, we
included treatment as a fixed effect, while the female that
produced the offspring (ID) was applied as a random effect
to account for heterogeneity in offspring characteristics
across females (Bolker et al. 2009).

Oviposition behavior experiment

We examined treatment effects on oviposition behavior of
Zerene silverspot females on treated early blue violets from
the “Oviposition Behavior” experiment. To assess whether
oviposition behavior was displayed or not (n=375), we used
a binomial GLMM with a logit link function. For this analy-
sis, treatment (U, CA, and CN) and grow light (On and Off)
were included as fixed effects, while female ID was applied
as a random effect to account for repeated measures of indi-
viduals (Bolker et al. 2009).
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Results
Herbicide exposure experiment
Larval and pupal survival and sex ratio

We did not detect negative treatment effects on larval sur-
vival to the pupal stage; however, we detected positive
effects from treatments A and F. The 95% confidence inter-
vals for the log odds of the effects of A and F, compared
to U, excluded zero (Table 1). Estimates of larvae treated
with A and F had a survival rate of 92.6% (95% CI = 80.1,
97.5) and 92.4% (95% CI = 79.8, 97.4), while untreated
larvae had a survival rate of 75.9% (95% CI = 58.1, 87.7;
Fig. 1a). Similar to larval survival, we did not detect treat-
ment effects on pupal survival to the adult stage (Fig. 1b).
None of the log odds of treatment effects, compared to U,
had a 95% confidence interval that excluded zero (Table 1).
Despite undetectable treatment effects, none of the untreated
individuals died as pupae, whereas some fraction of treated
individuals died in every treatment category. Finally, we
found no evidence that any treatment resulted in a sex ratio
different from 1:1 (Table S1).

Larval and pupal development time

We detected negative effects from treatments C and CA
on larval development time to the pupal stage. The 95%

confidence intervals for the coefficients of the effects of
C and CA, compared to U, excluded zero (Table 2). Esti-
mates of females treated with C and CA developed to
pupae in 50.9 days (95% CI = 49.7, 52.0) and 50.8 days
(95% CI = 49.5, 52.0), while untreated females devel-
oped in 53.7 days (95% CI = 52.4, 55.0; Fig. 2a). Esti-
mates of males treated with C and CA developed to pupae
in 45.7 days (95% CI = 44.5, 46.9) and 45.6 days (95%
CI = 44.3, 46.9), while untreated males developed in
48.5 days (95% CI = 47.2, 49.8; Fig. 2a). For pupal devel-
opment time to the adult stage, we detected negative effects
from treatments CA and FA. The 95% confidence intervals
for the coefficients of the effects of CA and FA, compared
to U, excluded zero (Table 2). Estimates of females treated
with CA and FA developed to adults in 15.2 days (95%
CI =14.8, 15.5) and 15.1 days (95% CI = 14.8 15.5), while
untreated females developed in 15.7 days (95% CI = 15.4,
16.1; Fig. 2b). Estimates of males treated with CA and FA
developed in 13.8 days (95% CI = 13.4, 14.2) and 13.8 days
(95% CI = 13.4, 14.1), while untreated males developed in
14.4 days (95% CI = 14.0, 14.7; Fig. 2b).

Pupal and adult mass

We detected negative effects from treatments F and FA on
mass in the pupal stage. The 95% confidence intervals for
the coefficients of the effects of F and FA, compared to U,
excluded zero (Table 3). Estimates of females treated with
F and FA weighed 0.584 g (95% CI = 0.567, 0.602) and

Table 1 Analyses of larval

; Predictor Larval survival Pupal survival

and pupal survival from the

Herbicide Exposure experiment Log odds Lower CI Upper CI Logodds Lower CI Upper CI
Intercept 1.01 —0.54 2.55 18.57 —2397.41 2434.54
Agri-Dex (A) 1.38 0.08 2.68 —1573 —2431.71 2400.24
Nu-Film (N) 0.81 -0.35 198 —15.07 —2431.05 2400.91
Clopyralid (C) 1.25 —0.06 2.55 —15.01 —2430.99 2400.96
Clopyralid + Agri-Dex (CA) 0.42 —0.68 1.52 —15.13 —2431.11 2400.84
Clopyralid + Nu-Film (CN) 0.96 -0.25 2.17 -1620 —2432.17 2399.78
fluazifop-P-butyl (F) 1.35 0.05 2.65 —1573 —2431.71 2400.24
fluazifop-P-butyl + Agri-Dex (FA) 0.47 -0.63 1.57 -1586 —2431.83 2400.12
fluazifop-P-butyl + Nu-Film (FN) 0.40 —0.69 1.50 -15.86 —2431.83 2400.12
Treatment date: June 2 —1.86 —-4.19 047 - - -
Treatment date: June 6 —1.80 —-3.58 -0.01 - - -
Larval mass 199.76 —1240.75 1640.27 - - -
Treatment date: June 2 X larval mass 2764.27 —518.59 6047.13 - - -
Treatment date: June 6 X larval mass 1077.98 —716.25 287222 - - -
Observations 358 301
Pseudo R? 0.08 0.01

Log odds and 95% confidence intervals are shown for each predictor from binomial generalized linear
models. Bolded text represents a treatment with a 95% confidence interval that excludes zero
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E Untreated (U) @ Clopyralid (C) O Fluazifop-P-butyl (F)

Treatment B Agri-Dex (A) [ Clopyralid + Agri-Dex (CA) @ Fluazifop-P-butyl + Agri-Dex (FA)

O Nu-Film (N) @ Clopyralid + Nu-Film (CN) E Fluazifop-P-butyl + Nu-Film (FN)
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Fig. 1 Mean percent of a larval survival to pupation and b pupal sur-
vival to eclosion with 95% confidence intervals estimated by gener-
alized linear models per treatment: U (n=38 larvae and 28 pupae),
A (n=40 larvae and 34 pupae), N (n=40 larvae and 33 pupae), C

(n=40 larvae and 35 pupae), CA (n=40 larvae and 31 pupae), CN
(n=40 larvae and 32 pupae), F (n=40 larvae and 34 pupae), FA
(n=40 larvae and 30 pupae), and FN (n=40 larvae and 30 pupae)

Table 2 Analyses of larval and pupal development time from the Herbicide Exposure experiment

Predictor Larval development time Pupal development time

Estimate Lower CI Upper CI Estimate Lower CI Upper CI
Intercept 56.38 54.35 58.40 15.56 14.96 16.16
Agri-Dex (A) —-0.31 —-1.94 1.32 -0.29 -0.77 0.18
Nu-Film (N) -0.22 —-1.85 1.41 —0.16 —-0.64 0.32
Clopyralid (C) —2.82 —-4.42 -1.22 —0.30 -0.77 0.17
Clopyralid + Agri-Dex (CA) —-2.92 —4.57 -1.27 -0.57 -1.06 —-0.09
Clopyralid + Nu-Film (CN) —1.55 -3.18 0.08 0.01 —-0.47 0.49
fluazifop-P-butyl (F) —-0.34 —-1.96 1.28 -0.04 —-0.52 0.44
fluazifop-P-butyl + Agri-Dex (FA) —-0.41 -2.07 1.26 —0.60 -1.09 -0.11
fluazifop-P-butyl + Nu-Film (FN) 0.06 —1.62 1.73 -0.34 -0.83 0.16
Treatment date: June 2 —-0.65 -3.49 2.19 -0.30 -1.13 0.54
Treatment date: June 6 5.34 2.80 7.88 0.55 -0.19 1.30
Larval mass —4306.40 —5954.76 —2658.04 23.60 —461.50 508.70
Treatment date: June 2 X larval mass —35.01 —3265.18 3195.16 518.10 —432.52 1468.72
Treatment date: June 6 X larval mass —702.26 —2973.24 1568.72 —288.34 —956.68 380.00
Sex: male —5.54 —6.62 —4.47 —-1.20 —-1.52 —0.88
Treatment date: June 2 X sex: male —-0.30 -2.15 1.56 —-0.09 —0.64 0.45
Treatment date: June 6 X sex: male 1.49 —-0.44 3.42 —-0.43 —1.00 0.14
Observations 287 287
Adjusted R? 0.62 0.35

Coefficient estimates and 95% confidence intervals are shown for each predictor from linear models. Bolded text represents a treatment with a
95% confidence interval that excludes zero
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Fig.2 Mean days of a larval development to pupation and b pupal (n=18 females and 17 males), CA (n=15 females and 16 males), CN
development to eclosion with 95% confidence intervals estimated by (n=17 females and 15 males), F (n=21 females and 13 males), FA
linear models by sex per treatment: U (n=10 females and 18 males), (n=15 females and 15 males), and FN (n=17 females and 13 males)
A (n=13 females and 21 males), N (n=20 females and 13 males), C

Table 3 Analyses of pupal and

e Predictor Pupal mass Adult mass
adult mass from the Herbicide
Exposure experiment Estimate Lower CI Upper CI Estimate Lower CI Upper CI

Intercept 0.621 0.590 0.652  0.289 0.267 0.312
Agri-Dex (A) -0.012 —-0.037 0.013  —0.009 -0.027 0.010
Nu-Film (N) -0.022 —0.047 0.002 -0.014 -0.033 0.004
Clopyralid (C) —0.007 -0.032 0.017  —0.004 -0.022 0.014
Clopyralid + Agri-Dex (CA) 0.007 -0.018 0.032  0.005 -0.013 0.024
Clopyralid + Nu-Film (CN) —0.003 —-0.028 0.022  —0.005 -0.023 0.014
fluazifop-P-butyl (F) —-0.028 —0.052 -0.003 -0.014 -0.032 0.005
fluazifop-P-butyl + Agri-Dex (FA) —-0.034 —0.060 —-0.009 -0.016 -0.033 0.004
fluazifop-P-butyl + Nu-Film (FN) -0.020 —0.046 0.005 —0.010 —-0.029 0.009
Treatment date: June 2 —0.047 —-0.090 -0.004 -0.015 —0.047 0.017
Treatment date: June 6 —0.046 —-0.084 -0.007 -0.027 —0.056 0.002
Larval mass 4.688 —20.313  29.688 —3.096 —21.749 15.556
Treatment date: June 2 X larval mass ~ 25.338 —23.654 74330 17.807 —18.745  54.359
Treatment date: June 6 X larval mass ~ 30.215 —4.229 64.659 14.968 —10.730  40.666
Sex: male —0.131 -0.147 -0.115 -0.074 —-0.086 —0.061
Treatment date: June 2 X sex: male 0.016 -0.012 0.044  —-0.007 —0.028 0.014
Treatment date: June 6 X sex: male —0.006 —0.035 0.024  0.002 —0.020 0.024
Observations 287 287

Adjusted R? 0.63 0.51

Coefficient estimates and 95% confidence intervals are shown for each predictor from linear models.
Bolded text represents a treatment with a 95% confidence interval that excludes zero
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Fig.3 Mean mass of a pupae and b adults with 95% confidence
intervals estimated by linear models by sex per treatment: U (n=10
females and 18 males), A (n=13 females and 21 males), N (n=20
females and 13 males), C (n=18 females and 17 males), CA (n=15

0.578 g (95% CI = 0.559, 0.596) in the pupal stage, while
untreated females weighed 0.612 g (95% CI = 0.592, 0.632;
Fig. 3a), a reduction in mass of 4.6% and 5.6%, respectively.
Estimates of males treated with F and FA weighed 0.457 g
(95% CI = 0.438, 0.476) and 0.450 g (95% CI = 0.431,
0.469) in the pupal stage, while untreated males weighed
0.485 g (95% CI = 0.465, 0.504; Fig. 3a), a reduction in
mass of 5.7% and 7.2%, respectively. For mass in the adult
stage, we found no evidence of treatment effects (Fig. 3b).
None of the coefficients of the treatment effects, compared
to U, had a 95% confidence interval that excluded zero
(Table 3).

Adult morphology

For female and male morphology, we found that all her-
bicide and adjuvant treatments had overlapping 95% con-
fidence ellipses with U (Fig. S1). For each analysis, we
retained the first two principal components (PC1 and PC2)
to explain approximately 80% of the variance for female and
male morphology (Table S2). Finally, across both analyses,
we found forewing length and hindwing area to be most
correlated with PC1, while abdomen length and width were
most correlated with PC2 (Table S2).

O Fluazifop-P-butyl (F)

@ Clopyralid + Agri-Dex (CA) @ Fluazifop-P-butyl + Agri-Dex (FA)
B Clopyralid + Nu-Film (CN) E Fluazifop-P-butyl + Nu-Film (FN)

b
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©

[S)

o
'l

©

¥

w
L

Adult Mass (g)
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0.18

C CA CN F FA FN
Treatment
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females and 16 males), CN (n=17 females and 15 males), F (n=21
females and 13 males), FA (n=15 females and 15 males), and FN
(n=17 females and 13 males)

Female fecundity

For females that successfully mated, we did not detect treat-
ment effects on fecundity (Fig. S2). None of the log odds of
the treatment effects, compared to U, had a 95% confidence
interval that excluded zero (Table S3).

Offspring survival and development time

We did not detect treatment effects on offspring survival
to the pre-diapause larval stage (Fig. S3a). None of the log
odds of the treatment effects, compared to U, had a 95%
confidence interval that excluded zero (Table S4). Similar
to offspring survival, we did not detect negative treatment
effects on offspring development time to the pre-diapause
larval stage; however, we detected a positive effect from
treatments CA and CN. The 95% confidence interval for
the coefficient of the effect of CA and CN, compared to U,
excluded zero (Table S4). Estimates of offspring produced
by females treated with CA developed to pre-diapause lar-
vae in 12.0 days (95% CI = 11.3, 12.8) and 11.6 days (95%
CI =10.9, 12.3), respectively, while offspring produced by
untreated females developed in 10.9 days (95% CI = 10.2,
11.7; Fig. S3b), a delay of 10.1% and 6.4%, respectively.
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Oviposition behavior experiment

We did not detect treatment effects on oviposition behavior
of Zerene silverspot females from the Oviposition Behavior
experiment (Fig. S4). None of the log odds of the treatment
effects, compared to U, had a 95% confidence interval that
excluded zero (Table S5).

Discussion

Our results indicate two herbicides, clopyralid and fluazifop-
P-butyl, and two adjuvants, Agri-Dex® and Nu-Film®-1R,
have few detectable impacts on the Zerene silverspot, a sur-
rogate subspecies for the Oregon silverspot. We found no
evidence of negative treatment effects on larval and pupal
survival, sex ratio, adult mass, or oviposition behavior.
However, we detected small effects from some treatments
on larval and pupal development time and pupal mass. Few
Lepidoptera studies have compared direct non-target effects
of fluazifop-P-butyl and Nu-Film®-IR (Russell and Schultz
2010; Schultz et al. 2016), while prior studies have not exam-
ined clopyralid or Agri-Dex® on Lepidoptera. Our results
are consistent with these prior studies, which found limited
detectable effects of fluazifop-P-butyl and Nu-Film®-IR on
butterflies in the Pieris, Icaricia, and Euphydryas genera
(Russell and Schultz 2010; Schultz et al. 2016).

Herbicides and adjuvants influenced development time in
Zerene silverspots. We detected negative treatment effects
from clopyralid both with and without Agri-Dex® on larval
development time to pupation, and for both herbicides com-
bined with Agri-Dex® on pupal development time to eclo-
sion. In the larval stage, males developed faster than females,
as expected in Lepidoptera (Fagerstrom and Wiklund 1982;
Forsberg and Wiklund 1988; Fischer and Fiedler 2000);
however, individuals treated with clopyralid both with and
without Agri-Dex® experienced a faster larval development
rate relative to untreated individuals (Fig. 2a). Similarly, in
the pupal stage, males developed faster than females, but
individuals treated with either herbicide combined with
Agri-Dex® experienced a faster pupal development rate rela-
tive to untreated individuals. Stress can accelerate or decel-
erate development time in Lepidoptera (Horner et al. 2003;
Walker et al. 2007; Russell and Schultz 2010; Huang et al.
2012; Hahn et al. 2014; Bush et al. 2018; Rabelo et al. 2020).
For example, cotton leafworm (Spodoptera litura) larvae
developed 14-19% faster when reared on food containing
25-50 mg/kg concentrations of copper compared to those
reared on a non-copper diet, but larvae with 100-200 mg/
kg concentrations of copper were not affected (Huang et al.
2012). In contrast, cotton leafworm larvae developed 37%
and 18% slower when reared on food amended with a Bacil-
lus thuringiensis pesticide, DiPel 2X, and CrylAc toxin,
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respectively, than those on an untreated diet (Walker et al.
2007). One obvious explanation for the inconsistencies in
development time in these studies is a chemical-specific
response. In our study, we suspect that the higher nitrogen
content in early blue violets treated with clopyralid (Fig. S5)
accelerated development time, as shown in previous Lepi-
doptera studies (Lavoie and Oberhauser 2004; Kerpel et al.
2006). For example, larvae of a neotropical butterfly (Heli-
conius erato phyllis) developed 10% faster when reared on
passionflower (Passiflora suberosa) shoots from soils with
150-300 mg L' of nitrogen than those without a nitrogen
addition (Kerpel et al. 2006).

Altered development time can cause long-term impacts
on butterfly populations, such as population asynchrony
(Lingren et al. 1988; Jones and Aihara-Sasaki 2001). We
infer that, because herbicides are not homogenously applied
to larvae and development time differs between treated and
untreated individuals, the result may be increased asyn-
chrony in adult emergence. Population asynchrony can
exacerbate any Allee effects, such as lowered mating suc-
cess, already occurring in small populations (Groom 1998;
Calabrese and Fagan 2004; Gascoigne et al. 2009). There
are only seven extant populations of the Oregon silverspot
(including recent reintroduction efforts), with only one pop-
ulation greater than 200 butterflies in 2019 and four with less
than 50 butterflies (USFWS 2020b). In laboratory-derived
life tables for the koa seedworm (Cryptophlebia illepida), a
4- and 6-day delay of mating caused a decrease in popula-
tion growth rate and resulted in asynchronous population
cycling compared to a 1-day delay of mating (Jones and
Aihara-Sasaki 2001). Mating success could be low in small
populations, like Oregon silverspots, because encounter-
ing another adult is less frequent, which could be further
reduced by population asynchrony. Under population asyn-
chrony, females would encounter more older males, which
has been found to decrease fecundity in Lepidoptera (Rogers
and Marti 1997; Huang and Subramanyam 2003; Michereff
et al. 2004; Dhillon et al. 2019). Finally, we observed that
worn or aged males were rejected by females (C. F. Doll and
K. C. King pers. obs., WSU), which could further lower mat-
ing success with increasing population asynchrony.

Herbicides and adjuvants affected Zerene silverspot
mass in the pupal stage, but mass in the adult stage was
not altered. We detected negative treatment effects from flu-
azifop-P-butyl both with and without Agri-Dex® on pupal
mass. In the pupal stage, males weighed less than females,
as expected in Lepidoptera (Fagerstrom and Wiklund 1982;
Wiklund and Forsberg 1991); however, individuals treated
with fluazifop-P-butyl both with and without Agri-Dex®
were lighter than untreated individuals. Like development
time, stress can affect mass in Lepidoptera (Horner et al.
2003; Walker et al. 2007; Russell and Schultz 2010; Huang
et al. 2012; Stark et al. 2012; Hahn et al. 2014; Ali et al.
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2019; Rabelo et al. 2020). For example, cotton leafworm
larvae weighed 16-24% less when reared on food contain-
ing 25-200 mg/kg concentrations of copper compared to
an untreated diet (Huang et al. 2012). In contrast, Behr’s
metalmark (Apodemia virgulti) pupae weighed 15% more
when treated with the herbicide triclopyr than did untreated
individuals (Stark et al. 2012). Size reduction in Lepidop-
tera is associated with reduced fitness, reduced fecundity
in females, and reduced reproductive success in males
(Wiklund and Kaitala 1995; Jiménez-Pérez and Wang 2004;
Calvo and Molina 2005; Boggs and Freeman 2005). Most
studies show small-bodied females have reduced fecundity,
but the effect of small-bodied males on female fecundity
is unclear (Wiklund and Kaitala 1995; Jiménez-Pérez and
Wang 2004; Calvo and Molina 2005; Boggs and Freeman
2005). Finally, although we detected effects from fluazifop-
P-butyl both with and without Agri-Dex® on pupal mass, we
did not detect treatment effects on adult mass. Similarly, tri-
clopyr altered Behr’s metalmark mass in the pupal stage, but
mass in the adult stage was not affected (Stark et al. 2012).
Our results indicate herbicides and adjuvants have neg-
ligible effects on Zerene silverspot survival, while in some
cases treated individuals fared better than untreated ones.
These results are consistent with other studies in which an
effect of fluazifop-P-butyl and Nu-Film®-IR was not detected
on survival to diapause across three checkerspot species
(Euphydryas colon, E. editha, and E. phaeton), each reared
on two host plant species (Schultz et al. 2016). In addition,
an effect of fluazifop-P-butyl and the adjuvant Preference®
was not detected on survival to eclosion in the Puget blue
(Icaricia icarioides blackmorei), but reduced survival was
detected in the cabbage white (Pieris rapae; Russell and
Schultz 2010). In a study involving two herbicides and four
pesticides, survival to pupation in monarch (Danaus plexip-
pus) larvae reared on treated host plants was not different
than survival of larvae reared on untreated host plants; how-
ever, reduced survival was detected from a high concentra-
tion of the pesticide azoxystrobin (Olaya-Arenas et al. 2020).
Similarly, an effect of the herbicide dicamba on survival to
pupation in the corn earworm (Helicoverpa zea) and painted
lady (Vanessa cardui) was not detected (Bohnenblust et al.
2013). While herbicides and other pesticides can be harmful
to insects (Eliyahu et al. 2003; Herbert et al. 2014; Saska
et al. 2016; Pereira et al. 2018; Rainio et al. 2019), it appears
survival in Lepidoptera is chemical- and species-specific.
In addition to detecting negligible effects of herbicides
and adjuvants on Zerene silverspot survival, we found no
evidence of treatment effects on other components associ-
ated with fecundity. Size in Lepidoptera can be a predictor
for fecundity in females (Wiklund and Kaitala 1995; Jimé-
nez-Pérez and Wang 2004; Calvo and Molina 2005; Boggs
and Freeman 2005). For example, smaller-sized females
were less fecund than larger females in the blueberry lappet

(Streblote panda; Calvo and Molina 2005). Thus, because
we did not detect treatment effects on adult mass, we suspect
herbicides and adjuvants will not have a detectable impact
on female fecundity. However, we only had a small sample
of observations for estimating effects on fecundity. In addi-
tion, we did not detect treatment effects of early blue violets
treated with clopyralid and adjuvants on Zerene silverspot
oviposition behavior. Our results are consistent with other
studies in which host plants treated with fluazifop-P-butyl
and Nu-Film®-IR did not result in lower acceptance rates by
silvery blue (Glaucopsyche lygdamus) females in sequential
oviposition choice trials (Glaeser and Schultz 2014).

We note several limitations of our study. One limitation
was associated with a low sample size of mated females in
the “Herbicide Exposure” experiment, which limited infer-
ence about the effects of treatments on fecundity. Second,
we used the Zerene silverspot as a surrogate subspecies for
the Oregon silverspot. This subspecies is closely related to
the Oregon silverspot, sharing many life history characteris-
tics, but the limitation of a surrogate species for fully under-
standing important biological and ecological aspects of a
rare species is well documented (Banks et al. 2010; Henry
et al. 2019). For example, an ecologically similar species,
the Appalachian brown (Lethe appalachia), which shares
the habitat of the federally endangered Saint Francis’ satyr
(Neonympha mitchellii francisci), was not a suitable surro-
gate species because their differences in resource use, habi-
tat selection, behavior, and survival produced differences
in relative abundances following restoration (Henry et al.
2019). Third, a greenhouse study, such as this one, only pro-
vides a quantitative estimate of direct effects on butterflies in
the wild. Our study cannot estimate indirect effects of these
management actions on butterflies, such as changes in the
plant community (Pearson et al. 2016; Bennion et al. 2020).
While we acknowledge these limitations, we believe working
with a closely related species under greenhouse conditions is
an important step in testing novel and potential management
strategies that may pose risks to a declining species.

Our study provides evidence of limited direct effects of
herbicides and adjuvants on Zerene silverspots. Field stud-
ies are needed to fully evaluate direct and indirect effects of
treatments on the butterfly population. A reasonable next
step would be to design field-based protocols to apply these
treatments in the field and to monitor effects on Oregon
silverspot populations. Only with a field study will it be
possible to estimate the potential benefits of these manage-
ment strategies relative to their potential costs. In addition
to the Oregon silverspot, 24 out of 26 recovery plans for
butterflies currently listed as threatened or endangered in
the U.S. recommend invasive plant management (USFWS
2020a), including two other S. zerene subspecies: the
Behren’s silverspot and Myrtle’s silverspot (Hammond and
McCorkle 1983; Sims 2017). Among these recovery plans,
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at least 13 have reported herbicide use, but none of them
have used clopyralid, while only two have used fluazifop-P-
butyl (LaBar and Schultz 2012; Bennion et al. 2020). Our
results do not suggest any serious risks of using clopyralid
and fluazifop-P-butyl with one of two adjuvants, Agri-Dex®
and Nu-Film®-IR, in Oregon silverspot occupied habitat, yet
suggest the need for more thorough evaluations of their costs
and benefits in the field, and throughout the butterfly’s life
cycle.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10841-021-00355-2.
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