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Abstract Encroachment by invasive plants is a leading

threat to rare butterflies. Restoration plans increasingly

recommend herbicides to control invasive plants within

butterfly habitats. Few studies address the effects of these

herbicides on at-risk butterflies. The effects of two gram-

inicides (fluazifop-p-butyl and sethoxydim) and a surfac-

tant (Preference�) were evaluated on Icaricia icarioides

blackmorei and Pieris rapae. The effects on butterfly lar-

vae were assessed by mimicking recommended timing and

mixture rates of field applications. Differences in survival

to adult eclosure, development time, biomass, sex ratio and

adult morphology were assessed. Survival of P. rapae was

reduced by 32% with sethoxydim and 21% with fluazifop-

p-butyl. Wing size and pupal weights of P. rapae were

reduced by herbicide treatments. Icaricia icarioides

blackmorei experienced a 21% reduction in development

time from the date of treatment to eclosure. These results

highlight the importance of careful consideration in the use

of herbicides in habitats harboring at-risk butterfly

populations.

Keywords Conservation � Lepidoptera � Pesticides �
Toxicity � Non-target effects � Larval development

Introduction

Invasive plants are a leading threat to at-risk butterfly

populations and are directly linked to the decline of 33

butterfly and skipper species in the US (New et al. 1995;

Wilcove et al. 1998). As a result, invasive plant control is

recommended in over 80% of conservation plans for but-

terflies currently listed as threatened or endangered under

the US Endangered Species Act (Schultz et al. 2008).

Herbicides are an increasingly popular option for vegeta-

tion management in butterfly habitats (Schultz et al. 2008).

However, limited toxicological screenings and uncertainty

about ecological risks to non-target insects warrants further

investigation (Freemark and Boutin 1995; Pratt et al. 1997;

Colborn and Short 1999). As herbicide use increases in

natural areas, managers need to address the potential

likelihood that non-target organisms will be exposed to

herbicides including spray drift, direct overspray (dermal

exposure) and ingestion (oral exposure). Designing con-

servation strategies for sites that harbor rare butterflies is

challenging because management actions to control inva-

sive species must maximize their impact on problematic

species while limiting their impact on native species,

especially threatened and endangered species.

Control of invasive plants is of particular interest in

western Oregon and Washington, USA, where habitat loss

and introduction of invasive plants are linked to the decline

of several at-risk butterfly species. These include Fender’s

blue (Icaricia icarioides fenderi, US endangered, USFWS

2009), Oregon silverspot (Speyeria zerene hippolyta,

US threatened, USFWS 2009), Taylor’s checkerspot

(Euphydryas editha taylori, US candidate, USFWS 2009),

Mardon skipper (Polites mardon, US candidate, USFWS

2009), Valley silverspot (Speyeria zerene bremneri, US

species of concern WDFW 2009), and Puget blue (Icaricia

icarioides blackmorei, Washington state species of con-

cern, WDFW 2009).

Several key issues arise concerning the potential impacts

of herbicides on non-target butterflies. First, studies of

terrestrial invertebrates are generally set in an agricultural
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context and focus on herbicidal effects on beneficial

invertebrates that are important for biocontrol or pollina-

tion or focus on invertebrates considered pest species

which impact crop yield (e.g. Brust 1990; Haughton et al.

2001; Verhoef and Brussaard 1990). However, the results

may not generalize to conservation or ecological impact to

non-target species such butterflies due to differences in

foraging, life history, habitat selection or other details of

species’ ecology (Longley and Sotherton 1997).

Second, although herbicides are designed to kill plants,

studies indicate that terrestrial invertebrates exhibit adverse

effects from formulations including 2,4,5-T (reduced

fecundity and lifespan, Eijsackers 1978), endothall

(increased mortality, reduced pupal weight, Brown 1987);

sethoxydim and fluazifop-p-butyl (altered pupal weight and

fecundity, Agnello et al. 1986b), diclofop (altered phero-

mone production, Eliyahu et al. 2003) and atrazine (altered

fecundity and instar duration, Al-Assiuty and Khalil 1996).

In contrast, other studies suggest ingested or absorbed

herbicides may have negligible effects on non-target

organisms when toxins are rapidly eliminated from animal

systems or exposure times are reduced (Tatum 2004).

Third, results generated from traditional toxicity tests

for one invertebrate species may not be comparable for

other invertebrate species (Stark et al 2004). Conventional

toxicity screening methods in the US include acute toxicity

LC50 or LD50 tests (concentration or dose that kills 50%

of a population) and are generally performed on a single

terrestrial insect species. In the US, the honeybee (Apis

mellifera) is the surrogate test species for acute toxicity

screenings which generally involve single exposure or

exposure over a short period of time (US Environmental

Protection Agency 2009; Tatum 2004). Thus, the under-

lying assumptions are that toxicology results on A. melli-

fera transfer to all insect orders, that adverse effects are

determined from single dose or acute short-term screen-

ings, and that exposure to fully developed adult organisms

represent exposure effects to all life stages. In contrast, in

Europe toxicity screenings include testing on multiple taxa

of beneficial invertebrates such as predatory mites, spiders,

flower bugs, lacewings, ladybird beetles, rove beetles,

ground beetles, parasitoids, bees, and hoverflies (ECHCPD

2002; Boller et al. 2005). Because life history traits vary

greatly among species, recovery from lethal or sub-lethal

effects varies between species. Life history traits that play a

role in recovery include survivorship, development time,

number of generations produced annually and number of

offspring produced per generation (Stark et al. 2004). Sub-

lethal effects from toxicants such as reduced reproductive

potential, changes in morphology, alterations in sex ratio

and development rates can have long-term generational

effects (Stark and Banks 2003). Simulated models by Stark

et al. (2004) indicate that a 50% reduction in survivorship

and fecundity would delay the population growth of some

arthropod species but not others.

Fourth, herbicides applied to control target invasive

plant species may compromise the nutrient quality of non-

target plants, and indirectly influence growth and devel-

opment of feeding larvae (Agnello et al 1986a). Inadequate

larval food resources affect adult morphology, survivorship

and fecundity in Lepidoptera (Tammaru et al. 1996; Boggs

and Freeman 2005).

Finally, several studies suggest that biochemical path-

ways which cause herbicides to kill plants also have lethal

effects on non-target insects. For example, plant growth

regulators such as diclofop interfere with protein synthesis

by inhibiting the activity of acetyl-coenzyme A carboxyl-

ase enzymes in monocotyledonous plants. The herbicide

diclofop also disrupts pheromone synthesis in the noctuid

moth (Helicoverpa armigera, Eliyahu et al. 2003). The

herbicides atrazine and simazine, are designed to inhibit

the photosynthetic process in plants. These same chemicals

inhibit development rates and fecundity of springtails,

reduce hatch rates of house flies, and inhibit metabolic

rates of crickets (Borkovec et al. 1967; Chio and Sanborn

1977; Al-Assiuty and Khalil 1996), yet do not harm some

beetle species (Brust 1990). Another herbicide formula,

glufosinate-ammonium (GLA) is toxic to a skipper, Cal-

podes ethlius (Kutlesa and Caveney 2001). GLA is

designed to inhibit the conversion of glutamate to gluta-

mine, a required enzyme for both plants and animals.

Caterpillars exposed to GLA died from glutamine deple-

tion (Kutlesa and Caveney 2001).

Currently grass-specific herbicides are gaining favor due

to their highly selective modes of action (Colborn and

Short 1999; Tu et al. 2001; Fuhlendorf et al. 2002; Clark

et al. 2004) and reported low toxicity to non-target insects

(EXTOXNET 1996a, b). Selective chemical formulations

disrupt key biochemical pathways in plants necessary for

such functions as growth regulation, cell membrane for-

mation, and protein synthesis (Walker et al. 1988). Sus-

ceptibility differs between plant species allowing for some

herbicides to target grasses with intercalary meristemic

cellular growth patterns and not impact grasses which lack

this growth form. Many aggressive, non-native grasses in

Oregon and Washington, USA, which have intercalary

meristemic growth, are impacted by selective herbicides.

Non-native grasses in these prairies include Brachypodium

sylvaticum (false brome), Holcus lanatus (velvet grass),

Festuca arundinacea (tall fescue) and Arrhenatherum

elatius (tall oatgrass). The dominant native grass in these

prairies, Festuca roemeri, has a growth form that is pri-

marily a tussock bunchgrass and is unaffected (Clark et al.

2004; Dunwiddie and Delvin 2006). In addition, grass-

specific herbicides do not affect broad leaf plants. Recent

studies indicate that application of the grass-specific
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herbicide fluazifop-p-butyl reduces the presence of

B. sylvaticum with no significant harm to native prairie

forbs (Clark et al. 2004). Additionally, Dunwiddie and

Delvin (2006) note a reduction in H. lanatus and A. elatius

following sethoxydim herbicide applications while overall

native species richness increases. Thus, these herbicides

are effective in management of the native plant community

where the dominant native grasses are bunchgrass fescues,

but the impact of these herbicides on at-risk butterflies in

these prairies is unknown.

The objectives of this study are to investigate the lethal

and sub-lethal effects of herbicide exposure to developing

butterfly larvae. Two butterfly species were evaluated to

assess if herbicide effects are species-specific, or may

generalize to multiple Lepidoptera species. Survival and

development of Icaricia icarioides blackmorei and Pieris

rapae are evaluated. Both species reside in prairies of the

Pacific Northwest where butterfly larvae feeding on host

plants are subject to herbicide spray or drift during appli-

cations. Two grass-specific herbicides are investigated,

sethoxydim and fluazifop-p-butyl. Both herbicides are

proposed for use within prairie habitats and have been

evaluated for impacts to the native plant community in trial

studies. The active ingredient in both chemicals is reported

as having little or no toxic effect to insects (EXTOXNET

1996a, b). Based on known EPA toxicity screenings of the

herbicides, the following hypotheses were tested: (1)

Selective herbicides designed to interrupt cell growth in

plants will have little or no impact on survival, sex ratio, or

morphology of non-target butterflies, (2) Development

time of butterflies exposed to selective herbicides during

larval development will not be altered, and (3) Selective

herbicides will not impact pupal and adult biomass.

Methods

Study organisms

Icaricia icarioides blackmorei is a Washington state spe-

cies of concern and in the same species complex as I. i.

fenderi (US endangered butterfly, USFWS 2009). It is

abundant at sites which support populations and collection

of eggs from a few dozen females has little impact on the

population (Schultz, unpublished analyses). Both I. i. fen-

deri and I. i. blackmorei share similar life cycles, are

univoltine and overwinter as diapause larvae. In early

spring, post-diapause larvae feed on emerging perennial

lupine host plants (Lupinus sulphureous kincaidii or

L. laxiflorus for I.i. fenderi and L. albicaulis for I. i.

blackmorei). Postemergence herbicides are designed to be

applied in spring when invasive grasses are in their early

growth stages. During early spring many butterfly species,

including I. i. blackmorei, I. i. fenderi, S. z. hippolyta, S. z.

bremneri and E. e. taylori, are in mid to late instar devel-

opmental stages (Schultz pers. obs., Potter, pers. comm.,

USFWS 2001). Using I. i. blackmorei in experimental trials

allowed us to mimic the application of herbicides at the

most likely life stage of exposure to assess the biological

effects on survival, development, and growth.

Pieris rapae, is a non-native but established butterfly

species in the Pacific Northwest. Pieris rapae eggs are

easily purchased through commercial scientific laboratory

supply houses which can be obtained year-round. These

butterflies have multivoltine life cycles, complete in

3–6 weeks, allowing for faster assessment and data

collection.

Rearing procedures

In May and June 2005, 60 I. i. blackmorei females were

collected from Johnson Prairie, Washington and trans-

ported to a greenhouse at WSU Vancouver. Johnson Prairie

is located on the Fort Lewis Military Reservation in Pierce

County, WA (46�550N 123�160W). Using protocols devel-

oped in 2003–2004, individual females were placed in an

enclosure containing the larval hostplant, Lupinus albi-

caulis. Enclosures were constructed with silk organza

fabric and secured around a 3.8 l container and host plant.

Females were housed in each enclosure for 1–3 days with a

goal of collecting 50 eggs per female. While enclosed,

females were misted daily with water and fed an artificial

nectar source (Gatorade�, J. Daniels pers. comm.).

Females were released at the capture site post-oviposition.

Of the 60 females collected, 47 oviposited and produced

viable larvae. Females on average laid 38 eggs.

To ensure abundant host plant biomass, newly hatched

larvae were distributed among host plants with a maximum

of five larvae per plant during pre-diapause development.

Larvae were transferred to new plants with camel hair

brushes and handling time was limited. To minimize the

possible transfer of pathogens, brushes were cleaned using

a light mixture of soapy water and bleach (active ingredient

sodium hypochlorite 6.0%) between transfers. Parental

identification was retained for each offspring to support

random assignment between treatments. Larvae were

reared on live host plants until reaching diapause. Using

techniques developed in a previous study (Schultz et al.

2009), larvae developed to diapause stage were placed in

diapause tubes, 3 cm pieces of plastic tubing lined and

capped with silk organza, with a maximum of three larvae

per tube. Diapause tubes were placed in inverted clay pots

and put in a protected outdoor location. Pots were placed

on a wood palette on the North side of a building under

plastic covers which diverted rain and snow. Climate in

Vancouver, WA is mild, with average summer
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temperatures about 20�C and average winter temperatures

about 4�C (NOAA accessed April 2008).

Between April 10 and 14, 2006 post-diapause larvae

were returned to the greenhouse where up to five sibling

larvae were placed on individual lupine host plants with

fitted enclosures. Larvae were observed for 2 weeks before

randomizing individuals between treatments to assure that

larvae being placed into treatments had broken diapause

and were exhibiting normal eating behavior.

Pieris rapae eggs were purchased from Carolina Bio-

logical Supply Company, Burlington, NC. This is a gen-

eralist species which feeds on a variety of Brassica species.

Upon receipt of the P. rapae eggs, separate batches were

placed in 60 ml translucent plastic cups (hereafter small

plastic cups) containing green cabbage (Brassica oleracea

var. capitata) leaves as a larval food source. To avoid

cannibalism, newly hatched larvae were dispersed among

several cups for the duration of the hatch period. Larvae

were transferred using camel hair brushes as above. At

4 days post receipt of P. rapae eggs, all viable larvae that

completed hatching were placed on live mustard plants

(Brassica rapa) in 3.8 l containers fitted with fabric

enclosures. Larvae were reared for 10 days to an average

stage of 3rd and 4th instar before being randomized

between treatments.

Experimental design

One surfactant and two grass-specific herbicides were

tested in two mixture formulations: herbicide and water

and herbicide mixed with a surfactant. The two gramini-

cides used in experiments were fluazifop-p-butyl (24.5%

active ingredient, commercial name Fusilade�, manufac-

ture: Syngenta, Greensboro, North Carolina) and sethoxy-

dim (18% active ingredient, commercial name Poast�,

manufacture: BASF, Research Triangle Park, North Caro-

lina). Fluazifop-p-butyl is a selective postemergence her-

bicide in the aryloxyphenoxypropionate group of pesticides

and is applied in agriculture crops and non-crop areas.

Sethoxydim is also a postemergent grass-specific herbicide,

classified in the cyclohexanedione group of chemical her-

bicides and is labeled for primary use in agricultural areas

and for non-crop grass suppression. The mode of action for

both herbicides is the effective inhibition of lipid synthesis,

a necessary component of cell membrane formation and

plant growth (Walker et al. 1988; Luo et al. 2001).

Preference� is a soy-based nonionic surfactant with the

principal functioning agents alkylphenol polyethoxylate

and soybean-based fatty acids. Surfactants are common

additives in herbicide mixtures designed to promote effi-

cacy by increasing penetration and droplet spread of water-

based herbicide spray applications (Gauvrit and Cabanne

1993).

To test for direct exposure and to simulate the effects of

direct overspray with ground application, an R&D Preci-

sion CO2 powered backpack sprayer (R&D Sprayers,

Opelousas, Louisiana) with a hand held wand and flat fan

8002VS nozzle set at a spray pressure of 40 psi was used.

After tank was thoroughly cleaned, procedural controls

were treated with water. For herbicide applications, the

maximum labeled spot spray recommended rates were used

for each mixture (fluazifop-p-butyl, 0.75 oz/gal; sethoxy-

dim, 1.9 oz/gal; surfactant, 1 oz/gal). Thus, we added in

2.4 ml of fluazifop-p-butyl, 6 ml of sethoxydim, and when

mixed with the surfactant, 3 ml Preference� was added in

spray mixture bottles containing 400 ml of water.

The experiment with I. i. blackmorei included a ran-

domized block design with three blocks. Three climate

controlled greenhouse bays at the WSU Vancouver campus

served as blocks for this study. The six treatments were

randomized within each block. Due to small scale envi-

ronmental differences within each bay, plants were rotated

on a weekly basis in an effort to minimize variation within

each block. Treatments included a procedural control (C),

an untouched control group (UC), fluazifop-p-butyl mixed

with water only (F), fluazifop-p-butyl plus surfactant and

water (F?), a treatment with surfactant and water only (A),

and sethoxydim plus surfactant (S?). The procedural

control group (C) acted as a placebo treatment, receiving

the same manipulation as the other experimental groups

however, the chemical was omitted. The untouched control

(UC) group received no experimental manipulation. This

experimental design was used with the goal of distin-

guishing between the effect of herbicide exposure and the

effect of the experimental procedure (Dytham 2003).

Each treatment of C, UC, F, F?, and A within each

block contained 25 randomly selected larvae (n = 75). The

sethoxydim plus surfactant trial (S?) contained 11, 11 and

12 larvae per block (n = 34). A seventh treatment group

using a sethoxydim and water mixture was omitted due to

limited number of larval specimens.

The experiment with P. rapae included a randomized

design in a single greenhouse bay. Numbers of treated

larvae within each treatment included C (n = 45), UC

(n = 47), F? (n = 47), P? (n = 47), and A (n = 47).

Herbicide applications

To mimic most likely exposure in field conditions of her-

bicide exposure to larvae by direct contact, residue and

feeding on herbicide treated plants, randomly selected active

I. i. blackmorei larvae were placed on individual lupine

plants prior to administering herbicide treatments. Each

lupine plant had approximately 4 months of growth and had

not been previously used for larval rearing. The treatments

were designed to correspond with timing of field herbicide

56 J Insect Conserv (2010) 14:53–63

123



application as recommended by the chemical label. The

timing of larval emergence from diapause corresponded

with wild I. i. blackmorei populations and is the most likely

life stage of herbicide exposure in the wild. According to

herbicide application recommendations, larvae would most

likely be exposed to herbicides during spring applications

corresponding with the 3rd instar larval stage.

After each application plants were left to dry to the point

of no observable mist droplets or for a minimum of 15 min

before replacing the enclosure and returning plants and

larvae to the greenhouse. To prevent cross contamination

between herbicide treatments, potted plants were grouped

into trays by treatment and bottom watered for the duration

of the study. For P. rapae, herbicide application rates and

overspray procedures used in the I. i. blackmorei trials

were replicated with one exception. To mimic worst case

scenario and to ensure exposure, individual larvae were

placed in small plastic cups for each treatment. To

administer the spray, the nozzle was held approximately

1 m above the treatment group, making a single overspray

pass with the appointed chemical. Simultaneously, the

treatment group larval host plant was sprayed with the

appointed treatment chemical.

Sampling and assessment

The endpoints considered for analysis were percent sur-

vival, sex ratio, development time from date of treatment to

pupal and adult life stages, biomass, and adult morphology

upon eclosure. Survival from date of treatment to eclosure

and development time from treatment date to pupae and

adult life stages were recorded. Larvae were observed

every 2 days to record mortality and feeding behavior (a

binary variable: feeding or not feeding) as an indicator of

acute toxicity of each chemical or chemical mixture. As

larvae approached pupation, larvae were monitored daily to

record pupation date and initial pupal weight. Upon eclo-

sure newly emerged adults were placed in glassine enve-

lopes and cooled to arrest movement, then weighed, sexed

and photographed for morphological measurements. Mor-

phological measurements included left and right forewing

area, abdomen length and maximum width (measured on

the ventral side) and head to thorax length (measured on

the ventral side). Morphology measurements serve as an

indirect indicator of reproductive fitness. Morphology

photos were measured using a computerized morphometric

analysis program (ImageJ http://rsbweb.nih.gov).

Statistical analysis

Percent survival and sex ratio were assessed using Chi-

square (v2) tests. Development time, pupal and adult biomass

were analyzed using Analysis of Variance (ANOVA) with

post-hoc Tukey tests to assess pairwise significance. Mor-

phological data were analyzed by discriminant function

analysis to determine differences between correlated mor-

phological measurements including wing area, abdomen

width and total body length as well as univariate analysis of

these variables. These analyses produced similar results

(Russell 2008), so only univariate analyses are presented

below. All data were log-transformed prior to analysis to

meet assumptions of normality and equal variances. P. rapae

and I. i. blackmorei data were analyzed separately. Pre-

liminary analyses indicated no differences between proce-

dural control and untouched control for percent survival, sex

ratio, development time and morphology of either species

(Russell unpublished analyses). Therefore, the untouched

control groups were omitted in results which follow. Data

were analyzed with Minitab Statistical Software.

Results

Survival and sex ratio

Herbicides are associated with lower survival for P. rapae

but not I. i. blackmorei (P. rapae: v2 = 27.77, df = 3,

P \ 0.001; I. i. blackmorei: v2 = 7.21, df = 4, P = 0.206,

Fig. 1). For P. rapae, herbicide treated larvae experienced
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significantly lower survival than the control group. Those

treated with sethoxydim(?) were particularly impacted,

with a 32% decrease in survival compared to the control

group while those treated with fluazifop-p-butyl(?) expe-

rienced 21% decrease in survival (Fig. 1a). Treatments are

not associated with sex ratios for either species (P. rapae:

v2 = 2.23, df = 3, P = 0.694; I. i. blackmorei: v2 = 1.57,

df = 4, P = 0.905, Table 1).

Development time

Treatments impacted development time for I. i. black-

morei, however, this trend was not observed for P. rapae.

Development time for P. rapae larvae, from date of treat-

ment to eclosure was 15.6 ± 1.4 days with no significant

difference between treatment and control groups and no

significant interaction between treatments and sex

(Fig. 2a). For I. i. blackmorei test results indicate that both

sexes eclosed earlier in all treatment groups compared to

the control (treatment effect F5,142 = 29.77, P \ 0.001,

sex effect F1,142 = 38.70, P \ 0.001, Fig. 2b). No inter-

action between treatment and sex was observed for I. i.

blackmorei (F5,142 = 0.30, P = 0.914). Fluazifop-p-butyl

treated larvae eclosed 10.7 ± 6.5 days earlier than control,

followed by sethoxydim(?) 9.9 ± 5.6, fluazifop-p-

butyl(?) 8.9 ± 5.8 and surfactant 6.9 ± 6.4 days earlier

than the control mean (Table 1b).

Development times from date of treatment to pupation

were comparable to those for development to eclosure for

both species (Table 1).

Pupal and adult biomass

Female P. rapae treated with sethoxydim(?) experienced an

average 10% reduction in pupal weight and were on average

Table 1 Pieris rapae and Icaricia icarioides blackmorei development and biomass for each rearing group, mean ± SD

Development

treatment to

pupation (days)

Development

treatment to

adult (days)

Pupal weight (mg) Adult weight (mg) Sex

ratio

Male Female Male Female M/F

a. Pieris rapae

Control 7.69 ± 1.03ab 15.47 ± 1.06ab 217.68 ± 16.11a 200.83 ± 14.48a 119.02 ± 20.64a 110.06 ± 15.66a 21/18

Surfactant 8.36 ± 1.53a 16.29 ± 1.69a 201.40 ± 14.92b 188.64 ± 12.18ab 109.38 ± 27.77a 107.66 ± 24.64a 27/20

Fluazifop-p-butyl(?)1 6.93 ± 1.09b 14.72 ± 1.11b 204.87 ± 15.55ab 186.60 ± 17.53ab 115.97 ± 26.38a 111.24 ± 26.47a 16/14

Sethoxydim(?)1 7.37 ± 1.18b 15.52 ± 1.36ab 208.22 ± 18.42ab 179.68 ± 25.47b 118.47 ± 19.62a 101.59 ± 14.73a 14/13

b. Icaricia icarioides blackmorei

Control 27.89 ± 6.07a 42.50 ± 7.15a 90.30 ± 10.67a 104.27 ± 15.80a 47.26 ± 5.57a 56.55 ± 13.45a 9/11

Surfactant 18.25 ± 5.25b 33.58 ± 5.79b 104.37 ± 10.87a 97.50 ± 17.80a 53.40 ± 12.91a 54.47 ± 9.38a 12/21

Fluazifop-p-butyl2 20.42 ± 5.95b 35.55 ± 6.37b 97.74 ± 9.42a 98.69 ± 22.80a 45.79 ± 10.87a 51.40 ± 15.91a 13/17

Fluazifop-p-butyl(?)1 17.36 ± 5.41b 31.83 ± 6.49b 98.86 ± 13.96a 101.02 ± 12.94a 51.31 ± 11.10a 51.87 ± 10.77a 17/16

Sethoxydim(?)1 16.46 ± 5.75b 32.61 ± 5.56b 109.71 ± 13.62a 102.44 ± 18.22a 48.63 ± 7.30a 56.30 ± 10.77a 6/7

Sex ratios are number of males and female adults in each rearing group. Superscripted letters indicate statistically similar groups based on Tukey

post-hoc tests for pairwise comparisons. Data are mean ± standard deviations
1 Fluazifop-p-butyl(?) and sethoxydim(?) indicate mixture of herbicide, water, and surfactant
2 Fluazifop-p-butyl and water mixture with no surfactant
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21.2 mg lighter than the control group (F4,77 = 5.33,

P \ 0.001, Table 1a, Fig. 3a). Male P. rapae treated with

surfactant experienced an average 8% reduction in pupal

weight and were on average 16.3 mg lighter than the control

group (F4,86 = 2.98, P = 0.023,Table 1a). Treatments did

not affect pupal biomass for either sex of I. i. blackmorei

(F5,139 = 0.67, P = 0.644, Fig. 3b, Table 1b). Biomass of

male P. rapae pupae was heavier than females

(F1,163 = 44.6, P \ 0.001, Fig. 3a) but there were no dif-

ferences between the sexes for I. I blackmorei

(F1,139 = 0.38, P = 0.54) and there were no interactions

between treatment and sex for either treatment

(F5,139 = 2.09, P = 0.07).

Treatments did not affect adult biomass for either spe-

cies (P. rapae: F4,166 = 0.61, P = 0.655; I. i. blackmorei:

F5,142 = 0.83, P = 0.529, Table 1).

Morphology

Wing area was significantly smaller in two treatment groups

for female P. rapae with a 10% reduction in wing size in

fluazifop-p-butyl(?) treatments and a 14% reduction in

sethoxydim(?) treatments (F4,73 = 6.57, P \ 0.001,

Table 2a). Abdomen width for females treated with the

surfactant alone increased by 21% over the control group

(F4,74 = 7.35, P \ 0.001, Table 2a) while total body length

was similar across treatment groups (Table 2a). Male

P. rapae exhibited a 9% reduction in total wing area in the

sethoxydim(?) treatment group (F4,80 = 4.20, P = 0.004,

Table 2a) while total body length and abdomen width was

similar across treatments (Table 2a).

Treatments did not impact morphological characteristics

of either male or female I. i. blackmorei (P [ 0.10 for all

comparisons, Table 2b).
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Table 2 Pieris rapae and Icaricia icarioides blackmorei group means between treatment groups including wing area, abdomen width and total

body length

Wing area (cm2) Abdomen width (cm) Total body length (cm)

Female Male Female Male Female Male

a. Pieris rapae

Control 2.83 ± 0.26a 2.85 ± 0.24a 0.26 ± 0.05a 0.28 ± 0.08a 1.86 ± 0.15a 2.00 ± 0.23a

Surfactant 2.64 ± 0.23a 2.65 ± 0.20b 0.34 ± 0.04b 0.30 ± 0.05a 1.97 ± 0.27a 2.10 ± 0.19a

Fluazifop-p-butyl(?)1 2.54 ± 0.26b 2.67 ± 0.23a 0.28 ± 0.04a 0.30 ± 0.05a 1.99 ± 0.17a 2.13 ± 0.25a

Sethoxydim(?)1 2.43 ± 0.31b 2.59 ± 0.26b 0.28 ± 0.02a 0.28 ± 0.04a 1.82 ± 0.36a 2.02 ± 0.57a

b. Icaricia icarioides blackmorei

Control 1.03 ± 0.17 1.12 ± 0.09 0.28 ± 0.05 0.27 ± 0.04 1.22 ± 0.09 1.28 ± 0.11

Surfactant 1.06 ± 0.13 1.12 ± 0.09 0.27 ± 0.03 0.26 ± 0.04 1.24 ± 0.11 1.31 ± 0.09

Fluazifop-p-butyl2 0.97 ± 0.17 1.06 ± 0.16 0.27 ± 0.05 0.23 ± 0.05 1.20 ± 0.13 1.28 ± 0.06

Fluazifop-p-butyl(?)1 1.07 ± 0.10 1.03 ± 0.22 0.27 ± 0.04 0.27 ± 0.05 1.24 ± 0.07 1.17 ± 0.24

Sethoxydim(?)1 1.09 ± 0.12 1.20 ± 0.09 0.29 ± 0.03 0.23 ± 0.02 1.26 ± 0.07 1.36 ± 0.06

Superscripted letters indicate statistically similar groups based on Tukey post-hoc tests for pairwise comparisons. Data are mean ± SD
1 Fluazifop-p-butyl(?) and sethoxydim(?) indicate mixture of herbicide, water, and surfactant
2 Fluazifop-p-butyl and water mixture with no surfactant
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Discussion

Control of non-native species is critical to habitat mainte-

nance for a wide diversity of at-risk Lepidoptera (Schultz

et al 2008). Invasive plants alter the structure of butterfly

habitat, compete with key host and nectar plants and alter

butterfly behavior (Severns 2008). In the Pacific Northwest,

selective herbicide use is one of the most effective tools to

reduce non-native plants while limiting impacts on native

plant species of concern (Stanley et al. 2009). Studies

investigating the impacts of these herbicides on at-risk

Lepidoptera are absent and limit the use of these herbicides

in many natural areas. In the current study we observe

noteworthy effects of post-emergent herbicides on Lepi-

doptera, in contrast with expected toxicological screening

data. Our results raise concern about applications in habi-

tats with at-risk butterflies. Larvae are susceptible to

exposure via direct contact, indirect contact from residues

on plant surfaces, and ingestion of host plant material

sprayed with a herbicide formula (Jepson 1989) and sus-

ceptibility to herbicide exposure differs between individual

insect species and for species exposed at different life

stages (Stark and Banks 2003). In the Pacific Northwest

many at-risk butterfly species are in early to mid larval

stages in the spring, the main feeding and development

period for butterflies (Scott 1986). This critical develop-

ment period also coincides with recommended timing of

post-emergent herbicide applications in this region.

Under US Environmental Protection Authority (EPA)

guidelines, standardized toxicity thresholds use adult bees to

set the following criteria: highly toxic (acute LD50 less than

2 lg/bee); moderately toxic (acute LD50 2–10.99 lg/bee);

slightly toxic (acute LD50 11–100 lg/bee); and practically

non-toxic (acute LD50 more than 100 lg/bee; EPA 1992).

EPA rates both chemicals in our study as practically non-

toxic with LD50 values of 200 lg/bee. Based on laboratory

studies, the International organization for biological and

integrated control of noxious animals and plants (IOBC)

rates sethoxydim as harmful (T) to the parasitoid Tricho-

gramma cacoeciae, moderately harmful (M) to the preda-

tory mite Typholodromus pyri and the flower bug Anthocoris

nemoralis, and harmless (N) for three other taxa of terrestrial

invertebrates tested (Boller et al. 2005). IOBC rates fluazi-

flop-butyl as (T) for the hoverfly Syrphus corollae, (M) for T.

pyri, and (N) for four other taxa which were tested (Boller

et al. 2005). We note that in standardized toxicity screenings

on honey bees, exposures are done with topic application

methods and may not be indicative of the manner in which

invertebrates are exposed to herbicides in the field. In con-

trast, we expose butterfly larvae to realistic spray applica-

tions in which larvae experience herbicides via dermal and

oral pathways, procedures which are markedly different than

standard toxicological screenings. In addition, methods we

use for P. rapae may intensify the treatment effect because it

was intended to mimic maximum exposure in the field.

In field application mixtures, fluazifop-p-butyl and

sethoxydim concentrates are mixed with water resulting in

dilutions beyond the non-toxic threshold of 100 lg/bee.

This study indicates that response to herbicide exposure

differs between herbicide formula and between species

such that sethoxydim(?) and fluazifop-p-butyl(?) have

lethal and sub-lethal effects on P. rapae and sub-lethal

effects on I. i. blackmorei. Survivorship is a direct indicator

of acute toxicity (an exposure in which the dose is deliv-

ered in a single event, Girard 2005). In contrast to tradi-

tional toxicology screenings which measure acute toxicity

and mortality over short time periods, generally a few

hours to a few days (Stark and Banks 2003), we observe

lethal effects of two herbicides for P. rapae over periods of

days to weeks. These data parallel the pupal biomass

trends. Low pupal weights correlate with reduced survi-

vorship (Boggs and Freeman 2005), reduced fecundity and

reproductive success (Tammaru et al. 1996; Delisle and

Hardy 1997).

Results of previous studies indicate that some herbicides

are directly toxic to invertebrates following dermal or oral

exposure. For example, 2,4,5-T, an herbicide used in forest

and nature reserves in The Netherlands, is toxic to

springtails (Onychiurus quadriocellatus) upon direct con-

tact (Eijsackers 1978). Coccinella larvae treated with 2,4-D

experience higher mortality than untreated controls and

surviving treated larvae are smaller than untreated indi-

viduals in the same stage of development (Adams 1960).

Fifth instar caterpillars of the skipper butterfly C. ethlius

die when fed GLA treated host plants (Kutlesa and Cave-

ney 2001). The butterfly larvae in our study were subjected

to both direct dermal exposure from overspray and indirect

exposure from plant residue or feeding suggesting that

P. rapae larvae are sensitive to at least one of these routes

of exposure.

At least two mechanisms may lead to reduced pupal

weights as a result of herbicide exposure. First, studies

suggest that herbicides alter plant physiology, which neg-

atively impacts the diet of herbivorous insects. Some non-

target plants exposed to postemergent specific herbicides

have reduced sugar, nitrogen and protein levels after her-

bicide exposure (Asare-Boamah and Fletcher 1982; Per-

egoy and Glenn 1984). Further, Agnello et al. (1986a)

observe that Epilachna varivestis (Coleoptera: Coccinelli-

dae) larvae reared on fluazifop-butyl treated soybeans

(Glycine max L.) had lower pupal weights compared to

larvae feeding on lima beans (Phaseolus lunatus L.) treated

with the same chemical. However, sethoxydim treatments

have no effect on Coccinellid pupal weight (Agnello et al.

1986a). In our study decreased pupal weights are observed

in treatment groups of P. rapae but not in treatment groups
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of I. i. blackmorei larvae. One possible explanation for

these observed differences is a species-specific plant

response between the hostplants in this study, Lupinus

albicaulis and Brassica rapa, when exposed to selective

herbicides. Alternatively, differences in species-specific

results may stem from differences in our protocols.

Second, some herbicide residues have been found to

have a repellent effect in which larvae stop feeding or

reduce feeding rates on herbicide exposed plants (Agnello

et al. 1986a; Brust 1990). For example, food consumption,

growth rate, pupation and eclosure decline after exposure

and ingestion of herbicide treated plants in studies on

cotton leafworm (Spodoptera littoralis, Abo El-Ghar 1994;

Meisner et al. 1987). Further, the level of feeding deter-

rence diminished over time and is dependent on the period

of exposure and chemical concentration. In another

greenhouse study, simazine and atrazine has short term

repellent effects on carabid beetles, (Coleoptera: Carabi-

dae, Brust 1990). Although both chemicals in our study are

rapidly absorbed through leaf surfaces, transport and

metabolism can take days to weeks. Tu et al. (2001) report

that fluazifop-p-butyl takes 2–4 weeks to completely

metabolize within a plant and residues of the metabolized

form, fluazifop acid, can remain in the plant up to 45 days

after treatment.

Larvae ingesting enzyme inhibitors may also experience

adverse effects. The mode of action in both sethoxydim

and fluazifop-p-butyl is the inhibition of acetyl CoA car-

boxylase, a necessary enzyme required for cell membrane

formation and plant growth (Walker et al. 1988; Luo et al.

2001). This same enzyme is essential for lipid and protein

synthesis in insects (Goldring and Read 1993). Acetyl CoA

carboxylase enzymes trigger juvenile hormone production

in insects which play a vital role in the growth, develop-

ment, and reproduction (Goldring and Read 1993; Eliyahu

et al. 2003; Noriega et al. 2006). In feeding experiments,

Popham and Chippendale (1996) observe that the inhibi-

tion of acetyl CoA in the southern corn borer (Diatraea

grandiosella, Lepidoptera:Pyralidae) is deleterious to

newly hatched larvae and impacts size and development of

later instar larvae.

Adult morphology, weight and body size are important

indicators of fitness and stress in insects. Size reduction is

associated with reduced fitness, reduced fecundity in

females and reduced reproductive success in male butter-

flies (Wiklund and Kaitala 1995; Boggs and Freeman

2005). Morphometric analysis of adult butterflies in our

study indicate a strong response to herbicides by P. rapae.

Development time is an important ecological trait and

can be influenced by stress. Accelerated larval develop-

ment is associated in food stress studies of the gypsy moth

(Lymantria dispar) and a tropical fruit-feeding butterfly,

Bicyclus anynana (Leonard 1968; Bauerfeind and Fischer

2005). Herbicides significantly influence development time

of I. i. blackmorei larvae. Both sexes of I. i. blackmorei

larvae exposed to chemical treatments reach pupation and

eclose earlier than control individuals. Although eclosure

response followed expected patterns for butterflies in the

Lycaenidae family which favor protrandry, a mechanism in

which male butterflies eclose earlier than females, early

eclosure in both males and females may have broad and

detrimental impacts for species with short flight seasons

and seasonal plant dependence. Because reproductive

success is associated with timing of adult emergence and

fecundity (Cushman et al. 1994), changes on development

time are of particular interest in butterfly species with short

flight and breeding seasons such as I. i. blackmorei.

Springtime applications coincide with early to mid instar

larval growth stages for many at-risk butterfly species in

the Pacific Northwest and flights seasons for many of these

species are 3–6 weeks. Herbicide induced alterations of

development timing may have long term population level

impacts on species which have specialized physiological

requirements.

Our study aims to aid managers with developing strat-

egies to control invasive plants while limiting impacts on

at-risk butterflies. Although we are not able to separate

effects from oral and dermal exposure, the focus of this

experiment was to assist managers in understanding the

maximum potential effects of these herbicides in the field.

Organisms in the field experience herbicides through

multiple pathways and therefore specific mechanisms are

often of less immediate interest. Of greater interest are

differences in species-specific and life stage responses and

differences between chemical formulations because these

details can be used to design strategies which minimize

herbicide effects. For example, timing of herbicide appli-

cations may be critical in decreasing any adverse effects to

developing larvae or adult butterflies. Applications in late

summer and early fall, post flight season and during larval

diapause, may reduce effects of both oral exposure and

dermal exposure. Species such as I. i. fenderi and I. i.

blackmorei cease feeding in early summer when their host

plants senesce and diapause larvae retreat within the

ground litter (Scott 1986). Results from our study suggest

that selective herbicides with similar modes of action have

different effects on different butterfly species. These results

parallel the species-specific results observed by Stark et al.

(2004) and suggest that limiting screening to a single ter-

restrial insect may be insufficient in evaluating risk of these

chemicals in natural areas. Both fluazifop-p-butyl and

sethoxydim chemical formulae target grasses through

inhibition of lipid synthesis. The EPA considers both for-

mulations as having low toxicity to invertebrates at field

recommended rates. However, in our study this is not the

case for at least some Lepidoptera. Additional studies are
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needed to assess influences of herbicides such as fluazifop-

p-butyl and sethoxydim on butterflies and their associated

hostplants. These studies will assist managers in designing

conservation treatments which reduce invasive plants in a

manner that minimizes risks to at-risk butterfly populations.
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