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ABSTRACT

Pesticides, in particular insecticides, can be wenyeficial but have also been found to have
harmful side effects on non-target insects. Butesriplay an important role in ecosystems,
are well monitored and are recognised as goodatalis of environmental health. The
amount of information already known about buttegtplogy and the increased availability
of genomes make them a very valuable model fostin@y of non-target effects of pesticide
usage. The effects of pesticides are not simpsalinbut complex through their interactions
with a large variety of biotic and abiotic factoFsirthermore, these effects manifest
themselves at a variety of levels, from the molactd metapopulation level. Research
should therefore aim to dissect these complex &figica number of levels, but as we discuss
in this review, this is seldom if ever done in ledtlies. We suggest that in order dissect the
complex effects of pesticides on butterflies wedhigeintegrate detailed molecular studies,
including characterising sequence variability dévant target genes, with more classical
evolutionary ecology; from direct toxicity tests mdividual larvae in the laboratory to field
studies that consider the potentiation of pestgigjeecologically relevant environmental
biotic and abiotic stressors. Such integration wdadtter inform population-level responses
across broad geographical scales and provide matepth information about the non-target

impacts of pesticides.

Short summary. We propose an integrated research approach,tfremrmolecular level up,

to fully gauge the effects of pesticides on nomgabutterfly species

Key words: butterflies; population dynamics; non-target etffepesticide; bio pesticide
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1. Introduction

1.1 Non-target effects pesticides

There is no doubt that pesticides can be enormdagsigficial in both agriculture and
preventive medicine, for example to increase (thaity of) crop yields, to maintain healthy
livestock and to prevent the spread of diseasesk@2006; Cooper and Dobson, 2007;
Aktar et al., 2009; Benelli and Mehlhorn, 2016; Gue@eal., 2016). However, due care is
needed for their use in an effective manner. Nbt da we need to carefully establish the
mode of action of pesticides, but also the effetigesticides on both their intended targets
and non-target species. It is clear that wheredanbbystanders of pesticides find their
natural habitat replaced or reduced by agricultprattices they are doubly affected (Petts
al., 2016). One such group of insects are Lepidoptéiah may comprise good indicator
species for the non-target impacts of pesticides.r€lationship with Lepidoptera is a
complex one. On the one hand they are the focasrdiderable conservation efforts,
predominantly butterflies (Breretabal., 2011; Pottst al., 2016), but on the other hand
70% of agricultural pests are Lepidoptera, in paftdr many moth species and a few
butterflies. Various studies on pest moth specee® hdentified genes that could be targeted
for pest control, either through pesticides, orayea editing techniques (Guanal., 2018).
While there is a substantial body of literaturepasticide use and effects on moths (e.g.
Shakeekt al. (2017)), a comprehensive overview for butterfleklacking (Pisat al., 2015).
Furthermore, although numerous studies have addteéle effects of land uper se on
butterfly population dynamics and life-history ségies, very few have taken pesticide use
into account (Lebeaet al., 2016; Hallmanret al., 2017; Malcolm, 2018). In this review we
will therefore provide a comprehensive overviewwiat is known about the effects of
pesticide use on butterflies, provide novel insghighlights gaps in our knowledge, and

propose future directions of study. Finally, itigped that although the focus will be on
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butterflies, extrapolation will be possible to tedgenign moth species that have seen their

numbers reduced, not least due to indiscrimindez s of pesticides (Fox, 2012).

Benefits of using pesticides in agriculture rangar nutritional health and/or
increased diversity of viable crops, to more datigsecondary benefits such as a reduced
migration by humans to cities and a better educatgailation (Cooper and Dobson, 2007;
Aktar et al., 2009). On the other hand, the increased usesbicpkes can also result in
harmful side-effects for wildlife (Boutigt al., 1999; Bellet al., 2001; Mineau, 2005). While
such negative impacts of modern, intensive agrcelon biodiversity have been widely
recognised, the contribution that agricultural péd¢s make to this overall impact has
largely been neglected (Gibbisal., 2009; Gilburret al., 2015). Insecticides are one of the
biggest classes of pesticides used in the worlda@k al., 2009), and this review reflects
that insecticides are also the class of pestig@dedominatly investigated in butterflies.
Although insecticides are produced as a pest ptatre@ method, the vast spectrum of their
toxicity inadvertently leads to the suppressiomafi-target insects and organisms inhabiting
the same niche or environment. Affected, non-taogganisms might include pollinators,

natural predators and parasites (Johansen, 1977).

The main focus of research on non-target pestelhets has been the European
honey beeApis melligera) (Sanchez-Bayo and Goka, 201%he honey bee is the most
economically valuable pollinator of crop monocudtsiand their absence could cause a
decrease in yield of up to 90% in some crops (Seigthand Southwick, 1992; Winfrest
al., 2007; Arena and Sgolastra, 2014). In recent yaarsy (managed) bee colonies suddenly
died over winter, through a phenomena named Cdlnilapse Disorder (CCD)
(vanEngelsdorpet al., 2009). The cause of CCD is unknown and is probtdd result of a
complex interaction between multiple factors. Ohthe factors implicated in CCD are

pesticides, especially neonicotinoids (Ratnieks @adeck, 2010; van der Slugsal., 2013;

4
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Luetal.,, 2014; Pisat al., 2015). Neonicotinoids are the most used clagesficides in the
world. They are widely applied as seed dressingveordt systemically throughout the plant.
Neonicotinoids mimic the acetylcholine neurotrartgeniand are highly neurotoxic to insects
(Goulson, 2013; van der Slugsal., 2013; Crossthwaitet al., 2017). The indication of their
role in CCD caused the European Union to ban theséicides in the class of neonicotinoids
in 2013, namely clothianidin, thiamethoxam and acidprid (European-Commission,
2013). The observation of CCD and the consequenntioetinoid ban renewed and
intensified the interest and research into the {fanget) effects of neonicotinoids in
particular and pesticides in general (e.g. Bisd. (2015); Woodcoclt al. (2016); Wood

and Goulson (2017); Woodcoekal. (2017))

Although honey bees are cheap, versatile, easyatmage and create their own
economically valuable product they are not the neffetctive pollinator for a lot of crops
(Klein et al., 2007). Furthermore, honey bees are not the amytarget species affected. A
recent review by Pisat al. (2015) assessing the impact of pesticides on amget species,
identified a need for studies investigating theeffiof pesticides on Lepidoptera, in particular

butterflies (see also Wood and Goulson (2017)).

1.2 Butterflies as models for non-target effects of pesticides

Butterflies play an important role in ecosystemslast pollinators (Febest al.,
1997; Pottset al., 2016) and as prey for other organisms (Strad., 2000). Well-known to
the general public, they are well monitored, reéeggh as indicators of environmental health
(Whitworth et al., 2018) and as such they have been used to maasaet of factors such
as climate change (Schweigeml., 2012) and landscape fragmentation (Scristea.,

2017). Comparatively, their ecology and abundasceuch better known than any other
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invertebrate taxa (New, 1997). This allows the bty to investigate the impact of
pesticides across a large ecological range (Fanéhed., 2016). Butterfly species diversity
and abundance has already been shown to be inflddnclandscape complexity and type of
farming (Rundlof and Smith, 2006), quality of habi(Pocewiczt al., 2009) and habitat
management (Mariret al., 2009). Obviously some butterfly species arecadftiral pests,
such as the cabbage white speci@er(ssp.), but nothing like the scale and species dityers
observed for moths (Febetral., 1997). Understanding butterflies’ sensitivity aedponses
to pesticide exposure more fully might help asslesoverall risk of pesticide use (Petal .,
2015). The availability of genomic data for an ewereasing number of butterfly species
allows one to investigate the observed sensitaity responses at the underlying molecular
level (Sheret al., 2016; Liuet al., 2018), but also how they may adapt to agricultura
environments (Sikkinlet al., 2017). Research at the level of such integratidyutterflies is
far behind that of moths, and thus the detailedistuon pesticide development, usage and
effects on pest moths can provide valuable stagmgts for such an approach (Troczka

al., 2017)

The habitat of many butterfly species consistseafgerows or the fragmented areas
between arable lands (Warretral., 2001; Krausst al., 2003). Butterflies can therefore
come into contact with pesticide treated plantsaeds through foraging or translocation.
Butterflies inhabiting hedgerows are susceptiblepi@y drift from insecticides (Daves al.,
1991a; 1991b; Cilgi and Jepson, 1995; Kgal., 2014). Numbers of widespread butterflies
on monitored farm land have declined by 58% betv8£0 and 2009 (Breretahal.,

2011), and a number of species are under threate pesticides are applied in the form of a
coating around seeds, this coating leaves a resgidie soil, and if water-soluble this
residue can enter the ground water (Bonmeital., 2015; Schaafsmet al., 2015). Uptake

from soil and soil water by non-target plants, atarly those in hedgerows and field
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margins is another potential route of (sub)lethx@losure in non-target species (Goulson,
2013). Butterflies that engage in mud puddling lvéha can also be exposed to pesticide
residues or run-off in soil water (Stél al., 2015). Pesticides, such as neonicotinoids, that
have systemic properties can translocate to pallectar and guttation droplets, and become
other potential routes of exposure (van der Shiig., 2013). For example, via plant
surfaces, as butterflies may collect honey dewiisap trunks and leaves. However, little is
known about the presence of pesticides in honey detwCorke (1999) suggested that 15
different species of honey dew/sap feeding UK bfiftepecies may have been negatively
affected by exposure to particulate air pollutioa this route. Therefore, there is the potential
for these butterfly species to also be adversdbctdd by exposure to systemic pesticides,
such as neonicotinoids, via honey dew/sap feedidglt feeding also has the potential to
result in transovarial transport of pesticides fnmothers to offspring, including bio
pesticides (Paulet al., 2014). Insect growth regulators such as juverolenone analogues
and chitin synthesis inhibitors are particularlyearable to transovarial transport (Campbell
et al., 2016). However, much more work is required tolesgthe full range of potential

routes by which butterflies may be exposed to pigls in nature.

2. Data source and study selection

Here we provide a comprehensive review of reseande effects of pesticides on
butterflies. The number of published studies oripele use and effects on butterflies is very
small in comparison to that of moths, and we hateasat to review every single study in this
overview, making it therefore unique in its dept¥e have identified three main approaches
to pesticide research on butterflies, each of whithbe discussed in turn in this review. The
first approach largely investigates the effectpesticides on butterflies through the study of

population trends. These studies use butterfly dance and species richness data and
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compare these across places or times with difféesets of pesticide usage. The second
approach consists of field tests whereby reseasdcutively modify the use of pesticides in a
(semi) natural environment. The third, and possib&/most used approach, is the
examination of the direct effects of pesticidesainor a selection of, stages in the butterfly

lifecycle.

3 Effects of pesticide use on butterflies

3.1 Changes in butterfly abundance and species richness in response to pesticides

To our knowledge, eight studies have explicitlyrakeed population trends to
determine the non-target effects of pesticidesuitellies, usually as part of a population
dynamics modelling approach (Feleeal., 1997; Salvato, 2001; Febetral., 2007; Brittain
etal., 2010; Pekin, 2013; Gilburet al., 2015; Muratet and Fontaine, 2015; Forigteal .,

2016). More often than not, studies merely infer contribution of pesticide use on
population trends (Malcolm, 2018). Six of thesedsta compared similar areas with different
levels of pesticide usage and determined the éifiegs in butterfly abundance and/or species
richness between those areas (Febal., 1997; Salvato, 2001; Febetral., 2007; Brittainet

al., 2010; Pekin, 2013; Muratet and Fontaine, 201B& dpproach taken by the two
remaining studies, Gilburet al. (2015) and Foristeat al. (2016), differed from the other six.
These two studies did not compare locations witfeidint levels of pesticide use at the same
point in time, but used time as a variable in tiheadels and compared butterfly abundance
before and after the introduction of neonicotinoitisese studies and the approaches used

will be examined in more detail throughout thistgetc
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Pekin (2013) used a large scale dataset, notiftgos absolute abundance of
butterflies in the analyses, but rather on the remalb butterfly species. This study found that
variation in Turkish butterfly species compositwas largely explained by the combination
of agricultural chemical use, especially pesticjdash climate and land-cover variables. The
significance of these variables varied per Turkisbvince, and thus location. Muratet and
Fontaine (2015) used a large-scale dataset, oedldxnt the public which considered pesticide
use and butterfly abundance in their gardens. étés$, especially insecticides and
herbicides were found to have a negative impadiudterfly abundance. This study
examined an aspect of pesticide use often overthdke non-industrial use of pesticides.
Although these effects might be smaller, gardensbeavery important refuges for butterflies

(Fontaineset al., 2016).

The other four studies compared sets of similadl kgpes where the biggest
difference across treatments was the amount oicpistused. Febeat al. (2007) and Feber
et al. (1997) used paired sets of neighbouring organicreom-organic farms to compare
butterfly abundance. Both of these studies fouadl ithespective of the type of crop present,
non-pest butterfly species were more abundant ganic farms, especially in the uncropped
field margins. Brittairet al. (2010) used a pair of intensively farmed basinkaly versus a
nature reserve and compared whether intensivetygdidand with high pesticide use had
lower species richness than the nature reservehwiad negligible amounts of pesticide use.
This study found that at the regional scale, bfijtepecies richness was lower in the
intensely farmed basin with the high pesticide ®&hlvato (2001) surveyed 9 transects in
South Florida and Lower Florida Keys for adult dandal densities of three species of
butterflies;Anaea troglodyte, Strymon acis bartrami andHersperia meskei. All pesticide
treatment areas were compared against controkss arkere insecticide applications are

restricted. In most cases, there was a lower biyteensity in the sprayed locations
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compared to the control sites. Larval density setenbe highest in unsprayed transects, and

increased in transects that ceased insecticidécapiph.

Finally, as mentioned previously, the studies db@n et al. (2015) and Foristeat
al. (2016) differ from the other six studies in thgpagach they used to study the impact of
pesticides on butterfly abundance. Gilbetal. (2015) used UK-wide abundance data of 17
widespread resident butterfly species that rowibe¢ed in any field or field margin habitats
for their analysis. They modelled data from 1982@4&2 and their model included a whole
range of current and previous year weather measmsnsuch as mean temperature and
rainfall during the seasons, as well as the prei@ar’s population index for each species
and previous year’s pesticide use. A strong negaiirrelation between butterfly population
size and the amount of neonicotinoids used in presyears was observed. In 1998
neonicotinoid use in the UK exceeded 100,000 hestfar the first time. To examine the
impact of this increase in neonicotinoid usage wttelnfly abundance, Gilburn et al. (2015)
split their data set up into two different time ipéls, one from 1985 to 1998 and one from
1998 to 2012. Remarkably, when the same model piged to analyse variation in
butterfly abundance across these two-time perit@sabundance of widespread butterflies
showed a significant increase in the first -19834988- dataset, and a decrease in the second
-1998 to 2012. These data suggest that increaseg w$ neonicotinoid pesticides may

correlate with a decline in the abundance of 17esjead UK butterfly species.

Foristeret al. (2016) used a somewhat similar approach to theu@ikt al. (2015)
study but over a smaller geographical scale usingitudinal data from 4 North Californian
locations experiencing butterfly declines sinceléte 1990’s . In each of the locations the
presence of 67 butterfly species was monitored loirvaeekly basis for 40 years. A negative
relationship between neonicotinoid use and annaigtion in butterfly species observations

was readily detectable, while controlling for lamgk and other factors. Furthermore, smaller-
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bodied butterfly species and those with fewer gati@ns per annum showed more severe

declines in response to neonicotinoid exposure.

Even though these eight studies used a wide vasfadifferent experimental and
statistical approaches to examine the responsettd#rily species over a range of spatial and
temporal scales, a similar trend was reported hynakeased pesticide levels lead to
reductions in butterfly abundance or species risen€he trends reported in these articles are
in line with general expectations i.e. pesticide oan have detrimental non-target effects on
butterflies. However, these studies do highliglmheamther important and interesting factors
that require further consideration. One of thesmissideration of how much non-industrial
use of pesticides might affect vulnerable spe@specially in places like gardens which are
increasingly being used in urbanised landscapesdny butterfly species as habitat patches
that provide essential resources such as necteresoand host plants for oviposition
(Fontaineet al., 2016). More detailed research into this area Wbel very valuable (Muratet
and Fontaine, 2015), especially because buttebiljmdance and species richness have been

shown to be negatively correlated with pesticide insggardens (Fontairet al., 2016).

Studies examining population trends to deterntieenion-target effects of pesticides
on butterflies are very informative as the effexftpesticides are complex, and looking at the
real-world effects can give vital insight into thetual scale of the effect. These studies also
provide an opportunity to explore the impact ofitadt effects, for example through complex
interaction and by reducing the number of suitdlast plants. Although factors, such as
weather, interacting with pesticide use shouldaern into account, this is not always done,
through a lack of power in the dataset. A vast nemab butterfly species utilise host plants
commonly considered to be weeds, which may be tieddey herbicides (Malcolm, 2018).
Whilst crops may be genetically modified to devetapbicide resistance, other plants may

be affected by herbicide spray drifts. This redutin host plant availability or quality may

11
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also lead to reduction in butterfly abundance withttaving any direct toxicity effects on
butterflies (Smarét al., 2000). In Febeet al. (2007) this idea was explored by comparing
differences in botanical compositions between tigawic farms and conventional farms.
Although no difference in grass and forb specig¢a/éen organic and conventional field
boundaries was found, there may be differencelsarabundances of particular nectar

sources and host plants, which could impact bigtpdpulation dynamics.

3.2 Field studies

Studies addressing the effects pesticides on fligteras well as genes involved, in a
field context are based on butterflies that aresmared pest species, includiRigris
brassicae (cabbage butterflyRieris rapae (small cabbage white butterflygieris napi
(green-veined white)irochola livia (pomegranate butterflyandPapilio demoleus (lemon
butterfly) (Liu et al., 2018). Such studies do not examine effects ortaet butterfly
species. However, they do give a good insight tinéoactual field efficacy and thus the
potential level of harmfulness to butterflies imgeal, particularly because the method of
application, as well types of areas where someaquess are applied suggest the potential for

affecting non-target butterflies.

First, we will discuss studies focussingrorassicae as a target species. Daetsal.
(1991b) compared the pesticide sensitivity of larfram three butterfly species in the lab
and established th& brassicae astested by Sinhat al. (1990) showed higher sensitivity to
the following tested insecticides; Dimethoate, Rihmse, Fenitrothion and Diflubenzeron.
This led them to conclude tht brassicae might be a good indicator species for the effects
of pesticides on butterflies in general (Dastisl., 1991b). Subsequently bofhbrassicae

andP. napi larvae were exposdd the same spray drift at field-realistic concatitns,
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which again showeB. brassicae to be the more sensitive species to the pesticide
diflubenzuron, another insecticide. The moleculachanisms or other reasons why
brassicae seems to be more sensitive to pesticides thanthiee tested species were not
addressed. Muthukumatr al. (2007) and Thakur and Deka (1997) combined, tek®ed
different pesticides for their efficacy to kill deterP. brassicae larvae. All of these 19
treatments had a significant effect, greatly redg¢he number of larvae. Thakur and Deka
(1997) mention six pesticides (deltamethrin, cypsimn, malathion, fenitrothion,
endosulphan and monocrotophos) with a field effrdagher than 90%, and one, fenvalerate,
had a field efficacy of 100%. These numbers indi¢hat these pesticides are highly toxic to
P. brassicae, and potentially toxic to other butterfly species. As these pesticides are
applied by spray there is a high possibility oftdaind thus contact with non-target

butterflies.

Another frequently investigated pest species ipthraegranate butterfly/(livia), in
countries including Egypt, Cyprus and Jordan (Odedshd Akkawi, 2002; Kahramanoglu
and Usanmaz, 2013; Abd-Ella, 2018irachola livia lay their eggs on fruit, and after
hatching the larvae bore into the fruit, causingpadamage. In contrast to the aforementioned
P. brassicae studies, larval mortality levels were not measuhestead, the reduction of fruit
infestation and fruit damage after pesticide agpion was studied. Although a reduction in
fruit damage was observed, the mechanism undertiiisgeduction is unknown, and it is
unclear whether it is due to pesticides actingnras\é@position deterrent, or due to the
pesticides directly killing eggs or larvae. A closeok into the mechanisms of crop
protection could help to indicate the possible temget toxicity effects on other butterflies
and insects. These studies indicate that a widgerahpesticides may have high field
toxicity to butterflies, suggesting that numeradifferent pesticides are highly likely to have

non-target effects.
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In addition to chemical pesticides there are als@bsticides. Bio pesticides are
natural occurring substances that control pestpg®g and Menn, 2000). Fungi and a
bacterium calledacillus thuringiensis (Bt) are commonly used as bio pesticithes other
kinds of bio pesticides such as plant extractsa® used (Copping and Menn, 2000). Use of
Bt as a biopesticide, includirigf-transgenic plants resistant to lepidopteran pagisears
effective againsP. brassicae andP. rapae but less so foP. demoleus (Zafaret al., 2002;
Narayanamma and Savithri, 2003; Muthukumtaal., 2007). However, this strategy is not
without risks for non-target species through ingesof GM Bt pollen (Manachinet al.,

2018) or through transmission Bf toxins to offspring via eggs (Pawaal., 2014; Lang and
Otto, 2015). Treatment with fungi is again effeetagainsP. rapae but not againsP.
demoleus, with fungi being even less effective agaiRstlemoleus thanBt (Zafaret al.,

2002; Narayanamma and Savithri, 2003). The usegafimsms that cause disease as bio
pesticides raise additional questions of possiblgative non-target effects such as how long
can they persist in the environment? Can theydresinitted between individuals, and how
far can these infections be carried (Tilgeiral., 2008; Ducheét al., 2014)? These types of
guestions are particularly relevant ftras this bio pesticide is used extensively in aerial
sprays for control of forest defoliators such apsyymoth Lymantria dispar, and western
spruce budwormChoristoneura occidentalis. Although the short half-life d8t in the field is
believed to minimise its impact on non-target Lepitgra, some studies have demonstrated
that it can be toxic to some non-target butterfleesch a’apilio glaucus for at least 30 days
after the spray (Johns@&hal., 1995), and transgenerational effects have bgmorted (Paula

etal., 2014).

Non-target field studies can be divided into twiegaries; studies that look at the
effects of pesticide spray drift (Dawsal., 1991a; Davi®t al., 1991b; Davist al., 1993;

Daviset al., 1994; de Jong and van der Nagel, 1994; Zhedbiafy, 2010) and studies that
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adjust the application of pesticides, mainly toske¢ghe crop edges and hedgerows unsprayed
(Rands and Sotherton, 1986; Doeeal., 1990; de Snoet al., 1998). The latter category of
studies examined how pesticides affect butterfiynalance in hedgerows, which are often
considered as a safe-haven for butterflies, inqdar when agricultural fields are turned into
monocultures without suitable host plants. In theuiew, Dover and Sparks (2000) discuss
the importance of hedgerows in detail; a total@b8the 61 UK resident or regular butterfly
species have been recorded in hedgerows, makirgehegs an important biotope for
conservation. Hedgerows and their grassy surrogsdian provide larval host plants,
shelter, flowering nectar sources and a corridetesy for dispersal for adult butterflies (Fry
and Robson, 1994; Longley and Sotherton, 1997).s€kerity of the impact of pesticides on
each of the 39 hedgerow-associated species iy likelepend on the degree by which they
utilise this important biotope. For example, sompecses can be totally supported by
hedgerows, other species use them to breed, anel soecies only fly in from other core
habitats to bask, feed or use them as transpaitiocs. As such it may be expected that
species with a higher association with hedgerowsg lmeamore greatly impacted by the non-
target effects of pesticides. More studies woulddagiired however to confirm this (Dover

and Sparks, 2000).

Rands and Sotherton (1986) compared a fully-spraja of arable land with one
that had the field edges left unsprayed with pess: The number of butterflies observed
between May and August was significantly highethia latter (868 vs. 297). Of the 17
species that were observed more than once, 13manme abundant in the unsprayed plot.
Similarly, Doveret al. (1990) monitored butterflies in each treatmenbsastyears 1995 to
1997 on 14 UK conservation headlands each of wieitinto one of four types, short
hedges, tall hedges, wood edges or railway embamismEhe conservation headlands were

selectively sprayed with some pesticides includingnsecticide, although which insecticide
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was used and in what dose was not reported. Theypes of headlands also had
significantly fewer butterflies in the field areagh fully sprayed headlands. Furthermore,
the pieridsAnthocharis cardarnines, P. napi andP. rapae all managed to lay eggs in the
conservation headland on their host pl&tspis arvensis L. andBrassica napus, be it in

low densities. A similar study conducted in the idglands also reported fewer butterflies in
sprayed margins than in unsprayed margins. It dgbdd both on the crop type and the year
examined (Snoet al., 1998). It can be hypothesised that the favourafiéets on butterfly
abundance in the unsprayed margins were mainlyaltiee greater availability of flowering
plants but could not be tested with the data fraracset al (1998). Such hedgerow studies
also provide some insights not only into indireftéets of pesticides but also into potential
interaction effects with other factors. An examipldudes the effects of herbicides and

fertilisers on butterflies and their associatedtplasits (Longley and Sotherton, 1997).

Spray drift is named as one of the main source®p#ftarget butterfly exposure to
pesticides, as pesticides drift over from fieldsueble land to areas with higher number of
resources for butterflies such as hedgerows, el patches or even nearby nature
reserves (Sinhet al., 1990; Zhonget al., 2010). Quite a few studies examine ground-level
spraying effects on butterflies (Dawasal., 1991a, b, 1993, 1994; de Jong and van der Nagel,
1994), while Zhongt al. (2010) addressed the impacts of aerial ultra-lolume spraying of
Naled on the Miami blue butterfly in Florida. Nalsdused to target mosquitoes and a small
droplet of Naled created by the ultra-low volumeaging does not settle quickly and is
capable of drifting extended distances both in@mdof the target area. The Miami blue
butterfly (Cyclargus thomasi bethunebakeri) is endemic to Florida and has been in serious
decline. In addition to habitat loss, climate cheagd a handful of other factors, the use of
the aerial application of Naled has been indicated possible contributory factor in their

decline. Naled was found to negatively affect laggar Miami blue larvae at the
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concentration found in the target zone, but nth@tconcentrations found in the spray drift
zones (Zhongt al., 2010). However, whether the concentrations oeN&bund in the spray
drift zones affects other larval instars or lifagas of these butterflies requires further work

(Zhonget al., 2010).

However, it was found that even at low wind leyadsticides could drift and cause
high mortality toP. brassicae larvae up to 24 metres away from the spray sital{ss
reported in table 1 and Supplementary File). Fangple, Davist al. (1994) monitored 2-
day-oldP. brassicae were placed on plantg different distances from a field sprayed with
cypermethrin, recording a higher mortality of lagviar three days after spraying. They
included an examination of how landscape feat@wssecially hedgerows, could influence
the spread of pesticides by spray drift, by actia@ barrier, and concluded that hedges may
provide a sheltered area immediately behind thgédout as the distance from the hedge
increases, larval mortality increases again mirimgishe shelter effect of the hedge. de Jong
and van der Nagel (1994) also plagedbrassicae at different distances from a plot of land
sprayed with diflubenzuron. In this study the LD¥88s established at only 0.16% of the
sprayed dose, and the drift from the applicatios ataa sufficiently high concentration to
still cause larval mortality. As expected, the elothe larvae were to the sprayed area the
higher were the mortality levels. These studiescete that pesticide spray drift has the
potential to cause serious mortality in butterfigsies over considerable distances from the
sprayed area, and that landscape features, sunddgss, are ineffective barriers to spray

drift.

3.3 Direct toxicity effects of pesticides on butterflies
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Here, we were interested in determining how maffemint butterfly species have
been used in direct toxicity tests, which pestisiave been tested on butterflies, in what
dose and which butterfly life stages have been éxaan For example, recent studiesRon
rapae dissecting the sensitivity and response to pelsscat the molecular level (e.g.
identification of relevant genes) do so in a litage specific way (Liet al., 2017; Liuet al.,

2018).

In total, 22 species of butterflies were used nectitoxicity tests of pesticides (Table
1). It should be noted that these were all insetd&: Ten of these species were exposed to
such pesticides in both the larval and adult stagelsone specieP, brassicae, was used in
egg and larval stage. Three spechssja monusta, Bicyclus anynana and Dryasjulia, were
only tested in the adult stage and the remainiglgtedpecies were only tested in the larval
stage. The number of studies published per specheghly variable, ranging from a single
study for the majority of species studied, to Iffedent studies oR. brassicae. As
mentioned earlier in this review, brassicae has been demonstrated to be more sensitive to
pesticides than some of the other species studietihas therefore been suggested to be a
good model species for examining the impact ofipiests on butterfly pest species (Dagis
al., 1991b). This may explain why the majority of sesgdexamining effects of pesticides are
on this species. In total, we found 31 studies ¢éxamined the direct effects of pesticide
exposure on butterflies (Table 1). The majoritylefse studies performed direct toxicity tests
on the larval stage (n= 26 studies), a few haveidened the adult stage (n = 8 studies), but
hardly any studies have examined the impact oiqéstusage in the egg stage (n = 2) and
none examined the pupal stages in butterflies €raplFew studies have considered the sub-
lethal effects of pesticides through the differstiaiges of the life cycle to the adult stage, or
considered potential for transgenerational efféats the transfer of the effects of pesticides

from parents to offspring). Although the larvalgaas probably the most economically
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damaging phase of the butterfly life cycle, andstthe most suitable part of the life cycle to
target for pest control, it would be valuable t@aene how pesticides impact other life
stages to provide further insights into the noige¢aand sub-lethal effects of pesticides on

butterfly populations.

In the studies detailed in Supplementary tableuttebflies have been directly
exposed to pesticides (i.e. insecticides) usingahmmethods; 1) direct physical exposure,
bringing a droplet of pesticide of a specific camication straight on to, often the thorax, of
the larvae or adult butterfly, 2) using a similagtivod to 1 in which the egg, caterpillar or
adult butterfly was sprayed with, or otherwise pbgky exposed, to a pesticide and 3) larvae
are exposed to food plants treated with a pestiéidditionally, in two studies the larvae
were exposed via a plant grown on pesticide trespddKrischiket al., 2015; Basley and

Goulson, 2018).

A wide range of pesticides have been tested for theic effects on butterflies, and
19 of these studies report a LD-50 for that pedticinder their tested conditions
(Supplementary table 1). Although these values giv@ugh indication of the toxicity of each
particular pesticide for butterflies, there areuaber of factors that may affect the generality
of these findings. First, the response to any gpesticide is likely to be very species-
specific. The study by Hoarejal. (2011) provides a good example of why it is impottto
consider species-specific responses to pesticldes; exposed'binstar larvae of four
different butterfly species to the pesticide NalElde range of LD-50 at 24 hours after
exposure lies between 0.1.§/g for Anartia jatrophae and 10.82.g/g for Vanessa cardui,
which means that a fifth instax jatrophe caterpillar is almost 57 times more sensitive to
Naled than a fifth instav. cardui caterpillar. This is a difference that cannot solsd
explained by a difference in larval size\agardui 5" instarlarvae (0.553+0.05 g) are only

1.3 times heavier thah jatrophe 5" instar larvae (0.425+0.012 g).
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Second, the response to a pesticide is highly dkperon the life stage of the
butterfly examined; a first instar caterpillar midde more sensitive than the fourth instar
caterpillar of the same species (reviewed in Waatl @oulson (2017)). This effect is well
demonstrated by the results of Eliazar and Emn891}), showing that different stages of the
life cycle have different levels of sensitivitypesticides and that these patterns are not
predictable and depend on the pesticide examirmgtlrinstar larvae dPapilio cresphontes
have an LD-50 of 193.0ig/g for Fenthion and an LD-50 of 62.48fg for Malathion whilst
fifth instar larvae of the same species have LD-&0%&1.1ug/g and 128.45h9/g
respectively. For both pesticides, the sensitigiti?. cresphontes depended on the instar of
the larva but for Fenthion the sensitivity decrelaseéhile for Malathion it increased with
larval age. Additionally, Davist al. (1993) shows that even a couple of days can héng a
difference on the sensitivity of larvae to pestsdTwo-day oldP. brassicae larvae have an
LD-50 of 1.521ug/g when Triazophos is topically applied, whilef@lay old larvae have an
LD-50 of 3.283ug/g. In the moti§podoptera frugiperda, increased tolerance to the
pesticides methomul, diazinon and permethrin vatkidl age was associated with increased
midgut aldrin epoxidase and gluthathione S-tramaskemactivity (Ywet al., 2015). However,
more studies would be required to determine whedimeitar mechanisms are responsible for
the age-specific variation in insecticide susceittitobserved in butterfly larvae. The
mechanisms underlying these subtle changes intséysand differences in trends between
pesticides require further investigation. This copitovide valuable insights into the modes

of action of pesticides and determine when and pesticides are most effective.

Lastly, the method of application could potentidigve a large influence on the effect
of pesticides. Dhingret al. (2008) exposed third instar Bf brassicae to cypermethrin in
two different ways; spraying the larvae with padicversus feeding the larvae with leaves

dipped in the cypermethrin. The larvae had an LDx69.0 ug/ml when fed with leaves
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dipped in cypermethrin, versus an LD-50 of 11.6npid/D-50 when they were directly

sprayed. Such differences in sensitivity could hanagor effects in the field.

In order to test what effects pesticides may héelg-realistic doses should be used
as was done when testing the effects of the netinad clothianidin on the development
and survival oPolyommatus icarus (see Supplementary table 1; Basley and Goulson
(2018)). Reduced larval growth and elevated maytédivels were detected, but ideally the
interaction between pesticide use and other fa¢eogs climatic variables and host plant
quality) should be studied to get a more realisiilication of the potential effect of

pesticides in the environment on multiple aspetthebutterfly development.

In conclusion, based on the values found in thes#ies alone it is difficult to
estimate on the harmfulness of a specific pestimden-target butterflies, because the
effects of the pesticide are likely to be influethd® the environmental context and the
method of application used. To estimate the adtelal harmfulness, we would need much
more detailed knowledge about normal field dosedbititterflies are exposed to, at what
stages butterflies are most likely to be exposadhéw long or how often they will be
exposed and what is the most likely exposure metihaidwill be used. Additionally, looking
only at lethal doses prevents the investigatioatbér negative sub-lethal effects of
pesticides which could impact fithess-related $raitd butterfly abundance at the population
level. Sub-lethal effects of pesticides on benafiarthropods have been found to include
effects on neurophysiology, larval development, hiog, adult longevity, immunology,
fecundity, sex ratio, mobility, navigation and atiation, feeding behaviour, oviposition
behaviour and learning (Desneebal., 2007; Belzunceat al., 2012; de Francet al., 2017).
The compounding effect of these factors might heanegative impact on butterfly
abundance even if the initial pesticide exposureidethal. Of the 31 studies detailed in

Supplementary table 1, only 12 measured the shiallehpacts of pesticides on butterflies.
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11 used larval traits (e.g. larval size, developntieme etc.), and 3 used adult traits (e.g.
longevity, fecundity etc.) as a measure of subdletfffects. A very small number (n=4)
measured behavioural traits, namely feeding aduebkaviour (Tan, 1981; Xet al., 2008;
Vattikondaet al., 2015) or egg laying choice (Oberhaugeal., 2006). None of the studies to
date have examined sub-lethal effects of pestiadeseurophysiology or immunology in
butterflies. Consideration of whole-organism sutbrdé effects would be very valuable to
provide more realistic estimates of the longer-tenpact of pesticides on butterfly
abundance. Synergistic effects may also play amwitapt role in nature. Synergy occurs
when the effect of a combination of stressorsghéi than the sum of the effect of each
stressor alone (van der Slugsal., 2013). The impacts of immunity on moths are alyea
known for three pesticide classes; botanical insiélets, inorganic insecticides and insect
growth regulators (James and Xu (2012) providexd@nsive review of mechanisms by
which pesticides affect insect immunity). Synergygesticides and pathogen infection

therefore has a high potential in butterflies asglires further investigation.

4. Defence mechanisms against pesticide exposure

As mentioned in the previous section, there is sem@ence for differences in
sensitivity to pesticides both within and acro$s $stages. We will discuss the possible ways
that butterflies may be able to defend themselgasmat exposure to pesticides across life

stages.

There are numerous different classes of pestigpesifically designed to disrupt one
or more different processes to cause insect miyrlch as; the nervous system (e.g.
organophosphates, carbonates, pyrethroids, avensgaeonicotinoids), energy production

(e.g. amidinolydrazone, pyrrole), cuticle produst{acnsect growth regulators e.g.
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methoprene, pyriproxyfen, fenoxycarb) and wateabe¢ (boric acid, silica aerogels,
diatomaceous earth) (Sparks and Nauen, 2015). 8m®eticides are very selectively toxic
to Lepidopteran pests such as the bisacylhydrazsest growth regulators Tebufenozide
and RH-2485, both of which induce lethal larval m®wia interaction with ecdysteroid
receptor proteins (Dhadial& al., 1998). Other insect growth regulators such asatic
non-terpenoidal insecticides like pyriproxfen (whimimic the action of juvenile hormone)
are toxic to a broad spectrum of insects, includiegidoptera, during their embryonic, last
larval or reproductive stages (Dhadiadtal., 1998). The potential for non-target effects of
these insecticides on butterflies is therefore vegi, particularly because these types of
modern insect growth regulators have been speltyfidasigned to have a much greater
metabolic and environmental stability so that they better suited for use in agriculture
(Dhadiallaet al., 1998). Currently, it is unknown why bisacylhydrees have such a high
lepidopteran pest specificity and aromatic nongagdal insecticides do not, especially
because most insects use ecdysteroid and/or jeMemimone as moulting hormones
(Dhadiallaet al., 1998). When first introduced for pest managentemas widely believed
that insects would not be able to develop resigtanechanisms to molecules that mimic
their own hormones, but this has not proved tchbectise (see Dhadialiaal. (1998) for an
extensive review of the insecticidal, ecotoxiol@jiand mode of action of bisacylhydrazines
and non-terpenoidal insecticides). More work isuregf, however, to explore the non-target
impacts of insect growth regulators on butterfaesl the capacity of butterflies to defend

themselves against this class of insecticides.

Resistance to chemical insecticides can be cdusede or more of the following
mechanisms; behavioural avoidance, reduced periitgdbig. through the cuticle),

increased metabolic detoxification or decreasediseity of the target (Heckel, 2009; Lilly
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et al., 2016), with the latter two mechanisms being tlesthcommonly encountered (Heckel,

2009).

If butterflies are able to recognise the presaridexins visually, via olfaction or via
contact, behaviours adopted by adult butterfliesnduoviposition or by larvae during
feeding can aid in toxic plant avoidance (seeRagprést al., 2007) for an extensive
review of the evolutionary ecology of insect remiste to plant alleolochemicals). For
example, larvae of the butterfly. plexipus feed on plants with secretory canals, and the
larvae cut trenches to depressurise the canalseainide toxic exudation at their feeding site
(called canal trenching behaviour, Despetal ., 2007).Female butterflies are able to detect
plant defensive compounds during oviposition, dredgenes involved appear not only to
evolve very rapidly, but also duplicate readilywihe resulting paralogs increasing the
capacity of ovipositing females to detect a lang@iety of (complex) plant compounds
(Briscoeet al., 2013; Engsontiat al., 2014). It has been suggested that evolutionspaese
to host plant defences may serve as a preadaptatgnviving exposure to modern synthetic
insecticides (Després al., 2007; Heckel, 2009). In particular, there is ptid for metabolic
resistance to insecticides with a chemical strecsimilar to some of the plant-produced
defensive chemicals, such as pyrethroids and netmicds (Desprést al., 2007; Heckel,
2009). However, more work, and a greater integnatiioclassical resistance studies with
chemical ecology would be required to examinefilnither, but the long co-evolutionary
history of insect-plant interactions in Lepidoptarauld make them ideal models for such

studies (Heckel, 2009).

Reduced permeability can occur via multiple roumetuding enhanced expression of
metabolic resistance mechanisms in the integunmergased presence of binding proteins,
lipids and/or sclerotisation that trap insecticidesneasurably thicker cuticle, or a

combination of some or all of these mechanismsthag€Lilly et al. (2016) and references
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therein). Only one study to date has demonstratetedor reduced penetration in conferring
resistance to a pesticide in Lepidoptera; changesticular composition in response to DDT
in the tobacco budworm (Vinson and Law, 1971).tlmeo insects, reduced permeability has
been implicated in insecticide-resistance to pymettorganophosphates, carbonates and
organochlorines, but ordinarily by itself, redugeshetration does not provide a high level of
resistance and typically is only found when othechanisms are present (Likyal., 2016,
and references therein). However, insect eggsdaptiaely structured to provide a barrier
that protects the embryo against penetration byr@mwental stressors, and are therefore
considered the most difficult life stage to killthvipesticides (Campbedt al., 2016).
Campbellet al. (2016) have provided an extremely comprehensivieweof the mechanisms
by which insect embryos are protected against@dss via both reduced penetration
through egg shell barriers, and by enzymatic rascs. Lepidopteran eggs have been shown
to be susceptible to the following ovicidal insertes; formamidine insecticides (tobacco
budworm), paraoxorPjeris butterflies), but not to essential oils (Mediterean flour moth)
(reviewed in Campbett al., 2016). Fumigation has been found to be effe@yanst the
Indian meal mothRlodia interpunctella), a lepidopteran stored product pest (reviewed in
Campbellet al., 2016), and it is known that butterflies appeandoe a high susceptibility to
the transovarial transport of pyriproxyfen (Steige#t al., 2006). To date, no studies have
examined the susceptibility of lepidopteran eggsrttmmopathogenic fungi, or examined the
potential for enzymatic resistance in lepidoptezarbryos (Campbedt al., 2016). Together,
these data suggest that in Lepidoptera the choaarform a very effective mechanical
barrier against some, but not all pesticides. Quearly embryogenesis of pterygote insects,
such as butterflies, another barrier forms whiahsgsts of an epithelial sheet of cells called
the serosa that can actively express relevant gen@ecess environmental toxins (Berger-

Twelbecket al., 2003). As such, there is a huge potential forsr®sa to play an active role
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in protecting butterfly embryos from pesticidest Aupresent, no studies have examined

whether this is a mechanism of particular signifmafor butterflies.

Many studies of insects other than butterfliesehd@monstrated that alteration of the
molecular targets of insecticides, most commonlyrgation, is associated with resistance
(reviewed in Ffrench-Constasdtal., 2016). For example, a point mutation in the gene
encoding thg-aminobutyric acid (GABA) receptor RDL (resistaatdieldrin) gives rise to
resistance to dieldrin and several other inse@gid a variety of species including the
diamondback motPR. xylostella (Wanget al., 2016). The presence of such mutations in
butterflies may indicate exposure and adaptiorettam insecticides. It is also emerging that
species-specific isoforms of RDL generated by adve splicing and RNA A-to-I editing
may influence sensitivity to insecticides (reviewed aylor-Wells and Jones, 2017). It will
be of interest to investigate whether differentédity species have such species-specific
diversification in insecticide targets and whetties contributes to differential sensitivities to
insecticides displayed in various species. Indaedfound that many relevant genes in the
context of pesticide targets, but also defencenatjpesticides, display divergence and
expansion in butterflies with respect to other atseincluding unique gene duplications (i.e.
paralogs) and sequence divergence (Supplementamefl). We have demonstrated this for
themultidrug resistance (mdr) genes (Supplementary figure 1). Differential gerpression
levels as well as sequence variatiomalr genes have been shown to be the cause of
population differences in the response to toxic moumds, and the development of resistance
in various insects (Begin and Whitley, 2000; Dermaund Van Leeuwen, 2014), but these
genes (including paralogs) have not been studi¢empdoptera (Simongt al., 2013).
Ryanodine receptors are targets for a class otiicgges known as diamides. These appear
less divergent than thradr genes (supplementary figure 2), illustrating dgegrce in

evolutionary rate between gene families. Althougdilxstudied in moths (including pesticide
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resistance; e.g. Bird, 2016; Steinbathl, 2015), no data on these receptors and the effects
of diamides exist for butterflies (Supplementarlie}iEstablishing natural variation in such
genes (including the significance of the paral@yg) how it may underpin differences in

pesticide sensitivity between butterfly populatio®an exciting future research area.

6. Conclusions and future research

This review highlights the need for integrated stagxamining the impact of
pesticides on butterflies which combine data acnogliple scales; from direct toxicity tests
on individual larvae in the laboratory to field diess that consider the potentiation of
pesticides by ecologically relevant environmentatib and abiotic stressors. Such
integration would better inform population-levespenses locally, regionally and nationally
(e.g. see Figure 1). There are several importaasavhich require further work in order to
fully understand the impact of pesticides on biltesy in nature. Little is known about
pesticide toxicity to butterflies, particularly relation to differences in sensitivity across life
stages and species, and further work is requirelétermine the potential routes by which
butterflies may be exposed to pesticides in nattw-lethal pesticide effects could severely
impact fitness, population recruitment and henqaugadion size, but the larval effects also
remain largely unexplored. Sub-lethal effects dftjpedes can also result in strong selection.
Transgenerational transfer of pesticides from nrsthe offspring during oviposition adds an
additional temporal effect, which may play an intpat role in the population dynamics of
some species, and thus warrants further examind&mmmany pesticides, we have little
information about the range of field doses likalybe encountered by butterflies, or the
duration of exposure. We know that some pesticidles neonicotinoids have half-lives in

soil exceeding 1000 days (Bonmatiral., 2015; Yadat al., 2015), so there is a high
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potential for repeat exposure to some pesticidés Wwihin and across butterfly life stages.
Yet, limited data are available on the sensitiatyutterflies to neonicotinoids within and
across life stages (Wood and Goulson, 2017). Qfhestions that remain unanswered
include; how do different land use types affectithpact of pesticides on non-target
butterflies? How do pesticides other than insed¢isiaffect butterflies? Does time influence
how butterflies react to pesticides? Can butterfigarn to avoid affected areas or even
evolve resistance as seen in other species (Korebaka 2012; Wanget al., 2013;
Tabashniket al., 2014; Basst al., 2015; Sparks and Nauen, 2015)? Is there the faitéor
the negative effects of pesticides to be missddférent populations of butterflies are well
connected, and thus when analysing data at thedapd level is it worthwhile considering
whether species repeatedly recolonise habitat patchwhether they are closed
communities? As was demonstrated for the Diamoridbaath, Plutella xylostella (Hoanget
al., 2011; Arena and Sgolastra, 2014; Steinseh., 2015; Yacet al., 2016), it is known
that different species, and even populations oktme species, can respond differently to
exposure to pesticides. These differences proldehg a genetic underpinning, and
exploring the underlying genetic mechanisms migihp lus to better understand species
responses to pesticide exposure. Furthermore,seenaled to consider the impact of non-
industrial use of pesticides in gardens, parksahdr recreation areas such as golf courses,
which are increasingly important in agriculturablamrbanised landscapes (Colding and
Folke, 2009).

Butterflies have a rich history of research in file& of evolutionary ecology, as well
as their physiological responses to environmerdahtion. Recently these fields have
become increasingly more integrated by investiggtie underlying developmental genetic
mechanisms involved in the response to a variegngironmental factors, in particular host

plants (Yuet al., 2016; Schweizest al., 2017; Sikkinket al., 2017). Speckled Wood
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butterflies P. aegeria), for example, are an emerging developmental geneidel system to
study growth, development (including embryogenesns) the production of reproductive
cells (Carteet al., 2013; Carteet al., 2015; Schmidt-Ott and Lynch, 2016). It is also a
species whose habitat has expanded from forestsltale agricultural fields and urbanised
environments, providing an opportunity to gaugedfiects on pesticide exposure on local
populations in a (meta-)population network (Van Bgnd Holveck, 2016). Given the fact
that many pesticides affect development, growthrapdoduction (e.g. hormone analogues
such as pyriproxyfen), as well as general metatmlghysiology and behaviour (e.g.
neonicotinoids), it is timely to investigate théeets of pesticides on butterflies from the
molecular level all the way to the population dymatavel using species suchRsaegeria.
Research on relevant genes in moths, as well &s mtbect orders, in particular the Diptera
(e.g.Drosophila and mosquitoes), provides us with a starting poirixamine candidate
mechanisms and genes (Feyereeal., 2015). Having identified relevant genes involued
the pesticide response one can thus investigatehvganes are likely to be under selection
and involved in differential pesticide responsed ggsistance among populations within a
species but also among species (see supplementamation). Furthermore, different life-
stages may differ in their sensitivity to pesticgde differential expression levels of the
relevant genes. Finally, such detailed informatalhallow us to make more robust
predictions of the fate of individual populationsder a range of environmental conditions,

and how they may affect life-history evolution.
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710 Supplementary file contains 1) a detailed overvigile of research examining the effects of
711 direct pesticide exposure on different butterflgaps, and 2) phylogenetic analyses and

712 discussion of thenultidrug resistance (mdr) genes and genes encoding Ryanodine receptors
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Table 1: A summary of the butterfly species, stageand pesticides used in direct
pesticide exposure studiedsirst column contains the species tested, secoluhn

indicates which stages in the lifecycle were tesé@d the third column the pesticides used.
Definitions of terms in the tabl& refers to egg stage,refers to all possible instars of larval
developmentA refers to adult stage. Supplementary table 1, sanises the main findings of

each paper in more detail, including the doses.used
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Species Stagg Pesticide Reference(s)
Aglais urticae L p-p'-DDT, Dieldrin Moriarty (1968)
Agraulisvanilla L, A | Naled, Malathion Eliazar and Emmel, 1991;
Salvato, 2001
Anartia jatrophae | L, A | Permethrin, Naled, Dichlorvos Hoampal ., 2011; Hoang and
Rand, 2015
Ascia monuste A Naled Bargar, 2012a,b
Bicyclusanynana | A Pyriproxyfen Steigingat al, 2006
Danausplexippus | L, A | Clothianidin, Imidacloprid, Permethrin Obets®ret al., 2006; Krischik
et al., 2015; Pecenka and
Lundgren, 2015
Dryasjulia A Naled Bargar, 2012a
Eumaeus atala L, A | Permethrin, Dichlorvos, Naled Salvato, 20Btbanget al.,
2011; Hoang and Rand, 2015
Heliconius L, A | Permethrin, Naled, Dichlorvos, Fenthion| Eliazar and Emmel, 1991;
charitonius Malathion Salvato, 2001; Hoang al., 2011
Icaricia L Surfactant, Fluazifopp-butyl, Sethoxydim | Russell and Schultz, 2010
icarioides
blackmorei
Junonia coenia L, A | Permethrin, Naled, Dichlorvos Hoampal ., 2011; Bargar,
2012a
Neophasia L SBP-138, Pyrethrins, Dewco-214, Lyon and Brown, 1971
menapia Methomyl, Chlorpyrifos,
Tetrachlorvinphos, Sumithion, Phoxim,
Zectran, Aminocarb, Malathion, Carbaryl,
DDT, Trichlorfon
Papilio L, A | Naled, Fenthion, Malathion, Resmethrin Eliaaad Emmel, 1991
cresphontes
Papilio demoleus | L B-Asarone, Diofenolan Singh and Kumar, 2011;
Vattikondaet al., 2015
Papillo spp E BHC, Dicrotophos, Chlorfenvinphos, Siddappajet al., 1977
Carbaryl, Diazinon, Dichlorovos,
Dimethoate, Formothian, Malathion,
Methamidophos, Parathion,
Phosphamidon, Quinalphos, Tricholorofon
Pierisbrassicae E, L Paraoxon, Deltamethrin, Dimethoate, David, 1959; Wahla&t al., 1976;
Pirimicarb, Phosalone, Endosulfan, Tan, 1981; Sinhat al., 1990;
Fenitrothion, Pirimiphos-methyl, Daviset al., 1991a; Davist al.,
Fenvalerate, Diflubenzuron, Cypermethr|n1993; de Jong and van der Naggl
Permethrinj-cyhalothrin, Alphametrin, | 1994; Cilgi and Jepson, 1995;
Bifenthrin, B-cyfluthrin, Fenpropathrin, Bhatet al., 1997; Klok&ar-Smit
Fenvalerate, DE / New silica, Spinosad, | et al., 2007; Dhingrat al., 2008;
Diazinon, Diazoxon, Triazophos, Mucha-Pelzeet al., 2010
Dimethoate, Dichlorvos, Quinolphos,
Carbaryl, Pirimicarb
Pieris napi L Dimethoate, Phosalone, Fenitrothion, Daviset al., 1991b
Diflubenzuron
Pierisrapae L Surfactant, Fluazifopp-butyl, Sethoxydim,| Cilgi and Jepson, 1995; Xt al.,
Deltamethrin, Pumpkin leaf acetone 2008 Russell and Schultz, 2010
extract
Polymmatus L Fenitrothion, Clothianidin Daviet al., 1991b; Basley and
icarus Goulson, 2018
Proteusurbanus | L, A | Naled, Malathion Salvato, 2001
Pygrus oileus L, A | Naled Salvato, 2001
Pyroniatithonus | L Fenitrothion, Diflubenzuron Davig al., 1991b
Vanessa cardui L, A | Permethrin, Naled, Dichlorvos, Fenthion| Hoanget al., 2011

Malathion, Resmethrin, Imidacloprid
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Figure 1: The complex effects of pesticides on buttflies

The effects of pesticides on butterflies are poargerstood, the dashed area outlined in the
figure highlights where future research efforts meeded. Highlighted in grey are the 3 main
areas where further research is required; 1) tleetsfof pesticides in interaction with biotic
and abiotic environmental factors at different tages,. 2) the effects at the molecular level,
particularly in non-target organisms, and deteromeof which genes are of importance in
defence (and thus possibly resistance), and 3)thewffects of the pesticide manifest
themselves at the phenotypic level (via lethalJetiial, life history traits (e.g. reproduction)
or even possibly from having no effect). Publishesta-analyses have tried to infer from
population dynamic trends what the pesticide effeatre at the level of the individual
(indicated by the broken line at the bottom offigare joining pesticide and population

dynamics).
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Highlights for the paper

The effects of insecticides on butterflies — a revi ew

» Butterflies are often innocent targets of large-scale pesticide use, but information is scarce
» Integrated research approach across life-cycle stages, from the molecular/genetic level up
» Research needed on the interaction between environmental factors and pesticides

» Inferring effects of pesticides by studying population dynamics only may be misleading
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