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Thesis abstract: English

Abstract

Modern agriculture is a dominant land use in Eurgdough it has been associated with negative
effects on biodiversity in agricultural landscap@se species-rich insect group in agro-ecosystems i
the Lepidoptera (moths and butterflies); howeues, gopulations of a number of Lepidoptera species
are currently declining. The aims of this thesisen® assess the amount and structure of fieldingrg
in agricultural landscapes, study the effects @flisgc field margin input rates of agrochemicals
(fertilizer and pesticides) on Lepidoptera, andvfite information on moth pollination services.

In general, field margins are common semi-natuahitat elements in agro-ecosystems; however, data
on the structure, size, and width of field margsBmited. An assessment in two German agricultura
landscapes (4,000 ha each) demonstrated that nidhg evaluated field margins were less than 3 m
wide (RhinelanePalatinate: 85% of margin length; Brandenburg: 4886gin length). In Germany, risk
mitigation measures (such as buffer zones) to eeg@asticide inputs to terrestrial non-crop habitats
not have to be established by farmers next to nefiedd margins. Thus, narrow field margins receive
inputs of agrochemicals, especially via overspnagy spray drift. These field margins were used as a
development habitat for caterpillars, but the mahandance of caterpillars was 35 — 60% lower
compared with that in meadows. Caterpillars wernesisge to realistic field margin input rates of
insecticide (pyrethroid, lambda-cyhalothrin) inield experiment as well as in laboratory experiraent
Moreover, 40% feweHadena bicruriseggs were observed &ilene latifoliaplants treated with this
insecticide compared with control plants, and tbevérs of these insecticide-treated plants were les
likely to be pollinated by moths. In addition, ristit field margin input rates of herbicides cascal
affect LepidopteraRanunculus acrig. plants treated with sublethal rates of a suyfforea herbicide
were used as host plants fdamestra brassicag. caterpillars, which resulted in significantlynler
caterpillar weights, increased time to pupatior imncreased overall development time compared with
caterpillars feeding on control plants. These tesuight have been caused by lower nutritional e/alu
of the herbicide-treated plants or increased canagons of secondary metabolites involved in plant
defense. Fertilizer applications slightly increaskd caterpillar abundance in the field experiment.
However, fertilizers reduce plant diversity in thag term and thus, most likely, also reduce cdltarp
diversity.

Moths such as Noctuidae and Sphingidae have besamadu to act as pollinators for numerous plant
species, including a number of Orchidaceae and dpamjlaceae. Although in temperate agro-
ecosystems moths are less likely to act as the pwlimators for crops, they can pollinate non-crop
plants in semi-natural habitats. Currently, the mfl moths as pollinators appears to be underesima
and long-term research focusing on ecosystemscisssary to address temporal fluctuations in their
abundance and community composition.

Lepidoptera represent a diverse organism grougriowtural landscapes and fulfill essential ecoesys
services, such as pollination. To better protecthsi@and butterflies, agrochemical inputs to (najrow
field margins habitats should be reduced, for exampia risk mitigation measures and agro-
environmental schemes.



Thesis abstract: German

Zusammenfassung

In Europa ist die moderne Landwirtschaft eine @geifigsten Formen der Landnutzung, allerdings wird
sie auch mit negativen Auswirkungen auf die Biodsuét in Agrarlandschaften in Verbindung
gebracht. Lepidoptera (Nacht- und Tagfalter) biléare artenreiche Gruppe in Agrarsystemen, doch
die Populationen vieler Falterarten sind ricklaufig den Zielen der vorliegenden Arbeit gehdrte es,
Feldsdaume in Agrarlandschaften zu erfassen untiarakterisieren, Effekte realistischer Eintragsrate
von Agrarchemikalien (Dinger und Pestizide) in Béldnen auf Lepidoptera zu untersuchen und
Informationen zu den Bestaubungsleistungen von tf&tdrn zu sammeln.

Feldsdaume sind zwar haufige semi-natirliche Hadgatente in Agrarbkosystemen, aber es gibt nur
wenige Informationen Uber ihre Struktur, Gro3e Breite. Daher wurden Feldsaume in zwei deutschen
Agrarlandschaften (je 4.000 ha) erfasst und edesigh, dass ein Grof3teil dieser SGume schmaler al
3 m war (Rheinland-Pfalz: 85% der FeldsaumlangenBenburg: 45% der Feldsaumlange). In
Deutschland missen Landwirte bei solchen schmadieis&umen keine MalRnahmen zur Verminderung
von Pestizideintragen (z.B. Pufferzonen) umset2gmarchemikalien werden deshalb insbesondere
durch Uberspritzung und Abdrift in schmale Feldsawingetragen. In solchen schmalen Feldsaumen
konnten zwar Raupen nachgewiesen werden, docimitilere Abundanz war um 35 — 60% niedriger
als auf Vergleichsflachen (Wiesen). Im Rahmen elfeddversuchs sowie in Laborexperimenten zeigte
sich, dass Raupen sensitiv auf Insektizideintr&yeethroid, Lambda-Cyhalothrin) regieren. Zudem
wurden auf insektizid-behandelt&ilene latifoliaPflanzen 40% weniger Eier vdtiadena bicruris
Faltern gefunden als auf unbehandelten Kontrolaiém und die Bluten der behandelten Pflanzen
wurden seltener von Nachtfaltern bestaubt. Lepigl@ptkonnen neben Insektizid- auch von
Herbizideintrdgen beeinflussen werd@&anunculus acrid.. Pflanzen wurden mit subletalen Raten
eines Sulfonylurea-Herbizids behandelt und dankatterpflanzen flilMamestra brassicak. Raupen
genutzt; dies fiuhrte zu signifikant geringeren Rangewichten, einer verlangerten Zeit bis zur
Verpuppung und einer verlangerten Gesamtentwiclddager verglichen mit Raupen, die an
Kontrollpflanzen fraBen. Ursachen hierfir waren hohgrweise ein geringerer Nahrwert oder eine
hohere Konzentration von Abwehrstoffen in den hedbbehandelten Pflanzen. Dingereintrage fihrten
zu einer geringfiigigen Erhéhung der Raupenabundardem Feldversuch. Langfristig reduziert
Dunger jedoch die Pflanzenvielfalt und dadurch weheinlich auch die Raupendiversitat.

Nachtfalter wie Noctuidae und Sphingidae sind Bdsté fur zahlreiche Pflanzenarten, z.B. viele
Orchidaceae und Caryophyllaceae. Obwohl sie in Agrarokosystemen der gemafigten Breiten
wahrscheinlich keine bedeutenden Bestauber flrukpflanzen sind, konnen Nachtfalter aber fur die
Bestaubung der Wildpflanzen in semi-natirlichen ikdsbn von Relevanz sein. Dabei wird die Rolle
der Nachtfalter als Bestauber zurzeit vermutlictersthatzt und es werden Langzeitstudien benétigt,
um die zeitlichen Schwankungen in ihrer Abundand Antenzusammensetzung beriicksichtigen zu
kdnnen.

Lepidopteren bilden eine artenreiche Organismemgup Agrarlandschaften, die auch wesentliche
Okosystem-Dienstleistungen erfiillen. Um Nacht- Tindfalter besser zu schiitzen, sollten Eintrage von
Agrarchemikalien in (schmale) Feldsaumhabitate zexitiwerden, beispielsweise durch Mal3nahmen
zur Risikominderung von Pestiziden und Agrarumwelgpamme.



Introduction

1 Introduction

1.1 Agriculture and biodiversity

In Europe, arable agriculture and grazing systeitisdomestic animals were developed approximately
7,000 to 10,000 years ago (Potts, 1991; Steatd, 2001; Vos and Meekes, 1999); thus, agricultural
land use has a long history. Over time, the managef agro-ecosystems was adapted to local and
regional conditions, leading to a rich variety @fditional landscapes (Antrop, 2005; Berglwetdal,
2014; Jedicke, 1994; Meees$ al, 1990; Plieningeet al, 2006). Such landscapes were characterized
by a mosaic of agricultural land and semi-natutraicsures that not only provided people with goods,
such as food, fiber, and fuel (e.g., Berglwdl, 2014), but also sustained a large diversity bitats

and species (e.g., Bignal and McCracken, 2000;sEoik, 2013; Kretschmet al, 1997; Plieningeet

al., 2006; Potts, 1991). Currently, agriculture is idespread form of land use, with croplands and
pastures constituting approximately half of theaaod EU27-states (Stoatet al, 2009). Overall,
agricultural landscapes harbor a significant propor of European biodiversity (Robinson and
Sutherland, 2002), including numerous endemic disas¢hreatened species, such as approximately 30
species listed in the Habitat Directive and appr@ately 40 species listed in the Birds Directive

(European Environment Agency, 2010).

During the second half of the 2@entury, agricultural
production was characterized by increasin
industrialization and intensification in a numbef o X e
European regions (Robinson and Sutherland, 20( ;

Stoateet al, 2001). The agricultural intensification has

benefited from the development of new technologie
and machines (e.g., tractors, harvesters) as wétben
the widespread availability of agrochemicals, sash § 5
synthetic fertilizers and pesticides. This develepin .
led to changes in the structure of agriculturatitarapes:
for example, simplified crop rotations lowered t
heterogeneity of agricultural habitats (Benteh al,
2003). Furthermore, because of increased spedializa
in agricultural production, the number of mixe
livestock and arable farms has been reduced thomiglFigure 1-1 Example of a simplified agricultui
Western Europe, which has also resulted in lesargiy '2ndscape in Germany.

agro-ecosystems (Robinson and Sutherland, 200ategtioal, 2001). In addition, field sizes have been
increased at the expense of semi-natural landsekgoeents, such as hedgerows, to facilitate crop

cultivation and increase machine operational efficy (Burel, 1996; Stoatt al, 2001) (Figure 1-1).
1
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Farm sizes have also increased (e.g., from 360@0j20 56 ha (2010) per farm in Germany; Eurostat
Statistics Explained, 2015), whereas the numbdarofs substantially decreased (e.g., from 904,700
farms (1975) to 285,000 farms (2013) in Germangfi§isches Bundesamt, 2014a). Moreover, the use
of synthetic fertilizers to optimize nutrient suggsl for crop plants and the application of pesésitb

reduce the abundance of pest organisms have aligrediltural management.

As a result of this intensification process, farsneave greatly increased their crop yields: inddnit

the average cereal yield increased from approxisn&téons per hectare in 1945 to more than 7 tons
per hectare in 2000 (Robinson and Sutherland, 2@jilarly, the wheat yield in Germany increased
from 3 tons per hectare in 1960 to 8 tons per heats2013 (Statistisches Bundesamt, 2015).

However, in the course of this agricultural intdiesition, a number of organisms associated with
farmlands and agro-ecosystems have shown declnabundance and species richness, which have
caused concerns over the effects of modern, irfted$arming practices on biodiversity (e.g., Bide

et al, 2008; Geigeet al, 2010; Kleijnet al, 2009; Krebst al, 1999; Robinson and Sutherland, 2002;
Stoateet al, 2001; Storkeyet al, 2012; Wilsonet al, 1999). The affected organism groups include
plants (Clougtet al, 2014; Kleijnet al, 2009; Storkeyet al, 2012; Wilsonet al, 1999), arthropods
(Foxet al, 2014; Hendrickset al, 2007; Heydemann and Meyer, 1983; Ollertdal, 2014; Wilsoret

al., 1999), birds (Donaldt al, 2001; European Bird Census Council, 2014; Gueetal, 2012; Krebs

et al, 1999; Wilsoret al, 1999) and mammals (Broughtenal, 2014; Butet and Leroux, 2001; Gentili
et al, 2014; Stahlschmidit al, 2012; Wickramasinghet al, 2004; Wickramasinghet al, 2003). For
example, many species in agricultural landscapgsrakto a certain degree on natural and semi-iatura
habitats (Duelli and Obrist, 2003), and the ocaurecand proximity of these landscape elements is
beneficial for species richness (e.g., Hendriekxal, 2007). As described above, many semi-natural
habitats have been lost because of increased mishiensity (e.g., Burel, 1996; Le Coetial, 2002;
Robinson and Sutherland, 2002), and it has beé@naed that, for instance, the rate of hedgerow los
was approximately 14% in the Republic of Irelandwaen 1976 and 1982 (McAdaet al, 1994),
whereas approximately 740,000 km hedgerows wetdridsrance during the three decades after the
1970s (Pointereau and Bazile, 1995, cited in Leu€Cekal, 2002). In addition, agrochemicals can affect
various organisms within the fields (Geigetr al, 2010) as well as in the remaining semi-natural
habitats, such as field margins (e.g., Datial, 1991; Schmitzt al, 2014a).

Currently, the protection and preservation of biedsity is a major political goal (e.g., Conventiam
Biological Diversity, Birds and Habitats DirectiyeS herefore, the effects of modern agriculture on
biodiversity are of fundamental interest. Arthropaate of special concern because they not only
represent a large proportion of species diverddye{li and Obrist, 2003) but also provide valuable
ecosystem services, such as pollination and bicébgiest control (Power, 2010). Additionally, thee
essential food sources for species at higher teoekiels, such as birds (Wils@t al, 1999) and bats
(Vaughan, 1997; Wickramasingeeal, 2004).
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1.2 Field margins

1.2.1 Functions for agriculture and biodiversity

One of the most common semi-natural habitats ftrapods (and other organisms) in agricultural
landscapes are field margins, which can be foune@atly all field edges (Marshall and Moonen, 2002)
In certain landscapes, field margins representntiagn part of the available semi-natural habitats
(Marshall and Moonen, 2002). As a result of thdttlegpread occurrence, the structure of field margin
can differ between countries (e.g., Backman anth@m 2002; Greaves and Marshall, 1987; Kuane
al.,, 2000; Le Coeuet al, 2002). In Germany, the terfreld margin is used for linear, semi-natural
elements adjoining agricultural sites that are ati@rized by permanent vegetation consisting of non
crop plants (Kuhnet al, 2000) (Figure 1-2). The field margins can be vaigel with grasses, herbs,

and shrubbery (hedgerows).

Figure 1-2Examples of grassy field margins commonly foundtriexarable fields and vineyards in Rhineland
Palatinate, Germany.

One reason for the permanence of field margingiicaltural landscapes over time is the important
agronomic functions provided by these elementsQbeuret al, 2002; Marshall and Moonen, 2002):
For example, hedgerows were once used as natacaddo keep livestock within pastures and outside
fields. Moreover, hedgerows are a source of wilitgrand wood, act as windbreaks to shelter crops,

and reduce soil erosion. Grassy field margins ecdaiplogical

crop protection because they harbor predatory@stits (Landis
et al, 2000; Thomaet al, 1992; Wellinget al, 1994) and field
margins vegetated with flowering plants are sudaidbitats for
pollinators (Backman and Tiainen, 2002; Ekrebsl, 2008) and
can improve crop pollination. Furthermore, fieldrgias can act
as buffer strips to protect ditches and streams fioputs Of e b
agrochemicals (Reichenberger al, 2007), and they offer the

potential for carbon sequestration (Fallaral, 2004).

Figure 1-3Bird’s nest at the top of a

_ o _ _ single tree on a grass margin next to
agricultural landscape biodiversity because theyide a less ineyards.

In addition to these agronomic functions, field gias benefit
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disturbed habitat compared with agricultural sfgeg., no ploughing) and are a source of food nessu
(e.g., flowering plants: Backman and Tiainen, 200@&)sting sites (e.g., solitary wasps: Holzschuh

al., 2009; small mammals: Bene¢ al, 1999; birds: Aebischer and Blake, 1994, see EiduB), and
overwintering sites (e.g., beetles and spiders: dilyat al, 2005; Thomaset al, 1991). Overall,
approximately 65% of the arthropod species livimgm agriculturally managed landscape seem to rely
on the presence of semi-natural habitats (Duelli @brist, 2003). A survey in three landscapes in
Germany found approximately 550 arthropod specibabiting grassy field margins (Ross-Nicket!

al., 2004). The results of a literature review dem@tetl that about 650 species have been observed in
grassy and herbaceous field margins and more tf2&® 5pecies have been observed in field margins
vegetated with hedgerows (Habnal, 2013) (Table 1-1).

Table 1-INumber of observed species in grassy and herbadistd margins and hedgerows based on ten studies
(Barthel, 1997; Febegt al, 1996; Lewis, 1969; Merckgt al, 2010b; Molthan, 1990; Ross-Nickat al, 2004;
Stachow, 1988; Tischler, 1948; Welliegal, 1994; Zwdlferet al, 1984). Results are shown for the most common
organism groups. Table modified from Hadtral (2013).

grassy and herbaceot hedgerow both habitats
field margin
Araneae 211 81 34
Coleoptera 141 261 48
Collembola 46 - -
Diptera 103 241 22
Hemiptera - 175 -
Hymenoptera 106 249 13
Lepidoptera 43 216 25
Neuroptera - 10 -
Orthoptera 15 8 4
Pulmonata - 27 -
Total 665 1,268 146

In addition to their habitat function, field marginan also act as corridors that facilitate the enmant

of species through agricultural landscapes anddifikrent habitats (e.g., Holzschehal, 2009).

Despite these agronomic and ecological functiongieddl margins, agricultural intensification has
resulted in a loss and degradation of these habRat example, approximately 50% of hedgerow stock
has been removed in Great Britain since 1945 (Ralirand Sutherland, 2002; see also Le Cektait,
2002 for further examples). Moreover, because@if fosition next to agricultural fields, field ngams

can receive inputs of pesticides and fertilizerg.(&autmanet al, 2001; Tsiouris and Marshall, 1998).
4
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1.2.2 Agrochemical inputs

Pesticides are used against organisms that redopeyields, such as by competing with crops for
resources or making harvesting more difficult (wsgexhd feeding on the crops (insect herbivoresy. Th
application of pesticides against weeds (herbig¢jdesgi (fungicides), and pest insects (insectsid
on agricultural sites is a common management peadi farmers. In Germany, the most commonly
applied pesticides are herbicides (approximately)@a tons in 2013), followed by products acting
against fungi, bacteria or viruses (approximatéylQ0 tons in 2013) and insecticides (approximately
4,500 tons in 2013) (Bundesamt fir Verbrauchergchot Lebensmittelsicherheit, 2014).

In general, field margins receive inputs of pedtsi especially from two pathways (Figure 1-4).

» Overspray: when farmers spray pesticides on arable fielagssgiay cones of two nozzles have
to overlap to ensure a full application rate (100B@wever, if the last nozzle is placed at the
field edge, parts of the adjoining field margin apgayed with 50% of the in-crop application
rate (Figure 1-4) which is known as oversp{@ghmitzet al, 2013).

e Spray drift: the movement of smaller pesticide droplets origad through the air to areas

outside the intended agricultural sites is knowsgay drift, which occurs during or soon after

pesticide application. The drift rates differ wittop type and distance to the crop (Ganzelmeier
et al, 1995; Rautmanat al, 2001).

A 4

spray arm <
nozzles
P 0.75m -
al Cdd
l" \\\ I" \\\
’ \ ’ N
\ s N ’ \
N S N N
V! Ny AN
AN PN AN
’ N\, ’ \ N\,
s N e N, N
N ’ \ N
N\, ’ N N\
S S N, AN v
Field Field margin
-l > L >~

i) L
Overspray Spray drift
50% in-field application 1m:2.77% in-field
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Figure 1-4 @A) Pesticide application in an arable field. (B)d&xple scheme of the potential pesticide inputs in
arable field margins via overspray and spray dFitjure modified from Hahet al. (2013). Photo taken by C.
Brunhl.

To reduce the exposure of field margins to pestigigroduct-specific risk mitigation measures (RNIMs
may be defined during the registration of the pad#i. Such RMMs can include in-field buffer zones t
adjacent non-target areas, such as field margnmpathe usage of low-drift-nozzles during peslci

application (Bundesamt fiur Verbraucherschutz untbelbsmittelsicherheit, 2015). In Germany, a

distinction is made between RMMs to protect aquiadibitats (“NW-Auflagen”) and RMMs to protect
5
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terrestrial non-target habitats (“NT-Auflagen”) (@lesamt fur Verbraucherschutz und
Lebensmittelsicherheit, 2015). However, the lates not relevant for all terrestrial habitats. For
instance, when terrestrial habitats are less tham\8ide, they are not considered non-target areas;
therefore, RMMs do not have to be applied by fasm@undesamt fir Verbraucherschutz und
Lebensmittelsicherheit, 2015; Kiiheé al, 2000). For this reason, the first meter of a mar(= less
than 3 m wide) cereal field margin can receive ntbam 30% of the in-field rate of a pesticide \paay

drift and overspray (Figure 1-4) because farmeraatdave to maintain a distance to the field margi
during the pesticide application (Schmgt al, 2013). It was argued that such an exception was
necessary because farmers would probably remowtirexifield margins completely otherwise and
refuse to create new margins (Kuheteal, 2000). Although the width of field margins is wiajor
importance regarding the impact of pesticide inpihisre is only limited information available fous

on the amount and width of field margins in Gerragricultural landscapes (in particular: Kitetel,
2000).

Next to pesticides, fields are also treated witlhneral fertilizers to enhance the nutritional grogvin
conditions for the crop plants. For instance, apipnately 1.6 million tons of nitrogen (N), 0.3 ndh
tons of phosphate £©s) and 0.4 million tons of potassium oxide-(® were sold in 2013 in Germany
(Statistisches Bundesamt, 2014b). Depending oappécation technique, one survey showed that up
to 75% of the field application rate of fertilizecan be found in adjoining hedgerows (Tsiouris and
Marshall, 1998).

1.2.3 Effects of agrochemical inputs in field margins

In general, pesticides and fertilizers can negbtiadfect the biodiversity of agro-ecosystems. For
example, in agricultural landscapes, the speaibseiss of vascular plants and birds is negatietdyed

to fertilizer usage (Billeteet al, 2008; Kleijnet al, 2009), and pesticide applications reduce the
diversity of wild plants and carabids in fieldsvasll as the diversity of birds in the surroundingas
(Geigeret al, 2010).

In field margins, the deposition of fertilizer aimghuts of herbicides results in a decline in ppgcies
and affects plant community composition (Kleijn aBdoeijing, 1997; Kleijn and Verbeek, 2000;
Marshall and Moonen, 2002; Schmék al, 2014a; Stoatet al, 2001). Arthropods can be adversely
affected by agrochemical inputs in different walysecticides can directly target arthropods indfiel
margins and cause lethal effects (e.g., caterpil@aviset al, 1991; beneficial insects: Langheffal,
2005). Furthermore, insecticides might affect amplods sublethally or act as a repellent and reduce
oviposition on treated plant surfaces or causdemttant effects against larvae (e.qg., Lepidoptir,
1991; Gist and Pless, 1985; Longley and Sotheri®97; Seljasen and Meadow, 2006). Because
herbicides and fertilizers can alter the abundaaroe diversity of field margin vegetation, they can

impact arthropods either due to changes in thelabibitly of host plants (butterflies: Longley and
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Sotherton, 1997) or due to changes in vegetatiattsire (e.g., spiders: Haughten al, 1999). In
addition, as herbicides alter plant chemistry, theght influence the host plant quality for herbies
(Kjeer and Elmegaard, 1996). Furthermore, the retlagailability of plants and arthropods might also

have adverse effects on vertebrates that feedewn (b.g., birds or bats) (Figure 1-5).

Agrochemicals:

‘ Overspray, spray drift,
| | fertilizer misplacement

Insecticide
Herbicide
Fertilizer

Application in
the field

Flower visitors

Arthropods

Herbivores Predators

Field Field margin

Figure 1-5Field margins can receive inputs of agrochemicadsnfadjoining agricultural sites, which can
influence the habitat quality of field margins ahé available resources (e.g., food) for varioganism groups
(e.g., plants, arthropods, vertebrates). Agrochalsimight affect the organism groups directly (elgthal
herbicide effects on plants) or indirectly (e.da ehanges in food availability). Bat photo takgnLb Hartmann.

1.3 Non-target arthropods and pesticide risk assessment

To avoid or reduce the negative effects of pestioh the environment, each pesticide is subntitted

a registration process in which potential threatsetg., non-target organisms should be identified.
2009, a new regulatory framework for the registratof pesticides was published (Regulation No.
1107/2009; European Commission, 2009), and it eitiplirequires the consideration of the pesticide
effects on non-target species, including behavif@cts, but also their impacts on biodiversity dhe
ecosystem (European Commission, 2009: article rdgoaph 3e). Therefore, new guidance documents
on the terrestrial ecotoxicology have to be devetofEFSA, 2015).
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The current risk assessment methodology for teiaéabn-target arthropod (NTA) species is based on
the results of the ESCORT and ESCORT 2 workshop (Barrettal, 1994; Candolfiet al, 2000),
which recommended a tiered approach. This tierpdoggh begins with simple laboratory tests (tier 1)
representing conservative (worst case) assumptmassess the effects of pesticides on selected tes
species. In the case of NTAs, the parasitoid waphidius rhopalosiphiand the predatory mite
Typhlodromus pyrare used as test species (Candulfil, 2000). If these simple test systems reveal a
potential risk, higher tier studies can be perfainiéhese studies should include additional testispe
(e.g., the lacewin@hrysoperla carnear the ladybirdCoccinella septempunctat&€andolfi et al,
2000). Furthermore, the design of these highestigties is often more complicated than the tigsts
(e.g., using natural substrates in the laboratoopoducting (semi-) field studies), but they dmestalso

more realistic regarding the testing conditions.

However, current risk assessments are focusedrafiti@al arthropods (EFSA, 2015). Therefore, all of
the suggested terrestrial arthropod test speciedeaclassified as predators or parasitoids (feedin
mostly on aphids). Although predators and paraistare of great agronomic value because they feed
on pest organisms, they represent only a fractibithe arthropod species found in agricultural
landscapes and field margin habitats. Against tekdround of the species declines in agricultural
landscapes, the current selection of test spedgi# ime not appropriate to protect biodiversity doese

the negative effects of pesticides on arthropods baen recognized within fields (Geigtral, 2010),

in adjoining field margin habitats (e.g., Daweisal, 1991, de Jongt al, 2008), and in whole agricultural
landscapes (Brittaigt al, 2010).

In a literature search on species occurring irdfiekrgins (Table 1-1), numerous arthropods could be
classified as phytophagous, such as moths andritiedgLepidoptera; all species from Table 1-1),
grasshoppers (Orthoptera; approximately 50% phwgphs species (10 species), further 35% (7
species) feed partly on plant material), and a rermdf bugs (Hemiptera; approximately 70%
phytophagous species (120 species), further 20% s{i&ies) feed partly on plant material).
Phytophagous arthropods are an essential elemém iimod webs of agricultural landscapes because
they transform plant biomass and represent pregréatatory organisms. Phytophagous arthropods may
be affected by pesticides via direct contact bexanfsoverspray or spray drift as well as through
consumption of contaminated plant material, changhsst plant quality through previous contactwit
herbicides and induced plant defense (Kjeer and gdianel, 1996), and the loss of suitable host plant

species.

! European standard characteristics of non-targietagrod regulatory testing
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1.4 Moths in agricultural landscapes

A common phytophagous insect group in agricultlanatiscapes is Lepidoptera, which includes moths
and butterflies. Overall, approximately 180,000 ideptera species have been described worldwide
(Hamm and Wittmann, 2009), and they account foragmately 10% of all known insect species
(Willmer, 2011). However, although Lepidoptera mgdo one of the most studied arthropod groups,
the majority of Lepidoptera research has focusediomal butterflies (New, 2004), which represent
approximately 10% of the Lepidoptera species (8kij€1989). The remaining species are classified as
moths and have predominantly crepuscular and nuaituifestyles. For example, of the 3,500

Lepidoptera species occurring in Germany (Karsholl Razowski, 1996), only approximately 185

Lepidoptera are holometabolous insects that undar¢

(5%) species are butterflies (Rhopalocera inclukigeperiidae, BfN, 1998).
complete metamorphism (e.g., Scoble, 1995), inoyd
the following stages: egg, caterpillar (larvae)pauand |

adult (Figure 1-6). ‘

In general, caterpillars are the feeding stage

Lepidoptera (Scoble, 1995), and they gather entengy

their development into an adult and subsequ »

reproduction. The caterpillars of most species feed @\ ’

plant material, such as leaves, flowers, fruitgdseor agéi / _

roots. Caterpillars seem especially vulnerable

stressors in agricultural landscapes because trey
Figure 1-6 Different development stagggsgg

caterpillar, pupa and adult) for the cabbage moth

dependent on the availability of suitable host fgarMamestra brassica¢(Noctuidae). Moth pho
taken by M. Geisthardt.

immobile compared with most adult moths ai

Thus, a loss of plant diversity or changes in ple
communities most likely affect caterpillars if thest plants are involved (Longley and Sotherto8,7)9
Although certain caterpillar species can feed garéety of plant species (polyphagous species, aach
Mamestra brassicadrojaset al, 2000, Figure 1-6), others are specialized. Farmgte, caterpillars of
the moth speciedadena bicruris(Noctuidae) feed on the developing seeds of ceplint species of
the genusSilene(Caryophyllaceae), particularlyilene latifolia(Bopp and Gottsberger, 2004) (Figure
1-7). Specialized Lepidoptera species can be edpetulnerable to changes in their caterpillarthos
plant’s abundance and appear to decline more $yropgipared with less specialized species (Kotiaho
et al, 2005).
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C  H. bicruris caterpill;

)
.“ )-t
g,‘ \

B empty seed
Hadena bicruris egg | capsule

Figure 1-7(A) Adult Hadena bicrurismoth onSilene latifoliaflower. (B) Egg oH. bicrurison a seed capsule of
S. latifolia (C)H. bicruris caterpillar searching for a new seed capsule.

Some moth species do not feed as adults as tr@pgeis is absent or vestigial (Scoble, 1995), and
they rely completely on the resources gatheredhéir tcaterpillar stage (e.d-asiocampa quercys
However, a large number of Lepidoptera species flmivering plants and feed on nectar (Scoble,
1995). Because of this flower visiting behaviorpldoptera are considered potential pollinators O\br
2012; Allen-Wardellet al, 1998). Declines in honey bees, which represeat rttost important
pollinators of crops, and the potential consequermafeclimate change on pollination services have
increased the attention to non-bee pollinatorsefNVardellet al, 1998; Christmann and Aw-Hassan,
2012; Pottset al, 2010), such as Lepidoptera. Furthermore, cephaint species are even specialized
for moth pollination, including numerous plantsie genusSilene(Kephartet al, 2006). These plant
species are often characterized by nocturnal flingeimes and intense flower scents (e5g.latifolia
Figure 1-7). In general, two groups of flower \igjf moths can be distinguished: hawkmoths
(Sphingidae) hover in front of flowers as they feethiereas other moths often settle down (settling
moths) before drinking nectar (Willmer, 2011). Ngaial pollinator systems have been less frequently
studied relative to diurnal systems, although tlues not indicate that they are less important ¢fev

et al, 2011). Because moths are among to the most comowiarnal flower-visiting insects, their role
as pollinators is of special interest (e.g.,Willp011). However, little information on moth poHition

is available.

Several studies have shown strong declines in ardhbutterfly populations in recent decades (Conrad
et al, 2004; Conrackt al, 2006; van Swaagt al, 2013). In addition to climate change, the effedts
agricultural intensification, such as a loss ofitetand input of agrochemicals, are often disctisse
causes for these declines (Fox, 2012; €pal, 2014; van Swaagt al, 2013).
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Table 1-2 Factors influencing Lepidoptera based on 42 stiffor details on the studies and effects, seeAgx
10.1). +: positive factor (green), o: neutral fadigellow), -: negative factor (red); wr: influemgj factor without
clear relationship (blue). Numbers in cells repn¢siee number of studies in which the respectilatiship was
found, whereas letters (a-z) refer to the studiedppendix | (chapter 10.1). Grey fields: no infation regarding
the factor was found in the studied literature.sTtable is modified from Hahet al (2013), including additional
information.

Influencing factor + 0
Plant species richness/flower abundance 118 2b
Vegetation structure/height 3 1°
Presence/ proportion of forests or woody habitats "

Percentage of semi-natural habitat in agricultlmadiscapes = 1! 1
Field margins/hedges g m
"Ackerschonstreifen"/headlands 5"

"Bluhstreifen"/beetle banks/grass strips 3 1P
Agricultural intensification 14 2

Isolation/fragmentation

Organic agriculture I 3
Pesticides 2"
Fertilizer Y

o
I

A literature search revealed that high plant sgedaihness and flower abundance have a predomynantl
positive effect on Lepidoptera (Halehal, 2013) (Table 1-2). This result is not surprisbegause the
majority of caterpillars and a number of adult ldegitera depend on the availability of plant resesirc
Landscape elements, such as field margins, cortsarvaeadlands and flower strips, are habitats for
various plant species and also have a positivaantie on Lepidoptera. This result indicates ttedd fi
margins can represent a development and foragibgahdor Lepidoptera in agricultural landscapes.
However, when Lepidoptera occur in field margiteyt might also be affected by agrochemicals (see,
e.g., Longley and Sotherton, 1997, for effectsgpbahemicals on butterflies). In general, pestisides

a factor showing a mainly negative effect on Lepidoa (Table 1-2). For example, inputs of insedési
can directly affect non-target Lepidoptera spe@eg., Cilgi and Jepson, 1995; Daeisal, 1991). In
addition, herbicides and fertilizers can affect glant community in field margins (Schmig&t al,
2014a) and may change the distribution of hostraextar plants. Moreover, caterpillars could also
potentially be affected by changes in the qualittheir host plants.

Because of their widespread occurrence and ecealagiles (herbivores, flower visitors and pollinato
and prey organisms), moths represent a suitablanmg group for studying the effects of

agrochemicals on species in agro-ecosystems.
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2 Thesis

2.1 Objective

This thesis focuses on the occurrence and chaistiteof field margins in agricultural landscapes!
their role as potential habitats for moths (Leptgo@) with an emphasis on the possible effects of
agrochemical inputs (herbicides, insecticides,fartdizers) on caterpillars and adult moths. THeas
were assessed in laboratory, semi-field, and &gfzeriments. In addition, because moths are comeside

pollinators, their pollination services were evadghin a literature search.

2.2 Thesis structure

As a first step, field margin habitats were quatifand characterized in two agriculture intensireas
in Germany. Thus, the width of field margins wagafticular interest because little data are abhila
on field margin widths in Germany, and the widthfield margins is responsible for the amount of

agrochemical inputs to these habitats.

Paper 1: Hahn, M., Lenhardt, P. & Bruhl, C.A. (2ZR1Characterization of field margins in
intensified agreecosystems — Why narrow margins should matter irestial
pesticide risk assessment and management. Intddgatéronmental Assessment and
Management, 10(3): 456—462.

Subsequently, the occurrence of caterpillars inlisfigld margins and the effects of different
agrochemicals on caterpillars and adult Lepidoptaaee studied in various experiments. These studies

analyzed the direct toxic effects, sublethal effempellent effects, and host plant quality effect

Paper 2: Hahn, M., Schotthoéfer, A., Schmitz, Janke, L.A. & Bruhl, C.A. (2015): The effects
of agrochemicals on Lepidoptera, with a focus othsicand their pollination service

in field margin habitats. Agriculture, Ecosystemsl &nvironment, 207: 153-162.

Paper 3: Hahn, M., Geisthardt, M. & Bruhl, C.A. {2): Effects of herbicide-treated host
plants on the development ddamestra brassicad. caterpillars. Environmental
Toxicology and Chemistry, 33(11): 2633—-2638.
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Pollination is a crucial ecosystem service in retbabitats and in agro-ecosystems. Because mighs a
considered potential pollinators, information oeitlpollination service has been summarized acogrdi

to a literature search.

Paper 4. Hahn, M. & Brihl, C.A. (submitted): Theeet pollinators — Moth pollination with

a focus on Europe and North America. Manuscript.
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3 Characterization of field margins in intensified@gcosystems —
Why narrow margins should matter in terrestrial tipee risk

assessment and management

Paper 1

This chapter presents the author’s final versiotihefarticle

Hahn, M., Lenhardt, P. & Bruhl, C.A. (2014): Chamzation of field margins in intensified
agroecosystems — Why narrow margins should matteriagtrial pesticide risk assessment and

management. Integrated Environmental Assessmentlandgement, 10(3): 456462

The published version of this article is availa@i&Viley Online Library, DOI: 10.1002/ieam.1535

Abstract — Field margins are important semi-natural habitatagreecosystems, but they can be
negatively affected by pesticide inputs via direserspray and spray drift. In Germany, risk
mitigation measures (like buffer zones) to reduestipide inputs in terrestrial noncrop habitats do
not have to be put in place by farmers next toavafield margins (<3 m width). Because data on
structure, size, and width of field margins arerseawe identified field margins in 2 German
agricultural landscapes (RhinelaRdlatinate [RLP], Brandenburg [BB]; 4000 ha eaca digital
orthophotos and geographical information system&UP, most of the field margins were less than
3 m wide (85% of margin length and 65% of the maagiea), whereas in BB narrow field margins
account for 45% of the margin length and 17% oftlaegin area. Hedgerows were only occasionally
recorded. Hence, narrow grassy field margins caresent a large part of the available seminatural
habitats adjoining agricultural sites and potehtiatt as corridors between further habitat patches
For this reason, these margins should be protéaigdpesticide inputs, at least in landscapes under
intensive agricultural use. Field margins are #t®omain, secalled non-target habitat protected by
the terrestrial risk assessment for plants andatds. With many (narrow) margins not considered
relevant for risk management, the current pradticeprotecting the biodiversity from negative
effects of pesticides seems questionable. More aatiield margin constitution in Germany and
other European countries is necessary to criticaligess the current practice of pesticide risk

assessment and management on a larger scale.

14



Characterization of field margins — Paper 1

3.1 Introduction

Agriculture is a leading land use in Europe cowgrdimost 50% of the total European Union (EU) 27
land area (Stoatet al, 2009). Next to their value for agricultural pration, agreecosystems also

harbor a significant proportion of European biodsitgr (Robinson and Sutherland, 2002). Thereby,
many species rely on the availability of semi-natuandscape elements (Duelli and Obrist, 2003).
These landscape elements also include field mattggsre terrestrial habitats occurring in somenfor

at all field edges and can constitute the majoffityemni-natural habitats in some landscapes (Mdrshal
and Moonen, 2002). However, despite their widespesastence, the exact definition of field margins
varies between different countries and authors (Kldnd Freier, 2001; Marshall and Moonen, 2002).
Greaves and Marshall (1987) described the prin@paiponents of a field margin as field boundary,
boundary strip, and crop (edge). The field bounday defined as “barrier such as hedge, fence or wall
the hedge bank if present with its herbaceous atigat and any associated water course such ds ditc

or drain” (Greaves and Marshall, 1987).

Germany, field margins often differ from t
definition because they consist only of a gra<
strip between the agricultural site and a rog
(Figure 3-1). Hence, in the present study, the t .
field margin refers to linear, permanent vegeta
strips of grassy, herbaceous, and/or woody ¢g#

field habitats directly adjacent to agricultur. WA

fields (Kihne and Freier, 2001; Schmét al, ‘

2013). This definition includes structures Ilkz‘gdu;er:j);dExemplaryfleld margin beween a cerealt

permanent grass strips as well as hedgerows.

The origins of field margins are diverse; hedgeroarsbe planted and are thus rmaade elements, or
they can develop spontaneously, or they can beself ancient woodlands (Burel, 1996). Field masgi
exist in agreecosystems because they fulfill different functigos fulfilled them in the past). For
instance, they can provide agronomic benefits sadiedgerows acting as windbreaks and protecting
adjacent crops (Marshall and Moonen, 2002). Morgomamerous studies have shown that field
margins are habitats for a wide range of plant anichal species (Kuhnet al, 2000; Pollard and
Holland, 2006; Ross-Nickollet al, 2004), and therefore, these elements benefit y@osity.
Furthermore, these elements can also link otheii-sataral habitats to form a corridor network
(Holzschuhet al, 2009; Le Coeuet al, 2002).

However, because of increased mechanization ircugrral management, field sizes have been
increased in the past decades (Robinson and Sade2002), and many field margins were removed
or reduced in their size.
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In addition, the quality of the remaining field miaigycan be affected by agricultural intensification.
When field margins are exposed to inputs of pegtgcapplied at the adjoining field, these inputs can
be detrimental to the inhabiting plant and aninpEcses (Goveet al, 2007; Longley and Sotherton,
1997; Schmitzt al, 2013). To prevent or reduce negative effectsestipides, produetpecific risk
mitigation measures (RMM) can be defined duringréggstration of the pesticide. RMM comprise for
example irfield buffer zones to adjacent non-target areasditahes, field margins, and/or the usage
of low-drift-nozzles during the pesticide application (BVL, 2018 Germany, risks are differentiated
between RMM to protect aquatic habitats (“NAflagen”) and those to protect terrestrial non-¢arg
habitats (“NFAuflagen”) (BVL, 2013). However, the RMM are noteeant for all terrestrial habitats.
For instance, terrestrial habitats less than 3 dewaire not considered as non-target areas, ané,henc
RMM do not have to be applied by farmers (BVL, 20dBhneet al, 2000). It was argued that, without
such an exception, farmers would probably removstieg field margins completely and refuse the
creation of new ones (Kuhmet al, 2000). Because field margins smaller than 3 mhwadeé not regarded
as non-target areas in Germany, farmers do not ioakeep a distance during the application and field
margins can receive pesticide inputs via spray (sée Table 3-1) and via overspray (Schrettal,
2013). The overspraying of field margins can oc&gabise the spray cones of neighboring nozzles on
a spray arm have to overlap to apply the full 1@l rate of the pesticide. As the last nozzlehef t
spray arm is placed over the field edge during gpdieation, not only the field but also the partshaf

field margins receive an overspray (for details asdhema see Schmétal, 2013).

Table 3-1Selected basic drift values for a single applaratiegarding the ground sediment (% of the appdinat
rate [90th percentiles]) calculated by Rautmanal.(2001).

Spray drift [%]
Distance to field [m] Field crops Fruit crops (early) Fruit crops (late)
1 2.77 No data No data
3 0.95 29.20 8.02
5 0.57 19.89 3.62
10 0.29 11.81 1.23

Quantitative data on the structure, size, and éslpethe width of field margins are scarce (see @an
Zanderet al, 2013, for an example of modeling linear eleméntke large scale). However, these data
are important because they can be used to makenpgrtg on the likely exposure of margins to, for
example, pesticide drift and consequent impactapulation persistence. Hence, the aim of the ptesen
study was to identify field margins in intensifiedriagltural landscapes and to characterize them
concerning their width, the adjoining crops, ang pinesence of woody structures like hedgerows. The
assessment was based on colored digital high tesolrthophotos.
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3.2 Methods

Study regions

Field margins were assessed in 2 regions in Germmangyin the southern part of Rhineland Palatinate
(RLP) and one in the eastern part of BrandenbuR) (Bigure 3-2). Both regions are under intensive
agricultural use. In the study area of RLP, différerops are cultivated with a dominance of vindgar
and arable fields with rather smalkzed acreages (Figure 3-2). In contrast, in BB anable fields can
be found and field size is considerably larger caeghto RLP (Figure 3-2).

&Y woodland/forest
@ city
|:| study area

Figure 3-2Simplified schematic of the studied landscapef\)nlBrandenburg and (B) RhinelaiRhlatinate. The
study areas chosen for the field margin charactgoiz are sketched (overall 4000 ha per landscé&p&mplary
sections are presented for the study regions Brindg (C) and RhinelarBalatinate (D).

The present analysis is based on colored digithbphotos (DOP) of the study areas with a resaiutio
of 20 cm. The DOPs were generated in 2008/200Rfd? and 2010 for BB and delivered by the

German providers “Landesamt flr Vermessung und @ssimformation RheinlanBfalz”
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(http://www.lvermgeo.rlp.de) and “Landesvermessungd Geobasisinformation Brandenburg”

(http://www.geobasibb.de).

In RLP, 149 DOPs each covering 400 ha were avail@8 600 ha). We decided to digitize field margins
manually because an automatic detection, e.ga ypixelbased classification approach, seemed to be
too inaccurate (Clevet al, 2008) for a detailed assessment of narrow fieldyima. However, manual
digitizing is rather time consuming and, theref@eomplete processing of all DOPs was not possible
Thus, a subgroup consisting of 10 DOPs (4000 hgyrEi3-2) was randomly chosen for a detailed
assessment of all field margins. As the agricultaradscape in RLP is small scaled, each DOP in RLP
showed numerous field margins. In BB, agricultuitdsswere larger and a smaller amount of field
margins per area occurred. In an area which was/krfoom previous studies to be under intensive
agricultural use (unpublished data), 2 larger sysites were chosen, covering 2500 and 1500 ha, to
represent this agricultural landscape (Figure 3a)oth regions, 4000 ha of predominantly agrimalk

landscape were analyzed.

Because in RLP different crop types are cultivateithe study area (vineyards, arable crops, ora)ard

it was possible to compare characteristics of fieétgins next to these crop types in addition to the

assessment of the overall availability of field nraggVineyard and arable fields were representet wel

(ca. 30% and 50%, respectively) in the survey @a. However, because orchards were found only
in low densities and to improve database, the suavea for orchards was extended to all 149 DOPs

available, covering an area of 59 600 ha.

Digitizing

Structures were defined as field margins if they viecated at the edge of agricultural fields, had a
(predominantly) linear shape, and were naturalyetated and not planted with crops (on DOPs, sown
crops appeared in different colors and as more lgemeous structures than naturally vegetated strips)

The field margins were digitized using the geogreglhinformation system (GIS) software ArcGIS 9
(version: 9.3.1, Esri) and Quantum GIS 1.4.0 EriedgQuantum GIS Development Team).

By the use of GIS, it is not possible to computegte or width information based on polygons, and
hence, this information had to be calculated ithier steps. Length was determined by includingsline
running at the edge of fields and field margin (Fég8+3). These lines were traced by the inner dide o
the field margin polygons and were the origin of tiplé ring buffers generated by ArcGIS, which
contained width information. The multiple ring beif§ were established using the following distances:
<Im,1to2m,2to3m,3to4m,4to5m, Btm, 6 to 8 m, 8 to 10 m, and >10 m. Later on, field
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margins were classified in these width categorie A
Therefore, each digitized margin section endedas s
as the margins’ width crossed a buffer line, ootiner

PR AARRRSN

words, as soon as a field margin section becamel&roa grass strip

hedgerow

or narrower than its current width class. In théGtéa

study areas, oftrop structures wider than 10 m B

occurred at 8% (RLP) and 12% (BB) of the assess ””Z ?_etlwgeen crop ‘\ ‘1\ w\ ’«\ ‘\ *&\ ‘\
andfiela margin
field margin length and these wider structures cou ‘\ ‘\ \ ‘\ ‘\

buffer lines

often be attributed to meadows. Meadows are manag width class 1

width class 2

in a different way than field margins (e.qg., fertilig) Y

and, hence, it was decided to not include strustur
wider than 10 m in these analyses. When an agureuilt
site adjoined to an unpaved and vegetated dirt fadd

hedgerow: no

C
‘\width class: 2 ‘\w\ thé%tghecrfisni \‘?%\‘H
margins included the strip between the field and tl

tracks of the tractor and/or car wheels. Howeveych

tracks were not clearly recognizable on the DOB, tl.
Figure 3-3 Schematic illustration of it

digitizing method. (A) A hypothetic field mar¢
For the characterization of the digitized field niasgan EZZZIZ::v?/s(?f izsvesghe;j\::::ff){lﬁ:t} 3;6155: pf?erf;
attribute table was used, in which information abcmargin length is provided by a line between
and field margin, whereas the width of the f
margin is assessed using multiple buffer |
occurrence of hedgerows (definition: at least 3 Isrwhich represented different width classes

and/or trees with touching branches) was noteadoh When the field margin characteristics camieg
_ ' _ the width class or the vegetation type (or
attributes changed, a new field margin polygon wchange, a new field margin polygon has t

. created (C).
started (Figure 3-3).

whole vegetation strip was treated as field margin.

adjoining crops (vineyard, arable crop, orchard) tre

3.3 Results

Field margins in RLP and BB

In the study region in RLP, approximately 477 krhi9In/ha) of field margins with a field margin area
of 91 ha (226 m?/ha) were recorded (Figure 3-4AgldFmargins smaller than 3 m width comprised
approximately 85% (102 m/ha) of margin length aB&g145 m?/ha) of the margin area (Figure 3-4A).
Thereby, especially field margins with a width db12 m were responsible for a great amount of total
length (60 m/ha) and area (84 m2/ha). Field margittsa width between 3 and 10 m were rather scarce
Woody structures were only occasionally presenel@aV 8.3 km or 2.1 m/ha) and occurred almost

exclusively on field margins wider than 3 m (Fig@réC).
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Figure 3-4Results of the field margin assessments: 1) ovéietl margin length ([m/ha] and [%]) and area
(Im?/ha] and [%]) per width class in the 2 studgioms (A) RhinelandPalatinate RLP and (B) Brandenburg BB;
2) length of hedgerows per width class in (C) Rind &D) BB; 3) field margin widths of different crdppes in
RLP with (E) showing field margins next to arabtegs and vineyards and (F) showing orchard fieldgna.
(A-E) Based on assessments of 4000 ha agriculamdscape per study region, (F) extended datasenfarea
of 59 600 ha in RLP. Information for small (<3 nmdawide &3 m) field margins is separated by dotted lines.

In the study region in BB, field margin length amdaawas reduced (187 km or 47 m/ha; 65 ha or 163
m?/ha) in comparison to RLP. Field margin lengtts\wbmost evenly distributed across all width classe
(Figure 3-4B) with 45% of the length belonging teldi margins smaller 3 m. With regard to the field
margin area, the highest amount (83%) could béaté&d to the wider margins (3—10 m). As in RLP,
in BB woody structures were predominantly foundroargins wider than 3 mF{gure 3-D). The

amount of these structures was 5 times higherithRLP (nearly 40 km or 10 m/ha).
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Comparison of different crops in RLP

Concerning the crop type, the studied field margirBLP showed a different distribution of the width

classes (Figure 3-4E and Figure 3-4F). Arable fieédgins were mostly smaller than 2 m, whereas
vineyards were predominantly 1 to 3 m wide. Orchaapresent a minor land use type compared with
arable fields and vineyards in RLP. The identifiezhard field margins were mostly between 1 to 4 m

wide.

3.4 Discussion

There were considerable differences in the ovenabunt of field margins available in both study
regions. The spatial distribution of linear langse@&lements like grassy margins has been found to b
rather heterogeneous in Europe (van der Zamdeth, 2013). For this reason, the study areas in RLP
and BB might be not representative for Germany laglevcountry but instead exemplify the situation
in regions with intensive agricultural use. An eéglement of the study area to more than 4000 hatmigh
improve the results of the field margin charact¢iora as a greater amount of field margins could be
assessed. Because both study regions were locat@utensively used and rather homogeneous
agricultural landscapes, the study areas coverederous field margins and were assumed to be
representative for the chosen landscapes. Nonsth@temore complex landscapes, an extension of the
study areas might be reasonable. However, as maigiaring of field margins is timeonsuming,

costs and benefits of enlarged study areas showdrisedered.

In RLP, the length of the field margins was morettwaice the value of BB. This can be attributed to
the varying field sizes in these regions because ffirgrgins were associated with the amount of field
edges (Figure 3-2). However, field margins with dttviof less than 3 m were common landscape
features in both study regions. With 85% and 45%heffield margin length, these narrow features
represent a large share of the field margins aveaiiabRLP and BB, respectively. In contrast to BB,

where narrow field margins were of minor significancacerning the field margin area (17%), in RLP
narrow margins form a major part of the field margiea with field margins between 1 and 3 m width

accounting for nearly 60% of the area.

It is known that even narrow grass strips promb&dccurrence of arthropod predators like carabids,
staphylinids, or spiders by serving as overwintghabitat (Thomast al, 1991). Furthermore, narrow
field margins are habitats for phytophagous arthdegike butterflies (Febest al, 1996; Fieldet al,
2007) and grasshoppers (Bundscletlal, 2012). However, because of their width below 3hese
margins are not protected from pesticide input§&byman law, and hence, a large part of the non-crop
habitat next to agricultural sites can be exposegedsticides. Herbicide inputs, for example, can
negatively affect exposed plant species via ine@gasortality, reduced biomass, or suppressed
flowering (Goveet al, 2007; Schmitet al, 2013). Next to the plants, this can have an efiadurther

organism groups like herbivores and pollinatorstt@tlies, for instance, rely on host plants in thei
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larval stage and nectar plants in their adult st&gpeaying field margins with herbicides have been
observed to lead to declines in butterfly abunddfreberet al, 1996). In addition, insecticides can
reduce the survival of caterpillars and can aldecathem sublethally (Longley and Sotherton, 1997,

and references therein).

Species richness (Link and Harrach, 1998;é#lal, 2002) and density (Backman and Tiainen, 2002)
of organisms rise with increasing field margin widdarthermore, it has been shown that sown strips
can increase the plant diversity in adjoining fielslndaries (Marshakt al, 2006). One possible
explanation for these observations is that disturba via agricultural management, like inputs of
fertilizers or pesticides, are reduced with inciregsvidth and distance to the crop, respectively. F
example, pesticide inputs of spray drift decreaitle wcreasing distance to the field edge (Rautnenn
al., 2001) (Table 3-1). However, the width of field gias is not the only crucial factor affecting the
received pesticide input. The crops cultivated djoiaing agricultural sites may also impact species
occurrence in field margins because of differenerigity of pesticide usage, as well as different
application techniques in various crops. In a strefjarding the occurrence of grasshoppers in field
margins of varying width and next to different cspjit could be shown that field margins next to
orchards were rarely used as habitats comparedibeafields or vineyards — even in 20 m wide field
margins (Bundschuét al, 2012). A possible reason for this is that mor&tipeles are used in orchards
and due to the application technique, in whichgésticide spray is blown upward to reach the upper
parts of the trees, a high amount of pesticideshes the field margins even in greater distances
(Rautmanret al, 2001). Next to arable fields, the field margingltenbe smaller than next to vineyards
or orchards (Figure 3-4E and Figure 3-4F). Theigdstinput via spray drift in field margins next to
arable fields is lower compared to both other cgpwyards and orchards) as a result of a downward
directed pesticide application (Rautmaatral, 2001). However, narrow arable field margins carire
high pesticide inputs via overspray. In combinatiath spray drift, 1 m wide cereal field margins can
receive nearly 40% of the appliedfield pesticide input (Schmit al, 2013). In RLP, more than 80%

of the arable field margins were less than 2 m itk are therefore exposed to high pesticide inputs.

Although narrow field margins are almost exclusivefgetated with grasses and herbs, wider field
margins can be also grown with woody structureguifé 3-4C and Figure 3-4D). In both study regions,
the occurrence of such woody elements is rather émpecially in RLP with approximately 2 m/ha.
Such landscape elements can benefit the biodiverkigricultural habitats in various ways. Pollard
and Holland (2006) describe hedgerows as one aitist important non-crop habitats for arthropods
on farmland. Furthermore, they provide food soursbslter, and nesting sites for birds (Hinsley and
Bellamy, 2000) and act as landmarks and shelteveniuting roads for bats (Bougheyal, 2011).

Field margins are assumed to act as corridors geciss movements (Grashof-Bokdam and van
Langevelde, 2005) and, hence, link other (non-tineami-natural habitats and might be crucial for

populations to maintain a high genetic diversitypé&cially in the smakcaled agricultural landscape in
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RLP, grassy field margins form a dense network énléimdscape and might provide suitable corridors
for a range of species. As it has been shown fepgjaeven narrow grassy field margins can benefit the
movement of individuals (Holzschugt al, 2009). Next to wasps, butterflies also use corsidor their
movements (Dover and Settele, 2009), and grasgg stin enhance the butterfly dispersal (Delattre
al., 2013).

3.5 Conclusion

Our analysis demonstrated that narrow field mar@iBsm width) were dominant landscape elements
in the studied agrecosystem in RLP, whereas wider field margins,régaesent the non-target habitat
for terrestrial risk assessment and the followilNR were comparatively rare. This situation might
be similar in further areas under intensive agtigal use in Germany and other EU countries andlgho

be evaluated further.

The current risk assessment for plants defines dargat plant as one that grows in the terrestioal
target habitat (EC, 2002). With many field margmseur study regions (especially in RLP) not fulfiii

the criteria as non-target habitat in Germany (<®ide), the plant community in these field margms i
not protected from negative pesticide effects. $ame is true for arthropods (insects and spiders),
where the so called “ofiield habitat” is represented by the non-targetetdrial habitat. Although
studies indicate a lower species richness and tgarfsdbrganisms in narrow compared to wide margins
(Backman and Tiainen, 2002; Link and Harrach, 1988jrow elements can fulfill crucial habitat and
corridor functions in intensively used agricultul@hdscapes nonetheless because of their widespread
occurrence and the lack of other, high quality teabi To enhance biodiversity in agroosystems,
narrow habitats should be protected from pestitigats, at least in intensified systems, becausethe
landscape elements can represent, as shown isttitig, the majority of the remaining semi-natural
habitats. Furthermore, the proximity of crops drelrtpesticide use pattern should be taken intowatc

when studying plant and animal communities in fralgrgins in agricultural landscapes.

However, the aim of the present study was to giyamtnd characterize field margins especially
concerning their width because RMM for pesticidepahd on the field margin width in Germany.
Nonetheless, other agricultural management opestiiike the application of fertilizer and the maogyi
regime, affect the plant and insect communitieBedd margins as well (Febet al, 1996; Kleijn and
Verbeek, 2000). To improve the quality of (narrofidld margins in intensively used agricultural

landscapes, these factors should also be takeadotmint.
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4 The effects of agrochemicals on Lepidoptera, withcais on moths,

and their pollination service in field margin halé

Paper 2

This chapter presents the author’s final versiothefarticle

Hahn, M., Schotthéfer, A., Schmitz, J., Franke, L& Bruhl, C.A. (2015): The effects of
agrochemicals on Lepidoptera, with a focus on mathd their pollination service in field margin
habitats. Agriculture, Ecosystems and Environm20t.. 153-162.

The published version of this article is availa#iescience Direct, DOI: 10.1016/j.agee.2015.04.002

Abstract — In agricultural landscapes, field margins are pii& habitats for moths and butterflies
(Lepidoptera). However, because of their proxintibyagricultural sites, field margins can be
affected by inputs of pesticides and fertilizers.the present study, we assessed the use of field
margins by caterpillars as habitat. Furthermore,dfiects of realistic field margin input rates of
various agrochemicals on moths, especially on tteierpillar stages, were studied in field, semi-
field, and laboratory experiments. Our monitoriegults indicate that, although caterpillars were
found in field margins, their mean abundance wa$8% lower compared to meadows. In a field
experiment, the insecticide treatment (pyrethréédnbda-cyhalothrin) significantly reduced the
number of caterpillars and only 15% of the sampatgrpillars occurred in the insecticide-treated
plots. Furthermore, the insecticide affected thmmaonity composition of the caterpillars, whereas
the fertilizer treatment slightly increased theecpillar abundance. In laboratory experiments,
Mamestra brassicaeaterpillars were shown to be very sensitive wégrosed to insecticide-treated
leaves (rate that kills 50% of the test caterpliR50) after 48 h: 0.78% of the recommended field
rate; this rate corresponds to the arable sprdtyidput in field margins at a distance of 3—4 mnfr
the crop), and the caterpillars also appeared daddeeding on the treated leaves. In additiorg in
semi-field study, 40% fewer eggs ldadena bicrurismoths were found oS8ilene latifoliaplants
sprayed with the insecticide compared to contrahfd and the flowers of insecticide-treated plants
were less likely to be pollinated by moths. Overtllese studies illustrate that moths use field
margins as habitats and that they can be affecyerkdlistic input rates of agrochemicals. As
caterpillars are important prey organisms and aduiths can act as pollinators, inputs of
agrochemicals in field margins should be reducedamtain biodiversity in agricultural landscapes.
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4.1 Introduction

Agriculture is the most common form of land useurope (Stoatet al, 2009). As a result, a large
portion of European biodiversity can now be foumdgricultural landscapes (Robinson and Sutherland,
2002). Modern agricultural landscapes are ofterjestilto intensified use, which is characterized by,
for example, increased field sizes, decreased diogrsity, a reduced availability of semi-natural
habitats, and high inputs of agrochemicals (petiand fertilizers) in fields (Stoa&t al, 2001;
Robinson and Sutherland, 2002). This intensifiedagament of agricultural sites has negative effects
on biodiversity, such as plants, birds, and inveeges (Wilsoret al, 1999; Stoatet al, 2001). The

loss and degradation of semi-natural habitats iricaliural landscapes and the intensification of
agricultural management are thought to be majaarsfor declines in the abundances of moths (Fox,
2012). For instance, agricultural intensificatiaaslbeen shown to decrease species richness of moths

and abundance of nationally declining moth speici¢ise UK (Merckxet al, 2012).

Moths and butterflies belong to the Lepidopterspecies-rich insect order. Although a large portibn
research on Lepidoptera has focused on butter{fid=wn, 2004), the majority of Lepidoptera
(approximately 90%; Shields, 1989) are classifisdrmths. Field margins are common semi-natural
habitats (Marshall and Moonen, 2002) that are oftsgetated with grasses and herbs. Because tlee larg
majority of caterpillars are herbivores, and a mgjof adult moths (and butterflies) visit flowag
plants, field margins are a potential habitat fepidoptera, especially in agriculture-intensiveioag

in which these elements represent a majority ofi-satural habitats (Hahet al, 2014b). Adult moths
have been found to benefit from extended-widttdfimlargins in terms of the overall species richness
(Merckx et al, 2012) and the abundance of certain species @etfcal, 2009; Merckxet al., 2010),
possibly because of an increased host and neetatralailability (e.g., the results of Pywellal, 2004,

for butterflies). Furthermore, field margins canrgase the connectivity of ‘stepping stone’ habifat
moths (e.g., solitary trees) which may mitigate tlegative consequences of habitat fragmentation
(Sladeet al,, 2013). However, field margins can receive sutighinputs from agrochemicals that are
applied on adjacent agricultural sites via sprafg dr direct overspray (Rautmar al, 2001; de Jong

et al, 2008; Ottcet al, 2013; Schmitet al, 2013) and that might be detrimental to Lepidap{&@inha

et al, 1990; Davist al, 1991; Cilgi and Jepson, 1995; de Jengl. 2008).

Herbicides and fertilizers may influence Lepidoptera changes in host plant abundance, diversity
(Longley and Sotherton, 1997; Fox, 2012), or gydl{ahnet al, 2014a). Insecticides can directly
target juvenile and adult Lepidoptera and caudwlatffects (Sinhat al, 1990; Daviset al, 1991,
Cilgi and Jepson, 1995; Abivarei al, 1998). Furthermore, insecticides can also cauislethal effects

or act as a repellent to moths. These effects diegltor example, avoidance of oviposition on spdaye
surfaces by the adults (Kumar and Chapman, 198t;a@d Pless, 1985; Abivarel al, 1998; Seljasen
and Meadow, 2006) or antifeedant effects agairtstgidlars (Kumar and Chapman, 1984).
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The negative effects of agrochemicals on Lepidaptaight affect other organisms as well. For
example, adults contribute to the transport ofgyolis they visit flowers (Clinebat al, 2004; Alarcon

et al, 2008; Devotet al, 2011) and hence can provide pollination servilceaddition, both caterpillars
and adults are important prey for various organismsh as birds (Wilsoet al, 1999) and bats
(Vaughan, 1997).

We hypothesized that agrochemicals, especiallyctitides, affect Lepidoptera in various ways. One
of the most commonly used insecticide in winter athie Germany (Freiest al, 2008) is Karate Zeon
(Syngenta; active ingredient: lambda-cyhalothrim)pyrethroid with contact, stomach action and
repellent properties. We assumed that this inddeticould reduce the number of caterpillars indfiel
margins due to toxic and antifeedant effects. Furttore, synthetic pyrethroids have been foundto ac
as ovipositional repellent for a moth species (@t Press, 1985), and we presumed that sucheut eff
would reduce the pollination service of a spec@limoth pollinatorfladena bicruri3 whose females

pollinateSilene latifoliaflowers during their oviposition.

To assess if field margins are used as habitatatgypillars and to determine whether moths and the
pollination services are affected by agrocheminplts in field margins, we conducted four studies:
First, we surveyed the occurrence of caterpillasctual field margins. Second, we analyzed thecedf

of realistic input rates of an insecticide, an @de, and fertilizer in field margins on caterpi in a

field experiment. Third, we applied realistic figithrgin insecticide rates on host plants and asdess
the survival and feeding behaviorMmestra brassicaeaterpillars in laboratory experiments. Fourth,
we evaluated the avoidance of insecticide-trealeters by moths regarding pollination and

oviposition in a semi-field experiment.

4.2 Methods

The methods section is divided into four chaptbed tlescribe the design and statistics of eacheof t
four experiments. The aim of the first study (Sat#.2.1) was to assess whether caterpillars akk fi
margins as habitats. It was assumed that agrocheimpits would have a negative effect on catexpill
abundance, and we therefore also sampled meadow®figparison that received no agrochemical
inputs. The subsequent experiments focused onftléets of agrochemicals on caterpillars (Section
4.2.2, field experiment; Section 4.2.3, laboraterperiments) and adult moths (Section 4.2.4, semi-
field study).
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4.2.1 Caterpillars in field margins

4.2.1.1 Study design and sampling methods

Caterpillars were surveyed in cereal field margamsl meadows in the area surrounding Landau,
Germany, using sweep nets (300 sweeps per sitearsect length of approximately 180 m) on sunny
to partly cloudy days when the vegetation was @werall, 14 field margins and twelve meadows were
sampled for caterpillars during an initial samplipigase in May (18 — 26 May 2011). In addition,
caterpillar abundances were assessed in nine dmleamnargins and eleven meadows during a second
sampling period in June (9 — 17 June 2011). Theeyed meadows had a size of approximately 1-1.5
hectares. The field margins were between 1-2 m widhéch is a common margin width in the study
area (Hahret al, 2014b), and were vegetated with grasses and.Herk&ermany, field margins less
than 3 m in width can receive high inputs of pédés from overspray and spray drift because farmers
are not forced to maintain a certain distance fsuth narrow elements during pesticide applications
(Schmitzet al, 2013; Hahret al, 2014b).

If possible, the same field margins and meadowsg werveyed for caterpillars in both sampling phases
(i.e., = six field margins and seven meadows). Hexgf a study site was mown between the first and
the second sampling period and, hence, the veget&eight was inadequate (< 30-40 cm) for

appropriate sampling with sweep nets, another umrgite was chosen.

The sampled caterpillars were identified at theifiahfavel (Carter and Hargreaves, 1987; Porter,7199
Rennwald and Rodeland, 2004; Bellmann, 2009). lear identification of a caterpillar was not

possible, it was reared to an adult state.

In addition to caterpillars, the vegetation of g@mpling sites was also assessed. The detailsof th

identified plant species are presented in the Supghtal Data (Part 1).

4.2.1.2 Statistics

Data for caterpillars in field margins and in meadavere compared for each phase using the Primer
(Version 6) statistical program and the PERMANOVadd-on (Andersoat al, 2008). We conducted
permutational analyses of variance for the anabyfstaterpillar abundance (PerAnova, univariatadat
resemblance matrices: Euclidean distance) andatieepillar communities at family level (PerManova,
multivariate data, resemblance matrices: Bray-€udistance). Each analysis was based on 999

permutations.
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4.2.2 Effects of agrochemicals on caterpillars in a fielgheriment
4.2.2.1 Study design

Caterpillars were sampled during the course ofeld fexperiment with the aim of identifying the
individual and combined effects of repeated agrotbal applications (duration of the experiment:
2010-2012) on the flora (Schmig al, 2013; Schmitzt al, 2014a; Schmitet al, 2014b) and fauna
of field margins. In the experiment, 64 plots (e&m x 8 m) were created within an extensively
managed hay meadow located near Landau, Germargy.plths were assigned to one of seven
treatments (either a single application of fertitigF), herbicide (H), or insecticide (1), or a daimation

of these treatments (F+I, H+l, F+H, F+H+1)), or tantrol (C). Each treatment and the control were
replicated eight times within a randomized blockige (see Schmitet al, 2013, for more details on
the experimental design).

The applications of the agrochemicals and theitiegmion sequences mimicked the field management
of winter wheat fields in the study area with theicommended agrochemical products. Both chosen
pesticides were among the five most commonly usstigides in winter wheat fields in Germany at
the beginning of the study (Freiefral, 2008). The fertilizer and pesticide applicatrates used for the
plots corresponded to the mean input rates folitsteaneter of a field margin directly adjacentdield
(25% of the in-field rate for fertilizer and 30% tife in-field rate for pesticides, see Schnatzal,
2013). The application of the agrochemicals wasdooted as described below in each year of the
experiment (2010-2012).

Fertilizer was applied twice per year in April. fitst, a granular NPK (nitrate, phosphorus, potasi
fertilizer (14% N, Floral Diingemittel, applicatioate: 25 kg N/ha) was applied, and approximatety tw
weeks later a calcium carbonate and ammonium aiteatilizer (27% N; Raiffeisen Markt, application

rate: 25 kg N/ha) was used.

As herbicide, we applied Atlantis WG (sulfonylureecommended field rate 400 g/ha, actual
application rate 120 g/ha, active ingredients][80. g/kg mesosulfuron-methyl, 6 g/kg iodosulfuron-
methyl-natrium, 90 g/kg mefenpyr-diethyl (Safenengpde of action: inhibitors of plant cell division

[e.g., acetolactate synthase], Bayer CropScienue) a year in April.

The applied insecticide, Karate Zeon (pyrethragtommended field rate 75 mL/ha, actual application
rate, 22.5 mL/ha, a.i. lambda-cyhalothrin 7.5 gfhagde of action: non-systemic insecticide with eght
and stomach action, repellent properties, Syngewts sprayed once per year at the end of May or at

the beginning of June.

The pesticides were applied using a purpose-huiltar-assisted experimental field sprayer on wheel
(Schachtner Geratetechnik) equipped with an 8- yspoom and 15 flat-fan TeeJet nozzles (XR 11002-
VS; Schachtner Gerétetechnik).
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4.2.2.2 Sampling of caterpillars

Caterpillars were sampled in the second year ofigheé experiment at the end of May (30 May 2011,
six days after the insecticide application) andhat end of June (27 June 2011; 34 days after the
insecticide application) using sweep nets. On #mepding dates, the sky was sunny, and the vegatatio
was dry. We swept 80 times per plot in May and ti@@s per plot in June (overall 5,120 and 6,400

sweeps, respectively).

An overview of the plant species in each treatnf@sgessed in June 2011) is given in the Suppleimenta
Data (Part 2). Furthermore, the vegetation datgeesented and discussed in detail in Schatital.
(2014).

4.2.2.3 Statistics

The three-factorial design of the study allowedtha consideration of the effects of the threetineat
factors (fertilizer, herbicide, and insecticide) thre caterpillars. Each factor had two levels (6t n
applied; 1: applied). The effects of the factorsenessessed using the Primer (Version 6) prograim wi
the PERMANOVA+ add-on (Andersoet al, 2008). We analyzed the effects of fertilizer, heide,

and insecticide on caterpillar abundance (PerAnomasariate data, resemblance matrices: Euclidean
distance, 999 permutations) and on the caterpdlanmunity at the family level (PerManova,
multivariate data, resemblance matrices: Bray €ulistance, 999 permutations) for each sampling
phase.

4.2.3 Toxic and repellent effects of insecticide-treatexst plants orMamestra brassicae

caterpillars
4.2.3.1 Study design

The aim of these experiments was to assess the aoxi repellent effects of plant material (leaves)

treated with an insecticide against caterpillarthefcabbage mottamestra brassicak.

The English plantairRlantago lanceolatd.., was used as the host plant for the caterpillbegds were

obtained from a commercial seed supplier (Appelklg/amen GmbH, Darmstadt, Germany). The
plants were cultivated individually in 7x7 cm paisth universal potting compost (Compo Sana
Qualitats-Blumenerde, Compo, Munster, Germany)dlinaate chamber (20°C, 16/8 h light/dark cycle)

for approximately ten weeks prior to the starthaf Experimental treatment.

Eggs ofM. brassicaewere provided by the Laboratory of Entomology, \&siggen University and
Research Centre, The Netherlands. After hatchhmycaterpillars were housed in plastic containers

(17x12x5.5 cm; lined with a layer of paper towets absorb moisture) at room temperature
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(approximately 20°C). The caterpillars were fedreated leaves d®. lanceolatauntil they were 14

days old.

The insecticide (Karate Zeon, see Section 4.2.8)applied by dipping the aboveground parts (leaves)
of the potted plants into a beaker filled with thesired insecticide concentration for approximatety
seconds. The plants were treated with the insdetiGit 4%, 2%, 1%, 0.5%, or 0.25% of the
recommended field rate (= 75 ml Karate Zeon/haemadlume 400 L/ha) for the toxicity test. To test
for repellent effects on caterpillars (repellerest), we treated plants with 1% of the recommeffigati
application rate. Control plants were dipped inexdibr both experiments. The plants were left tp dr

and subsequently stored in the climate chamber.

Toxicity test:  The toxicity test was started two hours after insecticide or water treatment of the
plants (when the plant surfaces had dried). Fon egglicate, two fresh leaves of either a treated o
control plant and thre®l. brassicaecaterpillars (14-days old) were carefully introddcinto a
transparent plastic container (diameter 10 cm).demh insecticide rate and the control, the test wa
replicated five times. The test vessels were storedclimate chamber (20°C, 16/8 h light/dark eycl
and fresh leaves (from the treated or controlgkestts, respectively) were provided each day. Mityta
was assessed at 24 h, 48 h, 72 h, 96 h, 120 H,48hd after the test was started.

Repellence test:  The test of the repellence effects on the feedinlyl. brassicaecaterpillars was
started two hours after the insecticide or watgtiegtion to the plants. Twenty 15-day-®tl brassicae
caterpillars were individually transferred into 28nsparent plastic containers (diameter 10 cnth ea
of which contained onB. lanceolatdeaf treated with insecticide (1% of the recomnezhfield rate)
and one leaf treated with water (control). The ialtars were able to choose the leaf on whichetdf
The leaves were assessed for traces of herbiv@4/lat48 h, 72 h, 96 h, 120 h, and 144 h afteste

of the test.

4.2.3.2 Statistics

The LR50-values (LR50: lethal rate 50, i.e., thie that kills 50% of the individuals) at 24 h, 4872
h, 96 h, 120 h, and 144 h of exposure were cakedlasing the package ‘drc’ (Ritz and Streibig, 2005
in R (Version 3.1.0, R Development Core Team, 2014)

4.2.4 Effects of an insecticide on moth pollination aggd-¢aying behavior
4.2.4.1 Study design

We studied the indirect effects of an insecticidaréte Zeon, see Section 4.2.2) on adult mothgtend

pollination services provided by these moths.

As a test plant species, we used the White Cam{@dane latifoliasubsp.alba (Mill.) Greuter &

Burdet). This species is commonly found in distdrbe cultivated habitats (JUrgens, 1996), including
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field margins.Silene latifoliais specialized for nocturnal moth pollination, anthain pollinator is the
mothHadena bicrurisHufn. (Noctuidae), whose caterpillars feed on tbeedbping seeds (pollinating
seed predator) (Kephaat al, 2006).Silene latifoliais a dioecious plant species; hence, self-poltnat
cannot occur because the male and female flowerdeareloped on different plant individuals. The tes
plants were grown from seeds (provided by Appel&d@/5amen GmbH, Darmstadt, Germany) and
cultivated individually in 10-cm pots containingiversal potting compost (Compo Sana Qualitats-
Blumenerde, Compo, Minster, Germany), in a clincatmber (20°C, 16/8 h light/dark cycle). When
the roots of the plants penetrated the pots, elacitt was potted in a 2-L plant container (diametér:

cm) and stored outdoors until flowering startedlé/end female plants were then identified.

In the pollination experiment, we used twelve
female and six mal8. latifoliaplants. The female
test plants were divided into two groups ai
sprayed either with 30% of the field applicatic
rate of the insecticide Karate Zeon (six plants,
unpollinated flowers) or with water (six plants, &
unpollinated flowers) using a hand-operat
OASE, EMS#
Emsdetten, Germany). After the spraying, t

sprayer  (Blumenspriher

plants were stored indoors for approximately

minutes until sunset. The six male plants (e

with at least 20 flowers) were used as poll

donors and remained unsprayed. The test plé
were exposed to natural pollination during ol
night (4 — 5 September 2012) in a semi-fie
design (Figure 4-1). The next morning, ea
female flower was carefully wrapped in gauze
avoid any contact with further pollinators or ses
predators. Nine days later, the seed numbers of
flowers were compared between treated &

untreated plants. Furthermore, we examined

‘ Female plant (sprayed with insecticide)

O Female control plant (sprayed with water)
A Male plant (sprayed with water)

Figure 4-1Design of the pollination experiment with

Silene latifolia plants. There were 36 and 34
unpollinated female flowers on the insecticide-
treated and control plants, respectively.
Approximately 60 min after insecticide application,
the flowers were exposed to natural pollination for
one night.

ovaries of the flowers to search for eggs or cdtarp of the specialized moth pollinatdd.(bicruris)

to assess if the flowers had been used for ovipaosit

4.2.4.2 Statistics

The data were analyzed using Primer (Version Gsoé with the PERMANOVA+ add-on (Anderson
et al, 2008). The treatment (insecticide or control) watuded as a fixed factor and the plant individua

(nested in the treatment) as a random factor. Tlhb/ses focused on the number of pollinated flowers
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(PerAnova, univariate data, resemblance matricaslidean distance, 999 permutations) and on the
numbers of seeds akthdenaoffspring (eggs or caterpillars) per flower (PerMea, multivariate data,

resemblance matrices: Bray Curtis distance, 998ptions).

4.3 Results

4.3.1 Caterpillars in field margins

Overall, in the cereal field margins, 68 (4.9 +,0rian + SE per site) and 105 (11.7 £ 1.6) caterpll
were recorded during the study phases in May and, Jespectively, while in the meadows 139 (11.6
+2.6) and 199 (18.1 + 3.6) caterpillars, respetyivwere sampled. The caterpillars of the fieldgies
and meadows could be classified into nine and skareities, respectively; Noctuidae and Geometridae

were the most abundant groups in both habitatsi(Eig-2).
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Figure 4-20verall mean caterpillar abundance + SE (A) andmwderpillar abundance per family (B) in the
sampled field margins (Masei 14, Nohasez 9) and meadows (hsei 12, Nohasez 11). Families with very low
caterpillar numbers were pooled (others: Crambiti@speriidae, Lycaenidae, Nymphalidae, and Pieyidae

Overall, the caterpillar number was smaller in fiedd margins compared with the meadows,
significantly in phase 1 (PerAnova; p = 0.018) hottin phase 2 (PerAnova; p = 0.141). The community
composition of the lepidopteran families differéghificantly between the two habitats for both s
(PerManova, phase 1: p = 0.002; phase 2: p = 0(&#dyre 4-2).

In general, fewer species of flowering plants waesent in field margins compared to meadows (phase
1: field margins: 8.6 + 0.9; meadows: 11.5 + 110age 2: field margins: 10.2 + 0.9; meadows: 13.1 +
1.2).

34



Effects of agrochemicals on Lepidoptera — Paper 2

4.3.2 Effects of agrochemicals on caterpillars in a fielgheriment

On the first and the second sampling dates, 76anchterpillars were counted, respectively. Overall
the plots that had received an insecticide treatiwene characterized by low numbers of caterpillars
(Figure 4-3).
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Figure 4-3Mean caterpillar number + SE per plot and treatnf@ntB) in the field experiment (treatments: C:
control, F: fertilizer, H: herbicide, I: insecti@dF+H, F+I, H+l, and F+H+I; N = 8 replicates peratment) and
total number of caterpillars per family per treatméC, D). (A, C) represent sampling date 1 (= §sdafter
insecticide treatment) and (B, D) represent sargpdiate 2 (= 34 days after insecticide treatmerainikes with
low caterpillar numbers were pooled (others; (Churticidae; (D): Erebidae, Lycaenidae, Nymphalidae,
Pterophoridae, and Tortricidae).

The results of the PerAnovas confirmed that thedtiside treatment reduced caterpillar abundance

significantly, both at six and at 34 days after leggpion (PerAnova; sampling Llinfcticiee = 0.001,

sampling 2: psecicige= 0.001). Herbicide treatments did not resultrig significant effect on caterpillar
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abundance at either sampling date (PerAnova; sag\plipericice= 0.322, sampling 2:poicide= 0.437).
The fertilizer addition slightly increased the cptlar abundance for the second sampling date but
showed no effect during the first sampling (PerAayasampling 1: giizer = 0.171, sampling 2:rdailizer

= 0.039).

Regarding the composition of the caterpillar faes]ithe insecticide treatment caused significdatef
(PerManova; sampling LinRcicide= 0.001, sampling 2:ieciicice= 0.001) due to the strongly reduced
caterpillar numbers in the families Geometridae lndtuidae (Figure 4-3). Furthermore, the fertilize
(F) treatment showed an effect on the caterpitbanmunity in the first sampling (PerManova; sampling
1. Periizer = 0.022, sampling 2: aiizer = 0.257) which could be attributed to higher numsbef
Geometridae (treatments without F (N = 32): 0.66.26; treatments with F (N = 32): 1.00 + 0.20
caterpillars per plot; mean + SE) and Noctuidagh@it F (N = 32): 0.28 + 0.10; with F (N = 32): 8.3
+ 0.13 caterpillars per plot). The herbicide treatitrhad no significant effect on the compositiothef
caterpillar community (PerManova; sampling deidze= 0.453, sampling 2:hghicice= 0.647).

4.3.3 Toxic and repellent effects of insecticide-treatexst plants orMamestra brassicae

caterpillars

From the toxicity test, the results demonstrat¢ tiha insecticide affecteldl. brassicaecaterpillars at
low application rates. For example, the LR50 valtier 48 h was 0.78% of the field rate (Confidence
Interval (ClI): 0.58 - 0.99%).
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Figure 4-4 (A) LR50 values (black dots) and confidence int&v@ars) of 14-day-oldMamestra brassicae
caterpillars fed with insecticide-treated leavear@e Zeon, pyrethroid) for 24 h to 144 h. N = plicates per
treatment, with 3 caterpillars per replicate. (BpE choices of 15-day-old caterpillars at 24 h4d h after their
introduction into test vessels. N = 20, with on&eggaillar per replicate. ‘only C': caterpillars fexhly untreated
control leaves; ‘only I': caterpillars fed only less treated with 1% of the recommended field rénansecticide
(Karate Zeon); ‘C and I': caterpillars fed untrehtend insecticide treated leaves; ‘none’: no fegdibead

caterpillars are not included.
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The LR50 values decreased with increasing time46% (Cl: 0.29 — 0.62%) after 144 h (Figure 4-4A).

All caterpillars in the control group survived (rtedity controi 0%0).

In the feeding behavior experiment (repellence)t¢ise caterpillars only occasionally fed solely on
insecticide-treated leaves. The caterpillars pripnded either on the control leaves or their diet

consisted of a mixture of both treated and untcebgaves (Figure 4-4B).

4.3.4 Effects of an insecticide on moth pollination aggdidaying behavior

The treatment with the insecticide resulted irgaiicant reduction in the number of pollinatediers
perS. latifoliaplant (PerAnova, p = 0.004). Approximately 30%t# insecticide-treated flowers were
not pollinated and, hence, developed no seeds gabeaill of the control flowers produced seeds @abl
4-1). In addition, a multivariate analysis thatlined the number of seeds per flower and the number
of Hadenaoffspring indicated a significant difference beémehe insecticide treatment and the control
(PerManova, p = 0.005Hadena bicrurisfemales only oviposited single eggs on the flowersl
overall, the number oHadenaoffspring (eggs or caterpillars) was reduced bwarlye 40% on
insecticide-treated plants compared with contrahtd (control: 18; insecticide: 11; Table 4-1). We
recorded approximately 30% more seeds in the aoiohflowers of insecticide-treated plants (control
206 seeds; insecticide: 269; Table 4-1).

Table 4-1Results of the pollination and oviposition expenrheith Silene latifoliaplants.

ControP Insecticidé@
Flowers
Overall number of flowers 34 36
Pollinated flowers 34 26
Pollinated flowers per plant ([%]; mean + SE) 1000 72+6
Seeds
Seeds per flower (mean + SE) 206 + 25 194 + 28
Seeds per pollinated flower (mean + SE) 206 + 25 269 + 27
Seeds per plant (mean + SE) 1243 + 267 1164 + 212
Hadena eggs and caterpillars
Overall number oHadenaoffspring 18 11
Hadenaoffspring per flower (mean + SE) 0.5+0.1 0.3£0.1
Hadenaoffspring per plant (mean + SE) 3.1+0.7 1.8+0.5

a Control: 5 plants with 6 flowers each and 1 plaithw flowers (= 34 flowers)
b Insecticide: 6 plants with 6 flowers each (= 38fers)

¢The calculations of the numbers of seedsadenaoffspring per plant are based on 6 flowers pentpli the case of the
one control plant that held 4 flowers, the numi{@dsl seeds andHadenaegg per 4 flowers) were increased by 50% (1,367
seeds and 1.Hadenaeggs, respectively) to be comparable to the gifats with 6 flowers.
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4.4 Discussion

4.4.1 Caterpillars in field margins

Caterpillars depend on the availability of hostnpgafor their development, whereas many adult
Lepidoptera feed on nectar. Field margins are comebements in agricultural landscapes and provide
habitats for various plant species (Joenje andiKI&D94; Hamre and Austad, 1999; Tagnal, 2002).
Hence, field margins represent potential habitatsatlult and juvenile Lepidoptera (e.g., Febétal,
1999), and wider field margins have the potentiahtrease the abundance and species richnesslof ad
moths (Merckset al, 2009; Merckxet al, 2012). Though the occurrences of adult butesfind moths

in field margin habitats have been recorded inoteristudies (e.g., Boutet al, 2011; Febeet al,
1996; Dover, 1999; Fieldt al, 2005, 2007; Kuussaaat al, 2007; Merckxet al, 2009; Merckxet al,
2010; Merckxet al, 2012), less information is available for theitarpillars (e.g., Febet al, 1999).

In our first experiment, we sampled caterpillarscéreal field margins to determine whether these
elements are used as habitats for the developniematterpillars. Overall, we found caterpillars from
nine families (Figure 4-2). However, as field maggtcan be strongly affected by the management of
the adjoining agricultural site, which we hypotlzesi could influence the occurrence of caterpilhaes,
also sampled caterpillars in meadows, which repiteadess disturbed semi-natural habitat element.
Compared with the meadows, the field margins hadbarsmaller number of caterpillars (Figure 4-2).
There are three factors that could contributeitodhservation. First, the abundance of catergitauld

be affected by differences in habitat size. Meadprewide a greater patch size compared with field
margins, and certain studies have found a pogsitveelation between patch size and population tiensi
for insects (Connoeet al, 2000, Krauss et al. 2003). Nonetheless, connechetween density and area
are probably species specific; they depend on mogracharacteristics (e.g., Bowman et al. 2002,
Hamback & Englund 2005), and there seem to berdiffees between specialists and generalists (Krauss
et al. 2003). Second, a linear shape of a halatabe associated with a reduced number of indilsdua
(Ewers and Didham, 2007) because linear elemergs {eld margins) have a higher ratio of edge to
interior and, hence, pressure from edge-relatedstrs (e.g., predation or parasitism, see Pag&d,) 1
might be more important than in non-linear habitatg., meadows). Third, field margins are exposed
to inputs of agrochemicals that might affect catlerpabundances either directly or indirectly (Eebt

al., 1996; Longley and Sotherton, 1997). Possibleréudieffects include changes in the abundance,
diversity, or quality of host plants; for instanees found fewer flowering plant species in fieldrgias

compared to meadows.
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4.4.2 Effects of agrochemicals

To assess the effects of agrochemicals (fertilirerbicide, and insecticide) on caterpillars, their
abundance and community composition were studiditlich experiment plots, which received single

or combined applications of these three agrochdmisae Section 4.2.2).

4.4.2.1 Fertilizer

The application of fertilizer tended to increase #bundance of caterpillars in the plots (Figu®.4-
Studies on the effects of an increase in nitrogeals on the abundance and development of herlsivore
including Lepidoptera, found positive (Wheeler atalpern, 1999; Haddaet al, 2000; Butleret al,
2012) and negative effects (Fischer and Fiedled02&ulaet al, 2014). Such differences between
species may depend on their adaption to incredaseden levels in host plants (Kuda al, 2014) or to
changes in microclimate caused by advanced plawtgr (WallisDeVries and van Swaay, 2006).
Possible explanations for the higher caterpillambars in the fertilized plots could be (1) that the
additional supply of nitrogen increased the hoanhptjuality for certain species (Haddetdal, 2000)

or (2) that the fertilizer inputs altered the comition of plant communities (Schmigt al, 2014a),
thereby promoting the occurrence of certain plaecges (Boatman, 1994; Inouye and Tilman, 1995;
Schmitzet al, 2014a) that might be beneficial to the herbivatlest rely on them. However, the
responses of plant species to fertilizer inpute asry, and a number of smaller species tend to be
overgrown by grasses (Kleijn and Snoeijing, 19%hrfitz et al, 2014a). When evaluating the effects
of fertilizer inputs over several years, fertilizgas found to reduce plant species richness (Keigh
Snoeijing, 1997; Schmitet al, 2014a) and, hence, fertilizer inputs may decrélseabundance and
diversity of caterpillars and other herbivores &l WWe assessed the effects of fertilizer on galtar
abundance and community composition in the secead gf the field experiment in which the plant
community composition had not been altered in raspdo the fertilizer treatments (Schmitzal,
2014a). However, a year later (in 2012), the ptambmunity of a plot receiving a fertilizer treatnben
could be clearly distinguished from that of a cohplot (see the results for the community compoisit
analysis in Schmitet al, 2014a), which could possibly also lead to charigghe occurrences and

abundances of caterpillars.

4.4.2.2 Herbicide

In addition to fertilizers, plants can also be eféel by herbicides (Kleijn and Snoeijing, 1997; i&ith

et al, 2014a). These effects include not only letha¢@# but also sublethal effects, such as reductions
in flowering and seed production (Schrretzal, 2014b). As a result, herbicides can change thsitye

of individual plant species as well as the compmsibf the plant community and, furthermore, the
resources that the plants provide for herbivoras @oilinators (Schmitzt al, 2013; 2014a; 2014b).
Although lethal effects directly diminish the awdillity of host plants, decreased flowering might
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reduce the nectar resources for adult Lepidopterdecreased seed number could affect not only
lepidopteran species, which feed on seeds durgigdbvelopment (e.gH. bicruris), but also diminish
the abundance of plant species in the future (Sehehial, 2014b) and thereby negatively affect the
Lepidoptera that rely on these species as cat@rpibbsts. Moreover, sublethal herbicide application
rates might reduce the quality of host plants ande higher mortality rates or prolonged develogmen
times for herbivores (Kjeer and Elmegaard, 1996;Hatal, 2014a). Nonetheless, there were no
significant effects of the herbicide applicatiomsoaterpillar abundance detected in the plotsefiid
experiment. One reason might be that herbicidetsfi@n the host plant quality (Hakhal, 2014a) and
plant resources appear to be rather species-speaifd their identification would most likely recgii
another sampling method that would allow the assess of individual host plant species with their
associated caterpillars. However, although indigidplant species displayed herbicide effects even
during the first year of the field experiment, chas in the plant community composition were first
apparent in the third year (Schmégt al, 2014a). Accordingly, effects on caterpillars niglssibly

also be detected at this time.

4.4.2.3 Insecticide

The most marked effects on caterpillar abundandeeammunity structure in the field experiment were
caused by the insecticide. In plots receiving a&edticide treatment, the abundance of caterpilas
extremely low compared with plots receiving no oisede application (Figure 4-3). Significant
reductions in caterpillar numbers were even reabidtlging the second sampling period, nearly five
weeks after the insecticide application. Theretaepossible explanations. First, the insecticided)

a pyrethroid, might be directly toxic to the caitbaps at lower concentrations than the recommended
field rate. To obtain further insight into this topwe assessed the effects of leaves treatedhatiame
insecticide used in the field experiment (Karaterjeon the survival of 14-day-oll. brassicae
caterpillars. The caterpillars exhibited a high tality rate even at low insecticide rates. The LRalie

(48 h) forM. brassicaecaterpillars was approximately 0.78% (= 0.059igha') of the recommended
field rate. This amount of pesticide input wouldwoicat a distance of 3-4 m from the applied agtical
field in an arable spray drift scenario (Rautmanml, 2001). Other studies have also confirmed that
caterpillars can be highly sensitive to insectisideor example, Cilgt al. (1995) detected toxic effects
of deltamethrin deposits on cabbage leavePieris brassicaeaterpillars at rates of 0.19% of the field
application rate (= 0.012 g a.i."'Ha Pyrethroids can also have ovicidal activitieaingt lepidopteran
eggs (Tysowsky and Gallo, 1977; Gist and Pless5)198 the field experiment, the insecticide was
applied at 30% of the recommended field rate. Ewbf the low LR50 values fo¥l. brassicae
caterpillars in the laboratory assessment, thedtggieran offspring (eggs and caterpillars) in the
insecticide-sprayed plots might have died from aontwith the sprayed plant surfaces, but more

information on the toxic effects on other categpibpecies would be necessary to prove this theory.
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Second, certain pesticides, including pyrethro@® known to repel caterpillars and adult moths
(Kumar and Chapman, 1984; Gist and Pless, 1984, BRB91; Abivardiet al, 1998). To test for such
effects on caterpillars, we observed the feedirtpti@r of M. brassicaecaterpillars when they were
forced to choose between leaves treated with 1%h@®frecommended field rate of a pyrethroid
insecticide and untreated control leaves. The péies in the feeding experiment did not comphetel
avoid the insecticide-treated leaves, but they apgukto prefer insecticide-free leaves (Figure 3-4B
which indicates minor antifeedant effects. In caseshich the caterpillars had fed on both leaves,
appeared that more plant material had been const@imedthe untreated leaves, but this was not
quantified during the experiment. However, the addiof untreated leaves in the test systems isecta
the survival of theM. brassicaecaterpillars. In the toxicity test, the mortalitythe 1% treatment was
approximately 75% after 48 h, whereas only 25%hefdaterpillars died after the same amount of time

in the feeding experiment.

In addition to the effects on caterpillars, we drsduded experiments that assessed the effedtisof
insecticide on adult moths. For female Lepidoptérta,choice of an oviposition site is a particylarl
crucial event because caterpillars are rather iniieabd thus depend on a suitable host plant (Reawi
and Chew, 1994). Therefore, females typically asbeth the physical and chemical characteristics of
a plant prior to oviposition (Renwick and Chew, 4R%ertain lepidopteran species have been observed
to avoid oviposition on insecticide-treated sura@i€umar and Chapman, 1984; Gist and Pless, 1985;
Seljasen and Meadow, 2006). Thus, in the field exgnt, the reduced caterpillar numbers in the
insecticide-treated plots might also result frordueed oviposition by the adult females. To tess thi
hypothesis, we assessed the egg deposition of rftdthscruris) in a semi-field experiment usir)
latifolia plants (see 2.4). There were approximately 40%efddv bicruris eggs on the insecticide-
treated flowers, indicating thetadenamoths avoided oviposition on insecticide-treatediérs. Hence,

the low caterpillar numbers in the insecticide-teegplots of the field experiment might result naty

from the toxic effects of the insecticide but disom the repellent effects on the adults.

4.4.3 Insecticide effects on the pollination $fiene latifolia

In addition to the lethal or sublethal effects oatins and their offspring, insecticides can alsecff
pollination and the seed number $f latifolia flowers. Overall, flowers of. latifolia sprayed with
insecticide were less likely to be pollinated congplawith flowers of control plants. Pollinationas
important service in ecosystems, and approximaédp of angiosperm plant species rely on animal
pollination (Ollertonet al, 2011). Little information is available concernitige role of moths as
pollinators in ecosystems (Clinebell al, 2004; Alarconet al, 2008; Devotecet al, 2011), although
moths have been observed to carry pollen of varast species. However, if deterrent effects of
insecticides reduce the probability that flowerdl Wwe pollinated, this could negatively affect the

biodiversity of agro-ecosystems, but more datanapessary to confirm this hypothesis.
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We recorded approximately 30% more seeds in thaptdd flowers of the insecticide-treated plants
than in the control (Table 4-1). This increase mighcaused by the longer foraging time of thdinigi
moths on the sprayed flowers (see Labouche andaBeoni, 2010), as a reduced number of flower
visitors might result in an increased availabibfynectar at each flower. The higher seed numb#ran
pollinated insecticide flowers compensated forrdduced overall number of pollinated flowers (Table
4-1, see seeds per flower and seeds per polliriEedr) and, hence, we would not expect negative
consequences fd. latifolia populations in the field if female plants wereas@d with the applied
insecticide (Table 4-1, seeds per plant). Indeethe case 08. latifolia the reduced oviposition &f.
bicruris and the associated reduction in seed predatidhégaterpillars might even have beneficial
effects on the reproduction of the plant speciesvéier, moths exhibit strong temporal fluctuations
their abundance and community composition (Deedtal, 2011), and long-term observations and the

consideration of other plant species are thus sacg$o gain further insight into this topic.

4.5 Conclusion

Field margins are an important habitat for mothsagricultural landscapes and are used as a
developmental habitat for caterpillars, but fieldrgins are also exposed to inputs of agrochemicals.
Overall, our experiments illustrate that mothsaffected by low and realistic rates of agrochensigal
various ways. Insecticides can have particulargrgt negative effects on Lepidoptera, acting |éghal
on the offspring or as repellents to deter ovipasiby adult females. Herbicides and fertilizerginti

affect the availability and quality of host plants.

Caterpillars are an important food source for higlgews, and various invertebrates. Hence, negativ
effects on their abundances most likely influentkep species. Furthermore, a reduction in the
pollination service provided by adult moths miglsioehave an impact on plant species. For this reaso

field margins should be protected from any inpuagfochemicals.
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4.7 Supplemental Data

Part 1

Table 4-2Herbs assessed on the sampling sites (field maogimeadows) in phase 1 (18.-26. May 2011). xtpla
occurred on the site. Grasses were not identiiedause some sites had been mown.

Field margins Meadows
1 2 3 4 5 6 7 8 9 1011 12 13 14(1 2 3 4 5 6 7
Achillea millefolium agg. X X X X X X X
Anthriscus sylvestris X
Bellis perennis X
Capsella bursa-pastoris X X X X
Centaurea cyanus X X

Phase 1
9 10 11 12

X X X |oo

Cirsium arvense X X X X X X X X X X X X|X X X X X X X X X
Convolvulus arvensis X X X X X/ X X X X X X X X X

Crepis biennis X X

Daucus carota X
Equisetum arvense X X X X X X

Galium mollugo agg. X X X X X X X X X X X X X X X
Galium verum X X X

Geranium molle X
Heracleum sphondylium X X
Hypericum perforatum X X
Hypochaeris radicata X X X

Knautia arvensis X X X

Lathyrus aphaca X

Lathyrus pratensis X

Lathyrus tuberosus X X
Leucanthemum vulgare agg. X X X X X X X X X
Lotus corniculatus X X X X X X X X
Matricaria discoidea X X X X X X
Matricaria recutita X X X
Medicago lupulina X X
Medicago sativa X X X
Melilotus officinalis X
Onobrychis viciifolia X X X X
Papaver rhoeas X X X
Plantago lanceolata X X X X X X X X X X X
Plantago major X X X X X X X X

Polygonum aviculare X X X X X X X X X X X X X X
Potentilla anserina X X
Potentilla reptans X
Ranunculus acris X X X X X X
Ranunculus repens X
Rhinanthus alectorolophus X X

Rosa corymbifera X X

Rubus fruticosus agg. X X X X X
Rumex crispus X X X X X
Salvia pratensis X
Securigera varia
Silene vulgaris X X
Sisymbrium officinale X X X

Sonchus oleraceus X X X X X
Stellaria graminea X X
Symphytum officinale X
Taraxacum sect. Ruderalia X X X X X X X X X X X X X X

Tragopogon pratensis X X X

Trifolium pratense X X X X X X X

Urtica dioica X X X X | X X
Veronica filiformis X X X X X X X
Vicia angustifolia X
Vicia cracca X X X X X X

Summarized speciesnumber|{10 14 7 10 10 7 12 3 12 5 11 5 9 6|14 8 13 13 10 9 11 20 12 8 13 7
mean +SE 8.6+0.9 11.5+1.0

X X X X
x
x
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Table 4-3Herbs assessed on the sampling sites (field maogimeadows) in phase 2 (9.-17. June 2011). xtplan
species occurred on the site. Grasses were ndifiddnbecause some sites had been mown.

Field margins Meadows
2 4 5 9 11 14 15 16 171 2 5 7 8 9 11 13 14 15 16
Achillea millefolium agg. X X X X x|x x X X X X X X
Agrimonia eupatoria X
Anthriscus sylvestris X
Bellis perennis X
Capsella bursa-pastoris X X X X
Centaurea cyanus X X X X X X X X X
Cirsium arvense X X X X X X | x X X X X X
Convolvulus arvensis X X X X X X X X X X X X
Crepis biennis X X X
Daucus carota X X
Equisetum arvense X X x| x X X X X

Phase 2

Galium mollugo agg. X X X x| x X X X X X X X X X
Galium verum X X X

Geranium molle X
Heracleum sphondylium X
Hypericum perforatum X X X
Hypochaeris radicata X X X

Knautia arvensis X

Lathyrus aphaca X

Lathyrus pratensis X X
Lathyrus tuberosus X X
Linaria vulgaris X
Lotus corniculatus X X X X X X
Matricaria discoidea X X X X X
Matricaria recutita X X X X X X
Medicago lupulina X X
Medicago sativa X X

Onobrychis viciifolia X
Papaver rhoeas X X
Plantago lanceolata X X X X X X X X X X X X X
Plantago major X X X X X X X X X
Polygonum aviculare X X
Potentilla anserina X X X
Potentilla reptans X X
Ranunculus acris X X X X X X X X
Ranunculus repens X X
Rhinanthus alectorolophus X

Rubus fruticosus agg. X X X X
Rumex crispus X X X X X X X X
Salvia pratensis X

Securigera varia X
Silene vulgaris X
Sisymbrium officinale X X X
Sonchus oleraceus X X X X X
Symphytum officinale X
Taraxacum sect. Ruderalia X X X X X X X X|x x X X X X X X X
Tragopogon pratensis X | x X

Trifolium pratense X X X X X X X X
Trifolium repens X X
Urtica dioica X X X X X X
Veronica filiformis X X
Vicia cracca X X X X X X X

Vicia hirsuta X

Vicia sativa agg. X
Summarized speciesnumber 9 13 6 9 9 9 9 15 13 14 8 13 13 10 9 11 12 20 14 20
mean *SE 10.2+0.9 13.1+1.2
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Part 2

Table 4-4Plant species assessed in the plots of the figldréxent in June 2011*. x: plant species occurrikimv
the plots. Treatments: C: Control, F: Fertilizer, Hterbicide, I: Insecticide, F+H, F+I, H+l, F+H+N = 8 plots
per treatment.

C F H | F+H F+l H+l F+H+
Achillea millefolium agg. X X X X X
Ajuga reptans X X X X X
Alchemilla vulgaris agg. X X X
Calystegia sepium X X X X X X X
Cardamine pratensis
Cerastium fontanum X X
Cirsum spec. X X X X X X X X
Crepis biennis X
Equisetum arvense X X X
Galium mollugo agg. X X X X X X X X
Glechoma hederacea X X X X X X X X
Heracleum sphondylium X X X X X X X X
Hypericum perforatum X X X X X X X X
Hypochaeris radicata X
Lathyrus pratensis X X X X X X X X
Leucanthemum vulgare agg. X X X X X X X
Linaria vulgaris X X X X X
Lotus corniculatus X X X X X X
Lychnis flos-cuculi X X X X X
Lythrum salicaria X
Plantago lanceolata X X X X X X X
Prunella vulgaris X X X
Ranunculus acris X X X X X X X X
Ranunculus lanuginosus X X
Ranunculus repens X X X X X
Rhinanthus alectorolophus X X
Rosa arvensis X X X
Rubus fruticosus agg. X X
Rumex acetosa X X X X X X X
Silene nutans X
Stellaria graminea X X
Symphytum officinale X
Taraxacum sect. Ruderalia X X
Tragopogon pratensis X
Trifolium pratense X X X X X
Trifolium repens X X
Urtica dioica X X X X
Valeriana officinalis
Veronica chamaedrys X X X X X X X X
Vicia hirsuta X
Vicia sepium X X X X X X X X
Summerized species number
per treatment 28 27 28 27 26 28 27 23
Mean species number £3Eper| 1, 5, 5 7 15.940.4 15.6£06 18011 15.840.9 15.9+0.7 17.0£09 153£0.5
plot and treatment

* Details on the vegetation characteristics are ptesented in Schmitt al (2014): Agrochemicals in field margins — An expental field
study to assess the impacts of pesticides antiZersi on a natural plant community. Agric. Ecos¥stviron. 193, 60-69
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5 Effects of herbicide-treated host plants on theetigyment of

Mamestra brassicak. caterpillars

Paper 3

This chapter presents the author’s final versiotnefarticle

Hahn, M., Geisthardt, M. & Brihl, C.A. (2014): Efts of herbicide-treated host plants on the
development oMamestra brassicak. caterpillars. Environmental Toxicology and Chsiny,
33(11): 2633-2638.

The published version of this article is availaiié&Viley Online Library, DOI: 10.1002/etc.2726

Abstract — Herbicides are widely used pesticides that affdsmts by changing their chemistry. In
doing so, herbicides might also influence the gualitplants as food for herbivores. To study the
effects of herbicides on host plant quality, 3 ppeciesPlantago lanceolata.., P. majorL., and
Ranunculus acri&.) were treated with sublethal rates of eitheulionylurea (Atlantis WG, Bayer
CropScience) or a glyphosate (Roundup LB Plus, Moty herbicide, and the development of
caterpillars of the cabbage md#tamestra brassicak. that fed on these plants was observed. Of
the 6 tested plant—herbicide combinations, 1 coatlin R. acris+ sulfonylurea herbicide) resulted

in significantly lower caterpillar weight, increaseuine to pupation, and increased overall
development time compared with larvae that wereuesprayed plants. These results might be
caused by a lower nutritional value of these hdettp or increased concentrations of secondary
metabolites that are involved in plant defense. fEselts of the present and other studies suggest
potential risks to herbivores that feed on hosntslareated with sublethal rates of herbicides.
However, as the effects of herbicides on host gaatity appear to be species-specific and as there
are numerous plant—herbicide—herbivore relatiorssimagricultural landscapes, a general reduction
in herbicide contamination of non-target habit&g field margins) might mitigate the negative
effects of herbicides on host plant quality.
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5.1 Introduction

As primary producers, plants are an essential coemtoof terrestrial ecosystems. However, as modern
agricultural production is aimed at optimizing crgipld, non-crop plant species in croplands areroft
controlled by herbicides, to limit competition withops for resources (Freemark and Boutin, 1995) or
to inhibit the occurrence of pest organisms (Narid Kogan, 2005). Herbicides are the most fredyent

used class of pesticides worldwide (Cooper and bokz007).

The widespread use of herbicides has been assbeidtenegative effects on wildlife in treated field
and, as a result of herbicide spray drift, in agljgaon-crop habitats such as field margins (Frelema
and Boutin, 1995; Wilsort al, 1999). For example, the abundance and diversiflamts can be
reduced through herbicide treatments (FreemarkBanuin, 1995; Stoatet al, 2001). In addition, as
each plant species interacts with numerous otremiap (Nentwig, 2000), for example, acting as afoo
source (to pollinators and herbivores), herbicidas also influence species at higher trophic levels
(Freemark and Boutin, 1995; Wilsat al, 1999). The abundance of herbivores may decréaieiii
host plants are lethally affected by an herbicgke(Longley and Sotherton, 1997, for such effetts o

butterflies).

Sublethal effects of herbicides on plants migho aisgatively influence herbivores. Herbicides &ffec
biochemical processes in plants (Freemark and BoL&95), such as electron transport and amino acid
synthesis. For example, glyphosate inhibits an mezgf the shikimate pathway (Duke and Powles,
2008), and sulfonylurea herbicides inhibit acetiaige synthase (Drobmgt al, 2012). Both enzymes
are necessary for the synthesis of some amino acigants. As amino acids and proteins are crucial
to the development of herbivores (and other orgasis herbicide-treated plants may not meet the
dietary requirements of herbivores. In additiorrbi@des cause stress in plants and can inducesgene
involved in plant defense (Pasqetrl, 2006). Many plants can synthesize secondary roktady such

as glucosinolates, as defense mechanisms that etaya be toxic to herbivores (Ahugh al, 2010;
Kjeer et al, 2001). Accordingly, some plant secondary metédmlisuch as pyrethrum, are also used as

insecticides (Glynne-Jones, 2001).

Therefore, even if a plant is not killed by an heide, it might nonetheless become unsuitable s le
nutritious to herbivores. The few studies that ®om the effects of herbicides on host plant qualit
have yielded mixed results. The observed respansksde no effects (Kjeer and Heimbach, 2001),
increased numbers of aphid®hpppalosiphum maidigitch], Hemiptera) and heavier corn borer pupae
(Ostrinia nubilalis[Hubner], Lepidoptera) on herbicide-treated maizants (Oka and Pimentel, 1976),
reduced longevity of caterpillars of the soybearpkr Pseudoplusia includerjsvalker], Lepidoptera)

on soybean plants (Agnellet al, 1986a), and extended development times and rddeceale egg
numbers of the green dock beetaétrophysa viriduldDegeer, Coleoptera) on the broad-leaved dock
Rumex obtusifoliuk. (Speight and Whittaker, 1987). In an extensitugly, Kjger and EImegaard (1996)
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treated black bindweedP6¢lygonum convolvuluk.) plants with sublethal rates of chlorsulfuramda
then introduced larvae of the leaf-eating be&kestrophysa polygoni. (Coleoptera). The larvae
showed up to 80% mortality on those plants recgitite highest herbicide dosage and highest number
of larvae. Although the herbicide was not direttlyic to the larvae, the authors argue that thégeds
might enhance an herbivore-induced plant respdfjser(@nd Elmegaard, 1996). In general, aphids and
other species living in meristematic tissues appeaespond positively to herbicide-treated plants,

whereas foliar feeders (and other feeding guilelsii tto be negatively affected (Kjatral, 2001).

The Lepidoptera, a species-rich insect order, emsitive to pesticides (Dovet al, 1990; Longley and
Sotherton, 1997), and some species also appeardffdrted by herbicide-treated host plants (Agnell
et al, 1986a; Agnellcet al, 1986b; Oka and Pimentel, 1976). In the preseulyst3 host plants of the
foliar-feeding cabbage motfiamestra brassicak. (Lepidoptera) were treated with sublethal ratkes

2 herbicides, and the developmentbfbrassicaecaterpillars into adult moths was observed.

5.2 Methods

Moths

The mothM. brassicael.. (Lepidoptera, Noctuidae) is widely distributdaloughout Europe and Asia
(Ahuja et al, 2010). The moth eggs used in the present studg wevided by the Laboratory of
Entomology, Wageningen University and Research €erithe Netherlanddvlamestra brassicae
caterpillars are polyphagous and feed on varioussn@ee examples in Ebert, 1998; Raal, 2000,
2001), such as dandelidmraxacum officinalagg. Wiggers, which was accepted as a food piaikt.b
brassicaecaterpillars during their development. In the présstudy, caterpillars were fed freshly
sampled, untreated leaveslofofficinaleuntil 4 d of age. During this time, the caterplavere housed

at room temperature (~20 °C).
Plants

Three host plant species bf. brassicae English plantairPlantago lanceolatd.., greater plantain
Plantago major.., and common buttercupanunculus acri&., were cultured from seeds provided by
a commercial seed supplier (Appels Wilde Samen)RAacrishas a relatively low germination rate
compared with the Plantagospecies, its germination was triggered by platirgseeds in a 0.1%
solution of the plant hormone gibberellic acid (GA® 24 h at 4 °C before sowing.

Seeds of the test species were sown in plastiacars (13-cm diameter) containing a 3-mm- to 4-mm-

thick layer of cotton wool soaked with water anthger of moist filter paper. The containers were

covered with plastic wrap to prevent evaporatiod atored in a climate chamber (25 °C, 12:12-h,

light:dark cycle). After germination, the seedlingsre planted in multipot plates (pot diameter 3 cm

filled with potting compost (Compo Sana Anzucht- Ugrdutererde, Compo). When the roots of the

plants penetrated the pots, each seedling waddres to separate 10-cm pots containing universal
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potting compost (Compo Sana Qualitats-Blumeneradengd). The plants were then returned to the
climate chamber (25 °C, 80% humidity, 16:8-h, ligatk cycle) for approximately 8 wk and fertilized
once a week with NPK-fertilizer (Gartenkrone UnserDunger flissig NPK 7+3+5, green partners
international) at the recommended dosage (25 ntilizer/8 L water; product information Gartenkrone
Universal Dinger). On the day of caterpillar hatcfiplants of each test species were randomly elivid
into 3 groups: unsprayed (for the control treatnesprayed with the herbicide Roundup LB Plus
(Monsanto), or sprayed with the herbicide Atla& (Bayer CropScience). To avoid contact between
plants and herbivores before the start of the exjgat, the plants were maintained indoors, and the

herbicide was applied in a laboratory fume hood.

Each plant had approximately 10 to 6 [anceolaty, 6 to 9 P. majol), or 7 to 10 leaveR. acrig at

the beginning of the experiment (see Supplemerdgd.OPart A for representative photos).
Herbicides and the testing process

We tested the effects of 2 herbicides: Roundup LB Rglyphosate; recommended application rate
5000 mL/ha, active ingredient 360 g/L glyphosatell &tlantis WG (sulfonylurea; recommended
application rate 400 g/ha, active ingredient 3@gtiesosulfuron-methyl, 6 g/kg iodosulfuron-methyl-
natrium, 90 g/kg mefenpyr-diethyl [safener]). Wenad to avoid lethal effects of the herbicides an th
test plant species (at least over the 14 d follgwiaatment), but the herbicide treatments wereebepol

to cause slight sublethal herbicide effects, suclthdorosis or reduced growth. Therefore, we used
application rates of 10% of the recommended field far Atlantis WG and 3% of the recommended
field rate for Roundup LB Plus (for results of pms dose—-response tests; see Supplemental Ddta: Par
B).

A custom-made, air-assisted experimental field sprégchachtner Geratetechnik) was used to spray
the herbicide onto the test plants. The sprayeregagpped with a spray arm with 4 110° flat-fan hezz
(Teedet XR 11002-VS, Schachtner Geratetechnik).sphay-arm was positioned in a laboratory fume
hood approximately 50 cm above the potted plantsictordance with the label recommendations of
both herbicides, we used a spray volume of 400 fdhahe application (operation pressure 3.5 bar).
We also visually confirmed the homogeneous depasibiothe spray over the plant surfaces. For
calibration, pots (7 cm x 7 cm, 49 cm?, not filledhwsoil) were sprayed with water and weighed to
confirm that an adequate volume of water was appliétdr herbicide application, the plants were left

to dry before being transferred back into the clerehamber.

The number of replicates per group was 23 plant$fomajor (no = 69 plants), 20 plants fd?.
lanceolata(rowa = 60 plants), and 22 plants far acris(neta = 66 plants).
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Four days after the caterpillar hatching and t A B acryic glass cylinder

nozzle
gauze rubber band

\__/

they were not weighed at the beginning of the te ~*

_ ' Figure 5-1Caterpillar test system. In a first step (A),
After caterpillar transfer, the upper portion ¢ the plants were sprayed with herbicide at the Hay t

each test system was carefully closed off w caterpillars hatched. Four days later (B), an acryl
glass cylinder was placed and fixed on each plant po

herbicide application, acrylic glass cylinders we

caterpillar

placed on the plant pots, and 1 caterpillar w
transferred to each plant by using a fine hair per
(Figure 5-1). We only used motile caterpillars olant

typical size (indicating typical feeding behavior

As young caterpillars can be sensitive to handlii  plant pot

gauze and a rubber band. and a caterpillar was carefully introduced in the
] system. The cylinder was then closed off with gauze
Data collection and a rubber bar

Caterpillars were weighed using an electronic preni balance (Mettler AT261 DeltaRange) after

complete consumption of the first replicate of thst plant species. If a control plant was consumed
first, caterpillars from the control and both heidec treatments were weighed. They were then
individually maintained in plastic boxes (10 cm xm x 5 cm) and fed untreated, fréBhofficinale

leaves until pupation.

If a plant of either herbicide treatment (Roundup Rlus or Atlantis WG) was consumed first, only
caterpillars of that herbicide treatment and thetr treatment were weighed. Thereafter, the
caterpillars of the herbicide treatment were tramsfl to plastic boxes and f@d officinaleleaves,
whereas the control caterpillars were returnetiégr host plants. After complete consumption ohfda

of the remaining herbicide treatment or the contrehtment, the caterpillars of both treatmentsewer
weighed (yielding weights of control caterpillats2adifferent ages), individually transferred tagtic

boxes, and fed. officinaleleaves.

This approach ensured that the caterpillars cautin as long as possible on their test plants.dvew
as a result, the caterpillars of the herbicidetineat that had been removed from their food plants
several days before the caterpillar controls welg compared with the control in terms of categpill

weight.

Day of pupation, pupal weight, and day of eclosieere also recorded. Mortality was monitored
throughout the experiment. Caterpillars were careid dead if they did not complete development
(e.g., failed to pupate or died during hatchingw@esgo). Caterpillars were also classified as deteeif
could not be found within the confined test systéRigure 5-1B) after 9 d to 17 d (weighing of the
caterpillars) and if the plants showed minimal éoavidence of herbivory. Because of their smak siz
the bodies of dead caterpillars could not be foonce they dropped onto the soil, particularly &t th

younger development stages.
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Statistical analysis

Statistical analyses were performed using the pragPAST (Version 1.95) (Hammet al, 2001).
Most data were not normally distributed; in suckesa nonparametrical statistical tests were coreduct
Mann—Whitney tests were used to compare betweszathients (control and an herbicide treatment).
The Kruskal-Wallis test was used to test for ddferes among all 3 treatments (herbicide treatments
and the control treatment). If the Kruskal-Walksttyielded a p value < 0.05, Mann—-Whitney tests

pairwise comparisons with Bonferroni correction eonducted as post hoc tests.

5.3 Results

In the present study, 6 plant—herbicide combinatiwere tested (3 plant species x 2 herbicides). The
weights ofM. brassicaecaterpillars reared on 5 of these combinatiédhddnceolataboth herbicides;

P. major both herbicidesR. acris Roundup LB Plus) did not differ significantly frothose of
caterpillars feeding on untreated plants. The pdlars from 2 of these treatmentB.(lanceolata
Roundup LB PlusP. major Roundup LB Plus) were removed from their plargfoke those of the
control treatments; therefore, the data from tieseatments were not further analyzed statisticall
The remaining 3 combinationB . (lanceolata Atlantis WG;P. major. Atlantis WG;R. acris Roundup

LB Plus) showed no differences in time to pupatjupal weight, time from pupation to eclosion, or

overall development time (Table 5-1).

However, caterpillars reared éh acristreated with the herbicide Atlantis WG showed gigantly
lower weights (Kruskal-Wallis test with Mann—Whiyneest post hodR. acris p (control-atiantis) < 0.001)
and were smaller than controls (Figure 5-2). THeg axhibited a longer time to pupation (Kruskal—
Wallis test with Mann—Whitney test posthdg, acris p (control-atantsy = 0.003) and a longer overall
development time (Kruskal-Wallis test with Mann—\ely test posthodR. acris p (control-Atantis) =
0.031) than caterpillars fed untrea®dacrisplants. Moreover, they exhibited higher mortatityring
development, particularly during the caterpillamph. Six of 22 caterpillars (~ 30%) died withindL7
on the Atlantis WG-treateR. acrisplants, whereas only 1 (less than 5%) died orctmrol plants

during the same period (Table 5-1).
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Table 5-10verview onMamestra brassicadevelopment in different treatmehts

ControP Roundup Atlantis WG

Ranunculus acri¢N per group = 22)

Caterpillars age when caterpillars were weighte 21 days 21 days 21 days
number of caterpillars alive 21 19 16
weight (mean * SE [mg]) 153.1+24.9 168.7 + 31.5 143122,:

Pupae number of pupated caterpillars 21 19 15
pupation age (mean = SE [days]) 35.2+0.7 345+0.8 41.3 £ 1.4**
pupation weight (mean = SE [mg]) 431.4 £ 10.3 397.2+11.1 422.0+12.2

Eclosion number of hatched moths 21 18 13
time span as pupa (mean * SE [day 23.2+04 22.8+0.4 23.0+£0.3

overall development time (mean = SE [days]) 58,4+0,8 57.1+£1.0 64.1+1.7*

Plantago lanceolatgN per group = 20)

Caterpillars age when caterpillars were weighte 13 day8 20 day$ 13 days 20 days
number of caterpillars alive 19 19 19 18
weight (mean * SE [mg]) 25.7+4.6 2231 = 33.4+54 308.6 +59.4

Pupae number of pupated caterpillars 18 18 17
pupation age (mean = SE [days]) 33.7+x14 29.8+1.1 33.1+£2.0
pupation weight (mean = SE [mg]) 412.3+115 389.3+11.2 4125+12.9

Eclosion number of hatched moths 16 18 17
time span as pupa (mean * SE [day 21.9+04 21.0+0.3 226 +0.5

overall development time (mean = SE [days]) 55.9+1.7 50.8+ 1.8 55.7+2.4

Plantago major(N per group = 23)

Caterpillars age when caterpillars were weighte 15 day8 20 day$ 15 days 20 days
number of caterpillars alive 23 23 20 19

: 65.4 + 305.0 £
weight (mean = SE [mg]) 115 441 61.8+15.0 310.1+39.1

Pupae number of pupated caterpillars 22 19 17
pupation age (mean + SE [days]) 319+1.1 33.2+19 321+£1.0
pupation weight (mean = SE [mg]) 409.7 £ 8.9 408.7 +11.1 430.7+13.3

Eclosion number of hatched moths 22 17 15
time span as pupa (mean * SE [day 222+04 235+1.4 23.1+0.6

overall development time (mean * SE [days]) 54.1+1.2 56.9+ 2.0 55.1+1.3

a Significant differences to the control are markedrey (Kruskal-Wallis test with Mann-Whitney pbet test, Bonferroni

corrected) ***:p < 0.001, **:p < 0.01, *:p < 0.05.

b Control: Caterpillars were fed untreatBdnunculus acrisPlantago lanceolataor P. major plants. After they had been

removed from their host plants, they were fed wig@Taraxacum officinaléeaves.

¢ Roundup: Caterpillars were fed test plants treatiéd Roundup LB Plus (3% of the field rate). After yiead been removed

from their host plants, they were fed untreafedfficinaleleaves.

d Atlantis WG: Caterpillars were fed test plants teelawith Atlantis WG (10% of the field rate). Aftdrey had been removed

from their host plants, they were fed untreafedfficinaleleaves.

eCaterpillars of control plants were weighted in fiatavith caterpillars of herbicide treated plarifplants of both herbicide
treatments were completely consumed at differemtdi control caterpillars were returned to theprapriate host plants after
the first weighing until plants of the second heidé¢ treatment (or the control) were also consurmbis approach resulted in

two values for the control caterpillars (at differages) feeding oRlantagoplants.

f This endpoints could not be compared along withrgdlars of the control because caterpillarshef Roundup LB Plus

treatment were fed. officinaleleaves earlier than the caterpillars of the cdrigee e).
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Figure 5-2Sizes of 21-d-oldMamestra brassicaeaterpillars after feeding on untreatdnunculus acriplants
(n = 22) andR. acrisplants sprayed with the sulfonylurea herbicidelgAtis WG, 10% of the recommended
application rate, n = 22) for 17 d.

5.4 Discussion

The present study evaluated the effects of 2 hiddsan the quality of 3 different host plants aadf
resources for a moth specidd. (brassicag Even without herbicide treatment, there werghtli
differences among the 3 host plant treatmentsydney overall development time (54 d for caterpdla
feeding onP. majorT. officinaleto 58 d forR. acridT. officinalg. These differences might indicate
different suitabilities of the test plant speciesN!. brassicagsee also Metspalet al, 2013), possibly
because of differing nutritional content or cherhidefense mechanisms. These differences in
development times were confirmed in subsequent rigetiists with the 3 test plant species (see
Supplemental Data, Part C). Regardless of whé&hacristends to extend the development timé/of
brassicaerelative to thePlantagospecies, the mortality of caterpillars feedinguwnreatedrR. acris
plants was low (Table 5-1).

Five of the 6 plant—herbicide combinations had fiects on the variables measuredMn brassicae
caterpillars (Table 5-1). These findings are in edaoce with those of Kjeer and Heimbach (2001), who
found no effects of herbicide-treated host plamt$ alifferent insect species, including the catlens

of a butterfly species.

However, the development time of caterpillars fegdon R. acris treated with the sulfonylurea
herbicide was significantly longer (by 10%; an ageraf 6 d) than that of caterpillars feeding on
untreatedR. acrisplants. Mortality in the former group was approately 40% by the end of the present
study (mortality in the control group: < 5%). Tleshanced mortality could not have been the re$ult o
a direct toxic effect of the sulfonylurea herbicidecause those caterpillars feedingRorlanceolata
plants treated with the same herbicide did not simoneased mortality (Table 5-B, lanceolata No.

of caterpillars alive). Kjeer and ElImegaard (1996jilarly found that the survival of leaf-eating ltles
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(Gastrophysa polygohion herbicide-treated host plantBolygonum convolvuliswas reduced,

although the herbicide was not toxic to the hertdvo

Caterpillars feeding oR. acrisplants treated with the sulfonylurea herbicideansmaller and weighed
less than those reared on untreated plants (TableFgure 5-2). There are 3 possible mechanisms
underlying this result. First, the plant’s nutrigmntent may have been altered by application ef th
herbicide. Sulfonylurea herbicides inhibit the emey acetolactate synthase, thereby blocking the
synthesis of amino acids (leucine, valine, anceigoihe) and affecting protein synthesis (Drokhwl,
2012). Leucine, valine, and isoleucine are esdemti@no acids for animals including insects (O'Brie
et al, 2005); therefore, a lack of these amino acidddcbe detrimental to the development Mf
brassicaecaterpillars. Second, the herbicide treatment mrilgtrease the expression of plant defense
mechanisms. Sulfonylurea herbicides have been wixbe¢o trigger the expression of defense-related
genes in wheat plants in laboratory tests andarfighd (Pasqueet al, 2006). Kjeeret al.(2001) found
higher amounts of secondary plant metabolites yliketsociated with plant defense (phenolic
compounds) in the leaves of plants treated withlsylurea herbicide. Plant secondary metabolites
can negatively affect herbivores via toxic or régad@l effects. Plant tissueskgf acriscontain ranunculin,

a substance that can be transformed into the fmimanemonin, which is known to negatively affect
livestock as well as several insect species (Seeivgl, 2012). Third, this effect might be further
intensified, as sulfonylurea herbicides inhibit tttensport of assimilates and can increase the
concentrations of chemicals produced in leavest(Ba&set al, 1990). Therefore, there might be higher
concentrations of ranunculin and other secondanalnadites in the leaves of herbicide-treated plants

which could contribute to higher mortality and sewdevelopment of caterpillars.

Caterpillars are preyed on by a number of organisgiading birds, shrews, and various invertebrates
(Fox et al, 2006; Wilsonet al, 1999). If herbicides prolong caterpillar develaprtime, it may
increase their risk of predation. However, the itesaf studies often differ between controlled lediory

and uncontrolled field conditions (Kjaet al, 2001), and it is therefore also necessary tdoegffects

in the field, such as changes in caterpillar devek time. Nonetheless, the results of the presgady
and other laboratory studies (Kjeer and Elmegaa®@dg6)l indicate potential risks of herbicides to
herbivores. To date, these effects have been stlitlle, possibly because the responses are spéifi
the herbivores, host plants, and herbicides inteqpreand vary with environmental conditions (Kjetr
al., 2001). For example, in Germany, there are apprataly 3500 Lepidoptera species (Karsholt and
Razowski, 1996), 4200 flowering plant and fern spe¢Wisskirchen and Haeupler, 1998), and more
than 580 registered herbicide products (BVL, 20T4iis situation yields a vast number of possible
combinations, making it difficult to estimate theeoadl risks of 1 or more herbicides to herbivorous
insects. Therefore, it might be important to protem-target habitats, such as field margins, tormae

the potential risks to herbivorous insects and if@ddThis may be particularly prudent considerthgt

the herbicide rates applied in the present andr gthalies (Kjeer and Elmegaard, 1996; Kjeer and
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Heimbach, 2001) are within the magnitudes of réaligerbicide input rates in field margins. Next to
an arable field, the pesticide inputs as a resudpody drift are approximately 3% of the applieddfie
rate at a distance of 1 m from the field edge (Raotret al, 2001). In addition, parts of field margins
can be oversprayed, leading to higher input r&esexample, within the first meter of a field margin
bordering a cereal field, the mean pesticide inpatexceed 30% of the field rate (see Schetital,
2013, for more details and a figure). Kjeer and Elmaed (1996) found that the sprayingRaflygonum
convolvulusplants with 33% (= 1.32g active ingredient/ha)tbé recommended field rate of a

chlorsulfuron herbicide reduced the survival ofdeatingGastrophysa polygorieetles.

In Germany, field margins can be narrow (often 1 m-Blahret al, 2014); therefore, a high proportion
of available field margin habitats likely receivespieide inputs and at least some of the inhabijilagt
species are likely sublethally affected. In cortttasour experiment, in which caterpillars were fed
untreatedr. officinaleleaves after consuming herbicide-treated testglaaterpillars in field margins
cannot switch to uncontaminated food, which miginplfy the potential negative effects. As field
margins are a major, semi-natural habitat typegrcaltural landscapes and are inhabited by many
herbivorous insects, further research is needeth@mombinations of plants and herbivorous insects

found in these habitats.
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5.6 Supplemental Data

Part A: Plants used in the caterpillar test

Figure 5-3 Representativ®lantago lanceolatdA), P. major(B), anc
Ranunculus acr (C) plants one day before their herbicide applicat
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Part B: Previous dose-response-tests

Test design:

We conducted dose-response tests for the planiesjptiantago lanceolataP. major, andRanunculus
acris to decide which rates of the 2 herbicides (AtgitiG, Roundup LB Plus) should be used in the
main test. The test plants should not be lethdflscted by the herbicide treatment (at least olerlt4
days following treatment), but the herbicide treatits were expected to cause slight sublethal hdebic
effects, such as reduced plant biomass, reducedlymr chlorosis. We measured several endpoints
(e.g., mortality, biomass, number of leaves, plenigth) and some of them are presented in the

following figures. Calculations and figures weredeaising R (Version 3.1.0, R Core Team 2014).

Results:
Overall, mortality for all test plant species wagher in the Roundup LB Plus treatments than in the
Atlantis WG treatments (Figures 5-4 to 5-6). In moases, biomass tended to be a more sensitive

endpoint than mortality.
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Figure 5-4 Some results of the dose-response experimentsthétiplantPlantago lanceolataAt the tes
beginning, the plants had1® leaves. The figures show mortality 14 and 28d&fter treatment (DAT), a
biomass 28 DAT for the herbicides Atlantis WG arauRIup LB Plus. Application rates: 1%, 3%, 10%, 3
and 100% of the recommended field rates (appliatiolume 400 L/ha). Replicates per herbicide
application rate: 6 plants. White dots: mean mityta@lr mean biomass per application rate; blacls doR5C
values (mortality 14 and 28 DAT) or EC50 values(bass 28 DAT) with 95% confidence intervals.
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Figure 5-5 Some results of the dose-response experimentshethlantPlantago major At the test beginnin
the plants had 3-5 leaves. Further informatiorré@vided in the description of Figure 5-4.
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Figure 5-6 Some results of the dose-response experiments thdthplantRanunculus acrisAt the tes
beginning, the plants had 4-7 leaves. Further médion is provided in the description of Figure.5-4
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Part C: Development times ofMamestra brassicae (L.) feeding on different (herbicide-free) plant

species

Test design:

Mamestra brassicaeaterpillars (4 days old) were carefully placed3uantreated host plant species
(Plantago lanceolatgN = 20),P. major(N = 23), andRanunculus acrigN = 22); one caterpillar per
plant). The test design was the same as descmbte iMethods section of the main document, with
one exception: After the caterpillars had completeinsumed their plants and had been transferred in
plastic boxes, they were fed exclusively with uateel leaves of their previous test plant speci¢is un

they pupate. The overall development time untilatelt eclosion was noted.

Results:
Caterpillars feeding oR. acrishad a significantly higher development time a®gallars feeding on

P. lanceolataandP. major(Figure 5-7).
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Figure 5-7Development time dflamestra brassicaBom hatching to adult eclosion by feeding oneliént host
plants:Plantago lanceolatddevelopment time = 52 + 6 days; mean + 835 18),P. major(54 + 9 daysN =
18), andRanunculus acri§s8 £ 5 daysN = 20). Dots represent outliers. *f*< 0.001, *p < 0.05; Kruskal-Wallis
test with Mann-Whitney pairwise comparisons as Ipostests (results Bonferroni corrected).
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6 The secret pollinators - an overview of moth paition with a focus

on Europe and North America
Paper 4

This chapter presents the author’s final versiothefmanuscript

Hahn, M. & Brthl, C.A. (subm.): The secret polliaet — an overview of moth pollination with a

focus on Europe and North America.

Abstract — Pollination is a crucial plant-animal interactionecosystems. Moths (Lepidoptera) are
a widespread and species-rich group of flower aisit In this article, information on moth
pollination, particularly for Europe and North Anea, is summarized. Plant and moth species
connected via pollination interactions were ideatiffrom the literature, and information on the
relevance of moth pollination in various ecosystemsluding agro-ecosystems, was compiled.
Overall, 227 pollination interactions between mo#ml flowers were found, including certain
specialized relationships of plants with pollingteeed predators. Most of the interactions could be
attributed to the moth families Noctuidae (90 iat#ions, 56 species) and Sphingidae (85
interactions, 32 species), and to the plant fagi@echidaceae (109 interactions, 22 species) and
Caryophyllaceae (59 interactions, 16 species). teidinformation was available on the role of moth
pollination in natural ecosystems (6 studies).elimperate agro-ecosystems, moths are most likely
not essential to the pollination of crops; howeteey can contribute to the pollination of non-crop
plants, which is crucial to maintaining biodiveysit agro-ecosystems. In general, the role of moths
as pollinators appears to be underestimated beamlgea few studies on moth pollination are
available, and long-term research focusing on extesys is necessary to address temporal

fluctuations in their abundance and community cositjmm.
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6.1 Introduction

Flower pollination is an essential aspect of repotidn for a number of plant species, and it ofadies

on animal pollinators (Kearret al,, 1998; Pott®t al, 2010; Willmer, 2011; Abrol, 2012). Frequently,
there is a mutualistic relationship between a péantt its pollinators, with plants providing pollines
with resources, such as food in the form of neatat/or pollen, and pollinators transporting pollen
grains from stamens to stigmas (Kevan and BakeB83;1®evan, 1999, and references therein).
Approximately 87% of the angiosperm plant spec@keftonet al, 2011) are dependent on animal
pollination, with insects providing a major part ifis service (Kearngt al, 1998). Declines in
pollinators (e.g., Biesmeijegt al., 2006) have alarmed scientists and raised questiegarding the
stability of ecosystem functions as well as foodusiy (e.g., Allen-Wardelet al, 1998; Kluser and
Pedizzi, 2007; Pottset al, 2010; however, see also Ghazoul, 2005). Furthernthese declines have
raised awareness that species other than honey(Apissmelliferd, which are considered as main
pollinators within many agricultural systems (Kesaet al, 1998), may also play an important role in
the pollination of crops and wild plants (Buchmaammd Nabhan, 1997; Allen-Wardedt al, 1998;
Abrol, 2012) and that a high diversity of pollinegccan buffer the effects of environmental changes

regarding pollination service (Brittagt al, 2013).

Butterflies and moths belong to the species-riateoiLepidoptera. Overall, approximately 180,000
Lepidoptera species are currently described (Hamuah Wittmann, 2009), and they account for
approximately 10% of all known insect species (Wv@l, 2011). Lepidoptera have been recognized as
one of the most common group of flower visitors (ikn 1898, in Willmer, 2011). Many lepidopteran
adults either depend on nectar or benefit fronmitske (increased longevity or reproduction, Calienz
and Erhardt, 2013; Mevi-Schiitz and Erhardt, 2005; Arx et al, 2013); however, not all lepidopteran
flower visitors are pollinators. Although it is kwa that several Lepidoptera species touch stanmahs a
can transfer pollen (e.g., Courtnetyal,, 1982), limited investigations have been perforneedetermine
their function as pollinators. Available researchtbis topic has predominantly addressed butterflie
(e.g., Levin and Berube, 1972; Coates, 1977; Jetererl984; Murphy, 1984; Subba Reddi and Meera
Bai, 1984; Balasubramanian, 1990; Blathal, 2006), although butterflies account for apprcadety
10% of Lepidoptera (Shields, 1989). The majorityLejpidoptera can be classified as moths with
predominantly crepuscular or nocturnal lifestylsnetheless, butterflies have traditionally atedct
the most attention from collectors and hobbyistewiN2004), and a number of moth species are
considered less attractive to collectors and mdffeewt to observe because of their small size and

nocturnal activities; thus, their pollination sewihas rarely been studied.

Nevertheless, moths are mentioned to play a ropmilination services in ecosystems (e.g., Ebal
2012, Merckxet al 2012), but to our knowledge, there is no overvigthis topic available until now.

For this reason, we have identified plant and nspiécies connected via pollination interactions from
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the literature, including the special case of palling seed predators, with a focus especially othm
pollination in Europe and North America. Furthermowre have provided information on the relevance

of moth pollination in natural and agricultural egetems.

6.2 Moth pollination

An extensive literature search using the literatiagbase 1S| Web of Knowledge has been performed
to study the occurrence and relevance of mothralbn in Europe and North America. The search
terms [(pollination OR pollinator*) AND (moth* ORdpidoptera) NOT (Australia* OR Africa* OR
Tropic*)] resulted in 2,838 hits, which were caifuscreened by reading the title and abstract. In
addition, various terms were searched via Googl®Iac (e.g., “moth pollination agriculture”, “moth
pollination Europe”). The references of interesiiagers were also searched for further articlenath
pollination. Overall, more than 300 articles andk® focused on moth pollination and associated

themes were found.

To obtain an overview of moth pollinators and pwllied plant species in Europe and North America,
we searched the available literature for pollimatigeractions, mostly at the species level (mpttees,
plant species). Studies focusing on moth pollimatidthout listing the interacting species were not

included.

The following section is divided into two parts) the identification of moth-flower interactions an

species basis with moths acting as pollinators(ahthe role of moths as pollinators in ecosystems.

6.2.1 Moth pollinators and pollinated plant species

Moths are common flower visitors, and hundredst#riactions between moths and plant species have
been identified (e.g., Ebert, 1994). However, flowsitors may not necessarily provide a pollinatio
service (Subba Reddi and Meera Bai, 1984; VenatesBarrows, 1985; Pettersson, 1991; Kevan,
1999). Therefore, this review only considers stsidie which a moth-flower interaction resulted in a
pollen load on the moth body, a deposition of polieiring a flower visit, or the production of seeds
after a flower visit. Hence, a number of studiesraith pollination were not included (some inforroati
from, e.g., Grant, 1983, 1985; Catling and Catlit@Q1) if the listed moth-flower interactions didtn
clearly meet the above criteria. In the speciaksasf pollinating seed predators, the occurrence of
offspring (eggs or caterpillars) was also acceptedn indication of pollination. Occasionally, moth
species were named as pollinators based on refsseaainpublished data. This information has been
included in this review but is marked in the Suppatal Data (Appendix Il, chapter 10.1).
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2 Noctuidae Noctuidae
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Figure 6-1Results of the literature search indicating thecsgsenumber of (a) pollinating moths and (b) peaitad
plants per family as well as the number of assepsélthation interactions for (c) moth families afd) plant
families. Details on the pollination interactionsdathe underlying studies are listed in the Suppleiad Data
(Appendix II, chapter 10.2).

According to our research, 227 pollination intei@ts between moth species and plant species have
been documented in the literature (Figure 6-1) s€hiteractions include 129 moth species in 7 famil
(Figure 6-1, Appendix II). Most of the pollinatianteractions can be attributed to Noctuidae (90
interactions, 56 species) and Sphingidae (85 iatierzs, 32 species). However, moths of other fasjli
including Microlepidopterans, are responsible f6#®20of the interactions. In general, pollination by
settling moths has been studied less intensivelypeoed with that of hawkmoths (Sphingidae),
although settling moths are considerably more dvéAtwater, 2013; Okamoto et al. 2008). In tropica
ecosystems, numerous tree and other plant speeiadapted to hawkmoths as their primary pollirsator
(e.g., Haber and Frankie 1989), whereas settlintpsnmight be effective pollinators in regions where

hawkmoths are less common (Okamoto et al. 2008).
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We identified 61 plant species in 14 families fdri@h moths might play a role in pollination (Figure
6-1, Appendix IlI). Moth pollination was observedtime families Orchidaceae (109 interactions, 22
species) and Caryophyllaceae (59 interactionsp#&6iss). The breeding system and the pollination of
orchids have received attention in research (€atling and Catling 1991; Argue 2012), and
Lepidoptera are known to be the primary pollinatafrsrchids of the subfamily Orchidoideae (Catling
and Catling, 1991). Certain orchids are highly sggdezed to moths as pollinators, such as the enelauly
western prairie fringed orchidPlatanthera praeclarpfor which the only known pollen vectors are
certain hawkmoth species (Westwood and BorkowsB8§42Borkowsky and Westwood, 2009; Argue,
2012, and references therein). Orchid pollen isroftresented in pollinia, which can be attached to
specific positions on the body of visiting mothspecially on parts without scales, such as the eyes
the proboscis (e.g., Maad and Nilsson, 2004). Bexatf these defined pollinia positions, moths can
carry the pollen of different orchid species withbwybridizing the plants. Furthermore, the pollinia
position and form attached to moths can be usédettify visited orchids, even if the visits weretn
directly observed or moths were trapped using lighps. In this case, it is also possible to obtain

information on pollination by examining museum spems (e.g., Nazarov and Buchsbaum, 2004).

In addition to orchids, approximately 55% of they@gphyllaceae studied by Kephattal (2006) were
pollinated by Lepidoptera, especially moths. Anragke of a well-studied plant is white campion
(Silene latifolig Caryophyllaceae), a species native to Eurastawha introduced to North America
approximately 200 years ago (Barthelmesal, 2006; Bernascormt al, 2009). The use of this plant
by American as well as European pollinators has saedied extensively (Jirgeesal, 1996; Young,
2002; Barthelmesst al, 2006; Castilleet al, 2014).

The interest of scientists in the pollination $f latifolia (and certain other plant species, see next
paragraph) extends to interactions with pollinatseged predators, which are also called nursery
pollinators (Kepharet al, 2006). The nursery pollinators pollinate floweh®wever, females also
oviposit in or on flowers, and the hatched catéapslfeed on seeds (Burkhagdtal, 2009). Therefore,
the interactions between nursery pollinators aed tiost plants function as model systems for theys

of co-evolutionary mutualism (Kephaet al, 2006). In general, the relationship between emyrs
pollinators and plants can range from mutualisnpaoasitism depending on the amount of seeds

consumed by the caterpillars as well as the ocooerand efficiency of co-pollinators.

Research on moth nursery pollinators has focusdid@groups (Table 6-1): (1) yucca moths and yucca
plants, (2) senita moths and senita cacti H@cephalamoths and trees of the family Phyllanthaceae
(especiallyGlochidiontrees), (4HadenaandPerizomamoths and plants of the family Caryophyllaceae
(especiallySilenespecies), and (3yreyamoths and certain plant species of the geiith®phragma
AlthoughEpicephalamoths and their pollinated Phyllanthaceae plantsal occur in Europe and North
America, these interactions are briefly descrilved@able 6-1.
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Table 6-1Moth nursery pollinators and associated plants.

Interaction between Moth-plant Co- Information on pollination References

relationship pollinators
Yucca plantsYuccaand obligate, no [1] Female yucca moths actively gather polleth distribute it on the stigma [1,3]. [1] Pellmyr, 2003; [2]
HesperoyuccaAgavaceae) and  mutualistic [1,2] The pollen load of the femalkegeticula yuccasellaan constitute 10,000 grains and Pellmyr and Segraves, 2003;
yucca mothsTegeticulaand 10% of the female’s body weight [4]. [3] Dodd and Linhart, 1994;

ParategeticulaProdoxidae) [4] Pellmyr, 1997

Yucca moths only lay a few eggs per flower andddwerpillars do not consume the
complete seeds [1].

Senita cactil{ophocereus predominantly  yes [6,7] Senita moths actively pollinate the flosvs,6]. [5] Fleming and Holland,
schottii Cactaceae) and senita  obligate, Under certain circumstances, senita cacti cankmsullinated by bees; however, the 1998; [6] Holland and
moths Upiga virescens mutualistic [5- pollination efficiency of senita moths is greatempared with other co-pollinators ~ Fleming, 1999; [7] Holland
Crambidae) 7] [6,7]. and Fleming, 2002
Seed damage by growing caterpillars was observee 21% [6].
Phyllanathceae arfpicephala obligate, no [12] According to estimates, more than 500 gg=eof Phyllanathceae are actively [8] Kawakita, 2010; [9]
moths (Gracillariidae) mutualistic [8] pollinated byEpicephalamoths [9]. Kawakita and Kato, 2009;
The obligate mutualistic relationships demonstragé degrees of specialization, [10] Kawakita and Kato,
although not always one-to-one relationships [8,1D, 2006; [11] Zhangt al, 2012;

Studies of thre&lochidiontree species revealed that 20-54% of the seedamem [12] Katoet al, 2003
intact after infestations bgpicephalamoths (and other seed predating, non-pollinating
moths) [12].

Silenespecies and allied facultative, yes [13-19] FemaleladenaandPerizomamoths do not actively sample pollen. [13] Pettersson, 1991; [14]
Caryophyllaceae (e.ddianthug  mutualistic to Male H. bicruris moths have also been observed to provide poltinatenefits ir. Jirgenset al, 1996; [15]
and (1)Hadenamoths antagonistic latifolia plants [20]. Westerbergh, 2004; [16]
(Noctuidae) or (2Perizoma [13-19,21] Kephartet al, 2006; [17]

The seed consuming caterpillars can damage 0%0% 1J the seeds per flowers; ; i L
therefore, the relationship can range from mutuoatis parasitism [16,17,21]. Gimenez-Benavidest al,
2007; [18] Kulaet al, 2014;

In S. latifolig fruit abortion is discussed as a potential cdntrechanism to reduce [19] Reynoldset al, 2012;
seed predators [22]. [20] Labouche anoi '

Bernasconi, 2010; [21] Bopp,
2003; [22] Burkhardet al,

moths (Geometridae)

2009
Lithophragmaplants facultative to yes [23] The interactions between Lithophragmatsland Greya moths are non-obligate; [23] Cuautle and Thompson,
(Saxifragales) an@Greyamoths obligate, however, the relationships can be strongly muttialj23,25]. 2010; [24] Thompson and
(Prodoxidae) mutualistic to Caterpillars ofGreya politellaconsume approximately 15% to 27% of the seeds of Pellmyr, 1992; [25] Reynolds
antagonistic Lithophragma parviflorunj24]. etal, 2012

[23,25]
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6.2.2 Moth pollination in ecosystems

Lepidoptera can be valuable pollinators in ecosystbecause butterflies and moths (1) show diurnal,
crepuscular, and nocturnal habits, and a numbepedcies visit flowers throughout an entire day; (2)
they transport pollen across a range of distanmoes $hort to long; and (3) they are a speciesgrolup

of potential pollinators (Traveet al, 2012).

However, while several networks of plants and theirnal pollen vectors have been studied in detail
nocturnal networks have hardly been assessedugltitbhey might represent a significant proportibn o
plant-visitor interactions (Devotet al, 2011). Moths are likely the most common flowisiters during

the night in temperate (and tropical) habitats @eet al, 2011). In our literature search, most of the
research has focused on individual plant-moth @mtiion, and only a limited number of studies
considered the interactions of several moth speesseveral plant species in natural communities.
These studies were performed in a Scottish boneal forest (Devoteet al, 2011), the Monahans
Sandhills in Texas (Clinebedt al, 2004), a sandhill ecosystem in Florida (Atwa®€]13), a semi-arid
grassland habitat in Arizona (Alarcehal, 2008), the ketona dolomite glades in AlabamaC{oy et

al., 2013) and the grasslands of the Great Plainw€fsat al, 2011).

The results of these studies indicate that motlinadlon in ecosystems is characterized by high
temporal variability. This variability includes gpes that act as pollen vectors as well as the suiwio
moths carrying pollen in different years (Devetal., 2011, Alarcoret al., 2008). For example, Devoto
et al (2011) sampled almost nine-times more moths ldadth pollen in the second year compared
with the first year (35 to 304 moths) in their stud a Scottish forest. This difference might h&veen
partly caused by high variances in individual megiecies abundancegtween years. For instance,
during a natural outbreak of the hawkmdtiiles lineata this moth was observed to visit the plant
Nicotiana attenuatamore frequently during an average evening than bieseh recorded during the

previous 16 years of field work (Sime and Baldvid@03).

In addition, large differences in the pollen lodanmths have been observed, not only between difter
years (Devotet al, 2011) but also between different moth familied apecies after foraging on flowers
(Atwater, 2013, LeCroet al, 2013). However, most pollen-loaded moths appeamnty carry few
pollen graingAtwater, 2013, Devotet al, 2011, Clinebelkt al, 2004, LeCroyet al, 2013). Only
approximately 9% of the moths (59 of 622) assess#tk study by Clinebe#t al (2004) were loaded
with more than 50 pollen grains. However, even witiall amounts of pollen grains, moths might be
effective pollinators for certain plant speciespeagally when they are abundant flower visitors
(Clinebell et al, 2004). Atwater (2013) found that approximateloithirds of the moths sampled
during nectar drinking (64 out of 97) carried poll®ut the pollen presence rates were below 50% for
most species when sampled with light traps. Howdigdtt trapping might produce biased results when

studying moth pollen loads because (1) light ativacdiffers between moth species (Devetoal,
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2011) and (2) light traps can attract moths befloeg have visited flowers and contacted pollenrgai

which leads to reduced pollen presence rates (&twa013).

Nevertheless, the results of Clinebatlal (2004) indicate that for three of the assessadtpecies
(Gaura villosa G. coccineaCalylophus hartwegjimoths can be major pollinators because indivslual
were trapped carrying more than 50 pollen graiimail&ly, Alarconet al. (2008) found large quantities

of Agave palmerandDatura wrightii pollen on hawkmoth bodies.

The total pollen amount as well as the visited pfpecies can differ from one year to another (Bevo
et al, 2011, Alarcoret al, 2008). Traver®t al (2011) argued that the plant diversity of grasdla
ecosystems can benefit from diverse pollinatoduiting moth species. For example, the rare western
prairie fringed orchid Rlatanthera praeclarpdepends on hawkmoth pollination and more than 60
grassland plant species were observed to flowercmentally withP. praeclaraand were visited by

Lepidoptera (Traverst al, 2011).

Overall, limited knowledge is available on the rale moths as pollinators in natural ecosystems.
Nonetheless, the results indicate high temporaatian in moth-plant interaction, not only regarglin
the involved species but also regarding their abonds and pollen loads. In terms of moth pollimatio
in agricultural landscapes, even less informat®available, although agriculture represents a imajo
land use both in Europe (approximately 50% of theltEU-27 land area; Stoateal, 2009) as well as

in North America (approximately 45% of the total B8d area; USDA, 2011).

In agricultural landscapes, studies on pollinatoase focused on crop pollination. Although few
exceptions occur in which moths might act as céwpaibrs (such as blueberry: Cutler al, 2012),
crops cultivated in Europe and North America doapgear to rely on moth pollination. However, agro-
ecosystems do not exclusively consist of crop plehere are field margins, hedgerows, meadows, and
other semi-natural elements included along witlppeal fields, and they are all habitats for numerous
non-crop plants. Approximately 40% of the plantcgs pollinated by moths (see Appendix Il, chapter
10.2) can potentially occur in agricultural landseaabitats, such as meadows, pastures, old ffadts,

margins, and road sides.

Hence, the importance of moths in agricultural trages is most likely related to their pollinatain
non-crop plants, which maintains biodiversity im@agcosystems, instead of their pollination of s;op
which is commonly valued as an ecosystem servigg, (Rickettset al, 2008; Power, 2010). This role

is of particular importance because a number adrggn groups, such as moths (Fox, 2012) and plants
(Storkeyet al, 2012), are declining in agro-ecosystems and aljm@l intensification (e.g., land use

changes, input of agrochemicals) has been idemiifiean important drivers for this reduction.
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6.3 Conclusions

Moths are abundant flower visitors and capable afinating a range of plant species, of which a
number are specialized for moth pollinators (ecgrtain orchids). However, the role of moths as
pollinators is most likely underestimated at prédmtause only a limited number of studies on moth
pollination are available. Current research atdabesystem-level and single moth-plant interactional
level has showed a high variability in moth popiolas between years (e.g., Sime and Baldwin, 2003;
Alarconet al, 2008; Devotaet al, 2011). This variability in the abundance of indual species but
also in the species composition of moth communftiether complicates research on the relevance of
moth pollination. In particular, long-term reseafousing on ecosystems is necessary to reveal the

pollination services of moths according to tempditadtuations in their abundance.

Moths rely on nectar plants but also on approprcaerpillar host plants. Hence, preserving and
providing habitats rich in plant species might be effective method of protecting moth-flower
interactions. Because Lepidoptera have shown adeighitivity to various stressors in agro-ecosystem
such as pesticide inputs (Feletral, 1996; Longley and Sotherton, 1997; Hadtral, 2015), semi-
natural habitats should be protected from suctsstirs to ensure a diverse Lepidoptera community.
Such protection could also benefit further organigoups because Lepidoptera caterpillars and adults
are a food source for various bird and bat spg8esble, 1995; Fogt al, 2006).
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6.5 Supplemental Data
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78



Summary and general discussion

7 Summary and general discussion

7.1 The role of narrow field margins for biodiversity

Field margins are common habitat elements in agysgstems; however, agricultural intensification
has reduced or eliminated a number of these matgiimscrease field sizes (Marshall and Moonen,
2002; Robinson and Sutherland, 2002). In recenadies; some attempts have been undertaken to
quantify the amount of the remaining field margabltats in agricultural landscapes (e.g., Kiienal,
2000; van der Zandegt al, 2013). With the use of Geographic Informationt8yss (GIS), for example,
Kidhneet al.(2000) estimated the total length of field margm&ermany at approximately 1.3 million
kilometers in Germany. However, the length as agllhe width are crucial information when working
with field margins because the field margin widtfeets both the (1) habitat quantity and (2) habita

guality for plant and animal species:

(1) Wider field margins provide a greater habitat axrd can support a larger number of species
and higher abundances of individual species. Cmmisvith the ‘species-area relationship’
(Arrhenius, 1921; Wirtz and Annila, 2008), plantsips richness appears to increase with field
margin width (Link and Harrach, 1998; M&al, 2002). Furthermore, wider field margins seem
to support a greater density of various arthropsuish as grasshoppers (Bundscaudl, 2012)
and hoverflies (Molthan, 1990).

(2) Inputs of agrochemicals decrease with increasielg fmargin width (Figure 1-4, Table 3-1).
The negative effects of agrochemicals in field mewdghave been demonstrated for various
organisms, such as plants (Getal, 2007, Kleijn and Snoeijing, 1997) and arthrop(@isvis
et al, 1991; Langhott al, 2005). Wider field margins can provide areas Wothier pesticide

inputs — and thus, higher habitat quality — comgiavith narrow field margins.

In addition to these ecological aspects of haljantity and quality, the width of field marginsaiso

of interest for the risk mitigation measures (RMMalated to pesticides in Germany (Bundesamt fr
Verbraucherschutz und Lebensmittelsicherheit, 208Bhough field margins lie outside of fields and
can be described as non-target areas for agrochkeapplications, narrow margins of less than 3 m
width are not included in the RMMs of Germany. Tfere, farmers do not have to maintain distance
during pesticide application and can partly oveagphem (see chapter 1.2.2), which may resultgh hi

pesticide inputs in narrow field margins (Figurd)lsSchmitzet al, 2013).

In Paper 1, digital orthophotos were used to agbesamount, width, and vegetation characteristics
field margins in two intensively managed agricudduegions of Germany (RLP: Rhineland-Palatinate;
BB: Brandenburg). In both regions, narrow margirithviess than 3 m width represented typical

landscape elements. In the study region in RLPrceqipately 85% of the field margin length belonged
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to field margins less than 3 m wide, and only dttich number of field margins could be classified as
wider than 3 m. Although wider field margins areswsed to offer suitable habitat conditions for a
greater number of species, they are likely of mingwortance for the biodiversity in the RLP region
because of their rarity. In the study region in Bpproximately half of the field margins could be
classified as wider than 3 m; however, the oveaatiount of field margins was strongly reduced
compared with that of RLP (RLP: length 119 m/haaaf26 m#/ha, BB: length 67 m/ha, area: 84 m2/ha).
Hedgerows occurred almost exclusively in field ni@sgvider than 3 m. They are considered valuable
elements for biodiversity in agricultural landscapleecause the shrubs, trees, herbaceous pladts, an
grasses can provide habitat for numerous invertelanad vertebrate species (e.g., Burel, 1996; Dover
and Sparks, 2000; Pollard and Holland, 2006; Stacli®88; Tischler, 1948; Zwdlfegt al, 1984).
Hedgerows provide shelter, foraging habitats fabiweres, pollinators and predators, and roost and
nesting sites (Dover and Sparks, 2000; HinsleyBelthmy, 2000; Pollaret al, 1974). In addition,
hedgerows may provide sheltered commuting routeddits (Bougheet al, 2011). Because of the

dominance of narrow field margins, these elememiewather scarce in RLP, with a length of 2 m/ha.

Figure 7-1Examples of insects observed in narrow vineyarchma in Rhineland-Palatinate.

Nonetheless, even narrow grassy margins provid#atsiior various species (Figure 7-1), including
plants (Link and Harrach, 1998), spiders and grdueetles (Wellinget al, 1994), wasps (Holzschuh
et al, 2009), hoverflies (Molthan, 1990), grasshopp@&usn@dschuhet al, 2012), butterflies (Febeat

al., 1996; Fieldet al, 2007) and caterpillars (Paper 3). Hence, narield margins can positively affect
the biodiversity of agro-ecosystems, although theseow elements might be used predominantly by
habitat generalists (e.g., hoverflies; Molthan,@9®owever, habitat with such a linear form magute
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in a reduced number of individuals (Ewers and Ddha007) because of the higher ratio of edge to
interior; therefore, species will be exposed tohkigpressures from edge-related stressors (e.g.,
predation, Paton, 1994) relative to non-linear tadbi This might be especially true in the caseaofow

field margins because they receive stressors ftafield side (agrochemicals) as well as from the
road/track side (traffic). As narrow field marginan represent a major component of semi-natural
habitats in intensively managed agricultural laapss (e.g., RLP: 85% (= 102 m/ha) of the field nmarg
length, 65% (= 145 m?/ha) of the field margin afeaper 1), their habitat function might still béuable

for biodiversity.

In addition, narrow field margins might serve agicors between non-linear semi-natural elemendls an
facilitate the movement of species in agro-ecosyst&he abundance and species richness of several
wasp species increased in grassy field marginsemtad with forest edges compared with wasps in
highly isolated field margins (Holzschu al, 2009). In addition, butterflies prefer to fly apfield
edges compared with field centers (Dover and $t26I09; Fry and Main, 1993), which may be a result
of the better availability of resources, such astareand host plants. Similar observations have bee
made for other organisms, like beetles and spigddrese abundances were also higher close to tke fie

edges and in the field margins than within fieM#e(ling et al, 1994).

Despite the ecological function of field marginarmow elements (field margins with widths less than
3 m) are not protected from agrochemical inputsRA&MSs in Germany. Thus, the first meter next to
the field can receive high application rates (ntben 30%, see Figure 1-4 and Schneital, 2013).
These inputs can influence plants (Paper 3: SuppleahData; Schmitet al, 2014a; Schmitet al,
2013) and arthropods (Paper 2; Schmitz, 2014)ironafield margins and might affect food resources
for other organisms, such as birds or bats, edpeiciaegions where these elements represent antgj

of the available semi-natural habitats.

Therefore, narrow field margins should also be mred in the risk management of pesticides because
they are common habitat elements in regions umdensive agricultural use and can fulfill habitata
corridor functions for several species. Reducedtmpf agrochemicals can benefit certain arthropods
such as moths (see chapter 7.2). Furthermoreattigahquality and resources provided by field nreag
could be improved by adequate field margin manageéif@eg., using agri-environmental schemes, see
chapter 7.4). For example, the promotion of higsiant diversity, such as through an adapted mowing
regime that ensures adequate flowering and seatligion of plants or the sowing of diverse seed
mixtures in species-poor locations (Carreck andligviils, 2002), could increase the diversity and

abundance of herbivores and pollinators (e.g.ebilits, Pywellet al, 2004).

The data presented on field margin widths were roamb in Germany (Paper 1); however, similar
assessments of field margin characteristics coldd bhe of interest for other countries in the EU,
especially in high-intensity agricultural landscajecause it appears likely that narrow field mergi

represent common elements in such intensively nehagro-ecosystems. Moreover, country-specific
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RMMs and their exceptions (such as the 3 m-widtdepkion in Germany) should be considered when
evaluating the semi-natural habitats next to fieldd estimating the potential pesticide inputdase

non-target areas.
7.2 Lepidoptera and agrochemicals

7.2.1 Lepidoptera in field margins

Lepidoptera, particularly butterflies, are among best-studied insect groups (New, 1997, 2004), and
a number of species are of conservation interegt, BfN, 1998). Butterflies are regularly monitdre

in large-scale surveys in various countries (&gn Swaay, 1990; van Swaay al, 2013; Warreret

al., 2001) because they are sensitive to changeshitahguality. These surveys indicate that strong
population declines have occurred in numerous loggieta species in recent decades. The European
Grassland Butterfly Indicator (van Swaetyal, 2013) indicated that from 1990 to 2011, the lytite
populations of 17 indicator species have declinedgdproximately 50% on average compared with the
populations in 1990. In Britain, approximately tevguarters of the butterflies analyzed by Wamen

al. (2001) and approximately two-thirds of the macrotims studied for the Rothamsted Research
project (Conrackt al, 2006) exhibited a declining trend. Agricultunadensification is discussed as one
of the main causes of these population declineg, (B012; Foxet al, 2014; Warreret al, 2001),
especially habitat loss due to intensified usebandonment of high-quality habitats (van Swatgsl,
2013), and the use of agrochemicals (Ebal, 2014).

Semi-natural grasslands, such as extensively mdn#igever-rich meadows, represent the main habitat
of a number of Lepidoptera species (e.g., for 5380 species) of the European butterfly species fo
which information on habitat type is available, v&waayet al, 2013); however, field margins might
serve as surrogates in intensively used agriculamdscapes. Because these margins are vegetitited w
various grasses, herbs, shrubs, and/or trees,cdueyprovide host and nectar plants for moths and
butterflies. Numerous studies have assessed agpitibptera in field margins (e.g., Dover and Sparks
2000; Febeet al, 1996; Fieldet al, 2007; Merckeet al, 2009a; Mercket al, 2012). Adult Lepidoptera
were observed to use field margins as foragingtagldurthermore, their abundance was associated
with the availability of floral resources (Feletral, 1996; Kuussaaet al, 2007; Pywellet al, 2004)

and the use of seed mixes that included floweriagtmpecies was found to increase their abundance
(Carreck and Williams, 2002; Megt al, 2002; see also chapter 7.4).

However, only a limited number of studies have ssseé the occurrence of caterpillars in field margin
although this developmental stage is likely monesgve to stressors because caterpillars are often
immobile compared with adults and dependent oratiadability of suitable host plants. In a survdy o
narrow cereal field margins in Rhineland-Palatinasgerpillars belonging to nine families were fdun
(Paper 2). These results indicate that field margam represent a suitable habitat for the devedopm

of Lepidoptera. Nonetheless, the caterpillar aboodan field margins was lower than in meadows
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(field margin: 4.9 £ 0.9 (May) and 11.7 + 2.7 (Jymeeadow: 11.6 = 2.6 (May) and 18.1 £ 3.6 (June);
mean = SE), which was significant in the samplihgge in May (PerAnova; p = 0.018) but not in June
(PerAnova; p = 0.141). This difference might hagerbcaused by differences in habitat area andatabit
form (see chapter 4.4) but also by agrochemicalitspFor example, higher abundances of adult
Lepidoptera have been observed in unsprayed faddscompared with sprayed field edges (de Snoo
et al, 1998; Doveet al, 1990; Dover, 1997; Rands and Sotherton, 198@)h&tmore, studies focusing
on the effects of insecticide spray drift on caittays found that this life stage can be sensitive
pesticides (e.g., experiments measuring the myrtaiPieris brassicaeaterpillars after real spray drift

events at different wind speeds and in variousdiss to the field; Davist al, 1991).
7.2.2 Effects of agrochemicals

Agrochemicals might affect Lepidoptera speciesarnous ways. Thus, direct effects on Lepidoptera
and their different development stages are posgietbal effects of insecticides) as well as indire
effects on the availability or quality of host amettar plant species (effects of herbicides artdizers)

can occur (Figure 7-2). In the following sectioan,overview of the possible effects of agrochersical

on Lepidoptera is presented.

Agrochemicals

Effects?

Lepidoptera

Field margin

Figure 7-2 Agrochemicals may affect Lepidoptera directly atirectly because of effects on the host and nectar
plants.
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7.2.2.1 Insecticides

Insecticides are designed to kill the targeted peganism(s) in the treated in-field areas. Because
certain Lepidoptera can represent major pests, @dling mothsCydia pomonellgTortricidae) for
apple, vine mothd€upoecilia ambiguella(Tortricidae) for grapes, European corn bo@strinia
nubilalis (Crambidae) for maize), the insecticides used traffiect other non-target moth and butterfly
species within fields and field margins as welleTihsecticides particularly target the caterpidieage

because it is the feeding stage of Lepidoptera@pigksents the greatest damage to crop plants.

On the one hand, insecticides can cdatieal effects In a field experiment assessing the effects of
agrochemicals in narrow field margins using a ranided block design (Schmigt al, 2013, Paper 2),
spraying with the insecticide Karate Zeon (lambghadothrin, pyrethroid) led to significantly redute
caterpillar numbers in the test plots. Karate Zeoa non-systemic insecticide against chewing and
sucking insects and it rapidly penetrates the inggecle and disrupts nerve conduction within ni@s,)
which leads to feeding cessation, reduced musaaatrol, paralysis, and death (Syngenta, 2015).
Laboratory tests witiMamestra brassicaeaterpillars feeding on leaves treated with vagicates of
Karate Zeon showed that the LR50 (= lethal rate&t@: that kills 50% of the test organisms) valasw
approximately 0.78% (= 0.059 g-hactive ingredient) of the field rate (Paper 2).sThigh sensitivity

is consistent with the results of other studiefgi@nd Jepson (1995) tested the toxicity of deétdmn
deposits on cabbage leaves for caterpillars obtiteerfly Pieris brassicaeand found effects at rates of
0.19% of the field application rate (= 0.012 g ha?). In addition, field assessments in which yoéng
brassicaecaterpillars were placed in field margins showedt real spray drift deposits of insecticide
can cause high mortalities i1 brassicaecaterpillars, but this effect is also influencedtbe type of
insecticide and the application conditions, esplyaigind speed (Davigt al, 1991; Sinhat al, 1990).
Caterpillars are prey for a number of other speaesl they often remain hidden in the vegetation
(Scoble, 1995) or the soil (e.g., ‘cutworms’, swhAgrotis segetunfNoctuidae); Esbjerg, 1988).
Hence, this stage might not come into direct cdntaih the insecticide spray drift or the overspray
However, even contact with spray deposits on thatplor feeding on sprayed plant material can have
lethal effects (Paper 2, Cilgi and Jepson, 199baddition to caterpillars, Lepidoptera eggs miglkb

be lethally affected by insecticides; for examgiembda-cyhalothrin is known to have ovicidal

properties against eggs of the m8iodoptera frugiperdéGist and Pless, 1985).

On the other hand, insecticides can also caubkethal effects Sublethal reactions include weight loss
in caterpillars (Abroet al, 1993), reduced pupation times (Kumar and Chaprh884), changes in
chemical communication and mating behavior of acdths (Clark and Haynes, 1992; Knight and
Flexner, 2007), and reduced reproduction of adwolths (Abroet al, 1993; Haret al, 2012; Knight
and Flexner, 2007; Kumar and Chapman, 1984). Thasuitable conditions during caterpillar
development might also affect adult moths becauseetis a positive correlation between pupal weight

and adult fecundity (e.g., Calvo and Molina, 2004&}h lighter pupae developing into smaller adults,
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which can result in a reduced egg load in femaléerefore, even if an insecticide does not kill a

caterpillar, it might be detrimental to its furtrivelopment and reproduction.

Moreover, insecticides can actrapellents If a moth species is able to detect an insedjatccan try

to avoid it; caterpillars have been observed téegprentreated food over insecticide-treated foodrA

et al, 1993; Kumar and Chapman, 1984), and adult fent@esvoid oviposition on insecticide-treated
surfaces (Kumar and Chapman, 1984; Seljasen andd#e&£006). Although sublethal effects often
reduce the performance of the species, repelleigiat ime beneficial to moths if they are able totstvi

to uncontaminated oviposition or feeding sites.ds@mple, in a choice experiment, yolhgorassicae
caterpillars did not completely avoid feeding oseiaticide treated leaves, but did appear to prefer
unsprayed leaves, which indicates minor repelléfatts (Paper 2). Their survival increased from 25%
to 75% when they could choose between treated mindaied leaves compared with the experiment in
which they could only feed on insecticide-treateavies (treatment: Karate Zeon, 1% of the field rate
Paper 2). Furthermore, in a semi-field study agsgsbe oviposition behavior dfladena bicruris
moths, the females laid 40% fewer eggssdane latifoliaplants sprayed with an insecticide (treatment:
Karate Zeon, 30% of the field rate; Paper 2) tharuntreated control plants. Considering the high
toxicity of this insecticide againd¥l. brassicaecaterpillars, this avoidance behavior of femHle

bicruris moths likely reduces the risk of mortality to theffspring.
7.2.2.2 Herbicides

In agricultural landscapes, herbicides and fedilan (see next section) are among the main cdases
the observed decline in wild plant species (Andeaas al, 1996; Careyet al, 2008; Storkeyet al,
2012; Wilsonet al, 1999). The plant communities in field margins t@nstrongly affected by inputs
of herbicides (Kleijn and Snoeijing, 1997; Schnetzal, 2014a), and even low rates of herbicides can

have detrimental effects on plants (Supplement& Paper 3).

Herbicides

Loss or changed Reduced Reduced seed Effects on plant
frequency of flowering production chemistry
plant species

| |

Effects on host and nectar plant Effects on host
availability plant quality

Figure 7-3Potential effects of herbicides on plants and sgbsnt effects on Lepidoptera
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Herbicides can affect caterpillars through libes or reduced availability of host plantgFigure 7-3).
Thus, mono- and oligophagous Lepidoptera spediey/lhave an increased susceptibility to changes
in their host plants relative to polyphagous speaMhich can switch to another plant species. Hawnev
even polyphagous Lepidoptera prefer specific hdéettp, and less suitable host plant species can
influence the caterpillar’'s performance, includthg development rate, body mass, mortality andlpupa
diapause intensity (Metspaket al, 2013). Nonetheless, specialized Lepidoptera spelcave been
shown to display stronger population declines caegbawith generalists (Kotiahet al, 2005;

Kuussaarkt al, 2007).

In addition to caterpillar host plants, nectar teses for adult moths can also be affected. A shhle
effect of certain herbicides israduced flowering of plants(Schmitzet al, 2013, 2014b). Although
certain moths do not need to feed on nectar, thgelaity and reproductive success of several species
increased by the intake of nectar (Mevi-Schiitz Erthrdt, 2005; von Anet al, 2013), which also
enhances their energetic state (Winldieal, 2009). This effect occurs for females as wethate moths
(Cahenzli and Erhardt, 2012). Because the avathahf floral resources is among the factors that
influence the abundance of Lepidoptera (Meekl, 2002; Pywellet al, 2004), reduced flowering is
presumably detrimental to various Lepidoptera ggecparticularly in intensively used agricultural
landscapes that provide only a limited number@#i#r-rich semi-natural elements, such as extensivel
managed meadows. However, certain flowering plamght be more important as nectar sources than
others; for example, butterflies appear to prefgumes (Pywelét al, 2004). Schmitzt al. (2014b)
studied the effects of a sublethal herbicide ratethee flowering and reproduction of several plant
species, including two species of legumiestiiyrus pratensisVicia sepiuny the herbicide treatment
surpressed the formation of flowers, and thusséesl production of both legume species (and agurth
plant speciesRanunculus acriswas significantly reducedReduced seed productiorfSchmitzet al.
2014b) can not only be detrimental for seed-eatatgrpillars (e.gH. bicruris), but it can also reduce

the abundance of the plant species, therby redl@ngvailability of host and nectar plants.

In the field experiment (Paper 2), significant etée of the herbicide applications on caterpillar
abundance were not detected. However, the efféegrochemicals on plants were found to intensify
over time. Although individual plant species disgd herbicide effects even during the first yeahef
field experiment (Schmitet al, 2013), changes in the plant community were &pgtarent in the third
year (Schmitzt al, 2014a). Hence, the effects on caterpillars médgt have been detectable after this

time.

In addition to the effects on host and nectar pdaailability, herbicides can al$afluence host plant
guality. Similar to all other animals, Lepidoptera depemdthe appropriate intake of nutrients like
carbohydrates, fats, proteins, minerals, and vitamin general, juvenile development stages are
especially vulnerable to (1) deficiencies in nuitieiptake and (2) the consumption of detrimental

substances. Herbicides can affect the quality st plants for caterpillars in two ways.
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First, herbicides alter plant chemistry and camdafthe nutritional value of treated host plants: F
instance, the effect of glyphosate herbicides smeldaon the inhibition of an enzyme in the shikimate
pathway (Duke and Powles, 2008), and sulfonyluszhibides inhibit the enzyme acetolactate synthase
(Drobny et al, 2012). These enzymes are involved in the syrgheSiamino acids in plants. The
consumption of amino acids is essential in the ldgwveent of herbivores (and other organisms); thus,

herbicide-treated plants may not meet the nut@éioequirements of caterpillars.

Second, herbicides act as stressors for plantsamédoffect their phytochemistry through the prouunct

of secondary metabolites (Kjeet al, 2001). Several secondary metabolites have taxideterrent
effects on herbivores (e.g., Barbehenn and Cornistabgl; Bennett and Wallsgrove, 1994; Bosth

al., 2014a) and represent plant defense mechanisniasadeerbivores. After insect damage or
mechanical wounding, several plant species hava bbserved to increase their concentrations of
specific metabolites like tannins (Barbehenn anddstabel, 2011) or jasmonates (Bosthal, 2014a).
Tannins are common secondary metabolites in woadyharbaceous plants, and they are assumed to
have deterrent and toxic effects on non-adapteecinserbivores because of the production of high
levels of reactive oxygen species after their itigas(Barbehenn and Constabel, 2011). Tannins
supplied in an artificial diet were found to sugE¢he growth and reduce the survival of catergiltd
Spodoptera eridanigManuwoto and Scriber, 1986) aMhlacosoma disstrigKarowe, 1989)In the
speciesSpodoptera exiguandManduca sextgjasmonate acid affects oviposition behavior adtad
and feeding behavior as caterpillars on tomatotpldBoschet al, 2014a; Bosclet al, 2014b).
However, the reactions of caterpillars to secondaeyabolites are species specific; thus, generalist
feeders might be deterred by the occurrence ofrelzcy metabolites, whereas specialist feeders may
have evolved mechanisms to manage specific secpnaisiabolites in their diet (e.g., caterpillars of

the tobacco hornwormlanduca sextaGlendinning, 2002).

In Paper 3,Mamestra brassicaeaterpillars feeding on herbicide-treatBdnunculus acriplants
showed reduced survival and performance (Figure EaBle 5-1). On the one hand, this effect could
have been caused by the inhibition of the enzyne¢otarctate synthase, which blocks the synthesis of
certain amino acids and, thus, affects proteinrsgis (Drobnyet al, 2012). However, these amino
acids (leucine, valine, and isoleucine) are esakfoli animals, including insects (O'Brienal, 2005).

On the other hand, the plant tissueRo&crisare known to contain ranunculin, a substanceddate
transformed into the toxin protoanemonin and catokie to livestock as well as several insect speci
(see Sedivyet al, 2012, and references therein). Both of these am@sims could have negatively
affected the survival and developmendbfbrassicaecaterpillars. Such detrimental effects of sublethal
herbicide rates on host plant quality have beeogm®ized in other studies as well: Kjeer and Elmedjaar
(1996) observed increased mortality of the leafirgdieetleGastrophysa polygoriColeoptera) feeding
on Polygonum convolvuluplants sprayed with chlorsulfuron; Agneka al. (1986) found reduced

longevity of caterpillars of the soybean loopes¢udoplusia includg¢®n soybean plants sprayed with
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the growth regulator herbicides fluazifop-butyl;da8peight and Whittaker (1987) noticed extended
development times and reduced female egg numbéhe gfreen dock beetl&&astrophysa viridulpon
broad-leaved dockRumex obtusifoliystreated with a systemic herbicide (methyl(4-arbeazene

sulfonyl)carbamate).

Although these herbicide effects on the survivalyelopment, and performance of Lepidoptera and
other herbivores were observed, significant effettee herbicide applications on caterpillar abamok
were not detected in the plots of the field expeni(Paper 2). An explanation for this lack of effe
might be that herbicide effects on host plant qualnd plant resources appear to be species-gpecifi
To identify such effects in the field, a more sfiegurvey method (compared with sweep nets) could

be useful, including observations and assessméntgerpillars on their particular host plant.
7.2.2.3 Fertilizer

Similar to herbicides, fertilizers mighffect the availability of host plants and nectar pants (Figure
7-4) because they can alter the community compaosdf plants (Kleijn and Verbeek, 2000; Schmitz
et al, 2014a). Fertilizers promote the occurrence df)(td@trogen-tolerant plants (such as certain
grasses; Boatman, 1994; Schndtal, 2014a), whereas smaller plant species are madeshand can
suffer from a lack of light (Hautieet al, 2009), which can further reduce the occurrencenudller
species. Hence, in the long run, fertilizers catuce plant species richness (Kleijn and Verbee®D20
Schmitzet al, 2014a).

Loss or changed Effects on plant Advanced plant
frequency of plant chemistry growth in spring
species
\ J L J \ J
| | |
Effects on host and Effects on host Effects on
nectar plant availability plant quality microclimate

Figure 7-4Potential effects of fertilizers on plants and sdagent effects on Lepidoptera.

Because caterpillars (and other herbivores) arelgpendent on their host plants, fertilizers may al
decrease the abundance and diversity of catepilad other herbivores. Moth species whose larval
host plants are associated with low nitrogen arehagmnvironments showed the strongest declines in
Britain in recent decades (Fexal, 2014). However, specific Lepidoptera might alsadfit from plant

species-poor habitats if the remaining plant comitywonsists of suitable host plants. For example,
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sown grass strips consisting of two to four grageies have been found to increase the abundance of
butterfly species that feed on grasses during tiaerpillar stage, such Baniola jurtina, Thymelicus
sylvestrisand Thymelicus lineoldField et al, 2007). Furthermore, the abundanceéJdica dioica, a
plant species adapted to nitrogen-rich habitats strangly increased in the last years in Brit@argy
et al, 2008), which is associated with increasing pdpaatrends in several butterflies that use

dioica as a caterpillar host (Smagttal, 2000).

In the field experiment (Paper 2), the fertilizddtp were characterized by a significantly increlase
number of caterpillars during the second sampliagog in June. This difference could possibly be
attributed to a higher availability of certain hpsint species. For example, the frequency of thegy
Dactylis glomeratasignificantly increased by approximately 12% in fbrtilized plots compared with
the control plots (Schmitet al, 2014a). The internet database ‘HOSTS — a datadfatbe World's
Lepidopteran hostplants’ (Robinsenal, 2010) lists more than 30 Lepidoptera speciesféeat on this
grass in Europe. Hence, caterpillars of these spanight have benefited from fertilizer applicaion
Furthermore, the results of the caterpillar sangpiim the field experiment suggested that fertilizer
applications affected the composition of the callarppcommunity during the sampling in May (Paper
2). Nevertheless, changes in the plant communityewtially observed during the third year of the
experiment (Schmitet al, 2014a); therefore, effects on the abundance amnzinity composition of

caterpillars might also intensify after a longenei period.

Fertilizers can alter the availability of host amettar plants and increase the availability ofieats in
the soil, which mighaffect the quality of host plants,especially their nutritional value. Nitrogen is an
essential element in the diet of animals, includiegidoptera, because it is necessary for the imgjld
of proteins, and herbivores in particular facedhemma of gaining enough nitrogen out of theiheat
nitrogen-poor plant food (Pierce and Berry, 20EEXxtilization increases the nitrogen content imgda
(Baylis and Pierce, 1991; Chext al, 2004), which can be beneficial for herbivoresve®al studies
have shown positive effects of fertilization on thieundance (Haddaet al, 2000) and populations
(Butler et al, 2012) of herbivores as well as the developmedtperformance of caterpillars (Arshad
et al, 2013; Baylis and Pierce, 1991; Giertyehal, 2005; Hwanget al, 2008; Kulaet al, 2013;
Wheeler and Halpern, 1999). In choice experimeaat®rpillars oSpodoptera exiguged preferentially
on host plants with higher nitrogen content (Cleeml, 2008). In addition, female Lepidoptera have
been observed to prefer fertilized host plantsvgsosition sites compared with unfertilized hosingk
(Baylis and Pierce, 1991; Chehal, 2008; Cheret al, 2004; Prudiet al, 2005). Hence, the increased
caterpillar abundance in the fertilized plots ie field experiment (Paper 2) could also have redult

from increased oviposition and improved caterpitlarformance.

However, the effects of fertilizers on herbivores aot solely positive (Butlegt al, 2012). Foxet al.
(2014) indicated that moth species whose host plané adapted to nutrient-poor environments

exhibited the strongest population declines. Sityild&uussaarkt al.(2007) found that the host plants
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of decreasing butterfly species grow in less etioabitats compared with increasing butterfly
species. On the one hand, this result may be exqudby the negative effects of fertilizers on the
availability of host plants; e.g., Schmétal.(2014a) observed that the number as well as guygiéncy

of several plant species decreased in plots rexgif@rtilizer treatments. On the other hand, certai
caterpillar species are negatively affected byaasmg nitrogen concentrations in their host plasntsh

as the caterpillars d@abera pusarigGeometridae) (Kulat al, 2014). High nitrogen contents may be
detrimental to Lepidoptera species adapted toenttpoor conditions, including caterpillars thagde
on leaves with seasonally decreasing nitrogen oorfkaula et al, 2014). Thus, fertilizer inputs may
cause a reduced availability of host plants andlr@s higher nitrogen concentrations in plant uiss,
which are unsuitable for certain caterpillars. Mm@y, next to effects on the performance and
development of individual herbivore species, feadiion may influence processes that affect speaties
the population level as well, such as parasitismdation, and competition (see Kybal, 1996, for
examples on individual and population responsesni&gcts in trees). For instance, fertilizer-indlice
increases in the biomass of plants may enhanceotbeall abundance of herbivores but, as a
conseguence, also the density of general predahisgncreased predation might override the pasiti
fertilizer effects for herbivores (Kytét al, 1996).

Moreover, fertilizers caraffect the microclimate of habitats. In combination with climate change,
fertilizers can advance plant growth in spring, ahmight increase shading in vegetated habitats and
thereby contribute to microclimatic cooling (WaldisVries and Van Swaay, 2006). Such cooling might
be detrimental to thermophilous Lepidoptera speaapecially to species hibernating as eggs or

caterpillars (WallisDeVries and Van Swaay, 2006).
7.3 Moths as pollinators and effects of agrochemicalthe pollination service

Pollination is a crucial ecosystem service in redtand agricultural terrestrial ecosystems (Kietiral,
2007; Ollertoret al, 2014). In agricultural landscapes, studies hagaged on crop pollination and the
main crop pollinator, the honey bee. However, offpgcies are also valuable pollinators for croms an
wild plants, and declines in honey bee populatioase increased the awareness of the role of these
species as pollinators, which has remained relgtiveknown and unappreciated until recently (Allen-
Wardellet al, 1998).

Lepidoptera are among the most common flower wsi(nuth (1898) in Willmer, 2011) and can be
valuable pollinators in ecosystems for three ress@iraverset al, 2011): First, their diurnal,
crepuscular, and nocturnal habits indicate thatrmaber of Lepidoptera species are visiting flowers
throughout the entire day. Second, different Lepidm species can transport pollen from shortrig lo
distances. Third, Lepidoptera are a species-richmof potential pollinators. However, only a small
number of studies have assessed lepidopteran gtiimservices, and there is even less information

available for moths than for butterflies. Nonetlsslen a literature search of the available studres
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moth pollination in Europe and North America (Papggrapproximately 230 pollination interactions
between individual moth and plant species weretified. Especially in the plant families Orchidaeea
and Caryophyllaceae, a number of examples of molimption were observed. However, only six
studies considered moth pollination on an ecosydtsral (Alarconet al, 2008; Atwater, 2013;
Clinebell et al, 2004; Devotcet al, 2011; LeCroyet al, 2013; Traverst al, 2011). Moths can be
among the most common flower visitors in certainsystems (Clinebekt al, 2004) and may carry
the pollen of various plant species (see Supplesmhéddata of Paper 4, Appendix IlI). However, the
observed moth-flower interactions often showedya kemporal variability regarding the involved moth
and plant species but also in the number of pddaded moths and their particular pollen loads
(Alarconet al, 2008; Devotcet al, 2011). Furthermore, differences were observetienpollen load

and the pollination services of different moth fhesi and species (Atwater, 2013; Devetal, 2011).

Although pollination is a valued ecosystem seruicagro-ecosystems (Power, 2010), to my knowledge,
information is not available on the pollination\gee provided by moths. Nonetheless, approximately
40% of the plant species analyzed for individuath¥itower interactions (Paper 4) can potentiallgurc

in semi-natural habitats, such as pastures amndl rirglrgins, in agricultural landscapes (e.g., théhmo
pollinatedSilene latifolig Jurgenset al, 1996 and personal observations). Hence, althougths are
most likely of low importance with regards to thellmation of crops in temperate regions, their

pollination service might benefit the overall bieglisity of agricultural ecosystems.

However, agrochemicals can negatively affect thinaion service of moths. On the one hand,
insecticides can affect moth pollinators. In a séeld experiment, the number of pollinat8dlatifolia
flowers was significantly reduced on plants treatétth 30 % of the field rate of an insecticide (Bap
2). This reduction was most likely caused by repelieffects of the insecticide (lambda-cyhalothrin)
againstHadena bicrurianoths, the main-pollinator &. latifolia(Kephartet al, 2006). This hypothesis
is consistent with the observation that insectidciéated plants carried 40% less moth eggs (P3aper 2
as H. bicruris moths are pollinating seed predators, with adethdles pollinating flowers during
oviposition and caterpillars feeding on the seé&tgufe 1-7). Although the overall seed productiasw
similar between treated and control plants in thgecofS. latifolia (insecticide treatment: 194 + 28
seeds per flower, control: 206 + 25 seeds per ftpRaper 2) and negative effects on the population
S. latifoliawere not expected, the results might be diffefenother plant species, such as plant species
that produce fewer seeds per plant. Furthermoreause of the high temporal variability of moth
pollination, long-term studies are necessary teakthe pollination interactions of moths and tfieats

of agrochemicals.

On the other hand, agrochemicals can affect pkmdsmight thereby alter pollination interactioner F
example, the inputs of sulfonyl-urea herbicidesreatuce the flower formation of various plant speci
(Schmitzet al, 2014b). Settlings moths may seek nectar fromtetasof flowers (inflorescences)
(Atwater, 2013; Oliveiraet al, 2004). Herbicide inputs typical for narrow figttargins (30% of the in-
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field rate) reduced the flowering intensity Rnunculus acriplants by 85% (Schmitet al, 2013).
Such scattered flowers might attract fewer settimghs and reduce the pollination success and seed
production. However, addition research is neededstsess the potential effects of herbicide-caused

flower suppression on the foraging and pollinatiehavior of (settling) moths.
7.4 Protection of Lepidoptera in agricultural landseape

Many species of Lepidoptera occur as caterpilldepér 3, Facegt al, 2014) and adults (e.g., Felstr

al., 1996; Fuentes-Montemayet al, 2011; Merckxet al, 2012) in agricultural landscapes. Thus,
Lepidoptera play an integral role in these landssag-irst, because of their species richness,
Lepidoptera contributes to the diversity of agros®stems. Second, they provide services such as
pollination and breaking down live plant tissue d§le, 1995). Third, they constitute a major food
resource for species of higher trophic levels, bkels and bats (Scoble, 1995; Vaughan, 1997; Wilso
et al, 1999). Hence, the protection of moths and buigsrfs of interest for the protection of biodivigys

in agricultural areas.

An option for improving the protection of mothsagricultural landscapes could be to adapt the risk
assessment procedure for pesticides. As mentiornbe introduction, the current arthropod test Egec
are predominantly predators, and herbivores aranctided. Lepidoptera have shown sensitivity to
(low rates of) pesticides. Furthermore, the curtest species do not represent the typical species
occurring in field margins. Therefore, it has beetcommended in the ESCORT 2 workshop to improve
the available information on the pesticide effestdNTAs (Candolfiet al, 2000), such as Lepidoptera.

In addition, indirect effects, such as a lack obdosources or changes in food quality caused by

herbicides (as described in Paper 2), are notdedun the risk assessment for NTAs.

Currently, the guidance document on terrestrisdd assessments is revised, and the protection of
biodiversity is considered as a general protedmal (EFSA, 2015). A new risk assessment scheme for
NTAs is proposed in a scientific opinion of the BFE&EFSA, 2015). The scheme recommends to test
at least four arthropod species of different taxoimogroups and lifestyles for the tier 1 level loé trisk
assessment, and the selected test species shatlidleinlepidopteran caterpillars to represent
herbivorous NTAs (oral toxicity study). Furthermpiteis suggested to assess the reproductive sffect
of pesticides beginning at tier 1 (EFSA, 2015).

Although this recommended scheme is most likelyerguitable for identifying the direct effects of
insecticides (especially lethal and possibly atxtain sublethal effects) on Lepidoptera, indiedtacts,
such as herbicide-induced changes in host plarityuare not addressed. Such indirect effects are
difficult to assess experimentally because theytniksly depend on the herbicide as well as the
herbivore and plant species. Thus, testing allhes¢ combinations would be unrealistic. A more

appropriate option for the protection of moths auotterflies in agricultural landscapes would inehul
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focus on RMMs to ensure that the amount of pe&tiagigbuts is further reduced in non-target habitats

next to agricultural sites (e.g., via the use dfdnstrips; EFSA, 2015).

On the other hand, Lepidoptera could benefit fran-anvironmental schemes (AESs). In Europe,
AESs are implemented to encourage farmers to gratetenhance the environment on their farmland
by providing payments in return to such servicag¢ean Commission, 2005). In general, AESs aim
to decrease management intensity regarding (p8rtagoiculturally used fields (e.g., application of
agrochemicals) and/or the management of semi-rlahafsitats according to certain prescriptions
(Ekrooset al, 2014). Although there is a debate on the effeckss of AESs regarding the protection
of farmland biodiversity (Berendset al, 2004; Ekrooset al, 2014; Kleijn and Sutherland, 2003;
Primdahlet al, 2003), there is evidence that at least certajamism groups can benefit from the
implementation of several AESs (Boatmanal, 2008; Haalandet al, 2011; Kleijn et al, 2006;
Marshallet al, 2006; Taylor and Morecroft, 2009), including Leéqptera species (Faceyal, 2014;
Fox, 2012; Fuentes-Montemayetral, 2011; Merckxet al, 2010a; Merckset al, 2009b).

First, Lepidoptera can benefit from schemes implaet at agricultural sites. For example, measures
to increase the diversity of crops as well as map-glants in fields benefit arthropod predator
populations and reduce the negative impacts ofgrgainisms, which leads to reduced pesticide inputs
to the fields (Letourneaat al, 2011) and field margin habitats. This reducedipiée inputs would
most likely favor Lepidoptera in these habitatsadidlition, weedy patches in fields, such as heatbici
free crop edges with flowering non-crop plantsvate nectar resources for adult Lepidoptera (Pywell
et al, 2004) and other flower visiting insects. The igation of flower strips within the fields or ateh
crop edges can greatly enhance the availabilityeotar and pollen, which can increase the abundance
and diversity of adult Lepidoptera (Haaland andsisr 2011; Haaland and Gyllin, 2010; Korpela

al., 2013). Although individual caterpillars have bedrserved in flower strips, the suitability of this
habitat element for juvenile Lepidoptera can bedased by the inclusion of appropriate host plant
species in the seed mix and a multi-year time ggaveen sowing and ploughing (Haaland and Bersier,
2011) as well as an adapted management of the &g, mowing can cause high caterpillar moytalit
Humbertet al, 2010). ‘Grass only’ strips, which are a commorSAEplemented in Great Britain, are
less suitable habitats for Lepidoptera. Althouglthsgrass strips can promote the abundance of
individual species, such &ganiola jurting, the lack of nectar and host plants limits theinéfit for
Lepidoptera species (Fiedd al, 2005, 2007). Nonetheless, unsprayed crop edgemdield flower or

grass strips can act as a buffer for inputs of @ggmicals in adjoining field margins.

Second, moths and butterflies can benefit from AHEBs$ target field margin habitats. For instance,
AESs that enlarge field margin widths can increéaseabundance and species richness of moth species
(Merckx et al, 2009a; Merckeet al, 2012). This effect might be attributed to theagee availability of
habitat for adult and juvenile Lepidoptera as veallimproved habitat quality in relation to pestcid

inputs because spray drift decreases with incrgadistance to the field. Furthermore, plant species
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richness increases with margin width (e.g., Link &farrach, 1998), which most likely also increases
the availability of host and nectar plants. Howewasapropriate management of field margins is also
important because mowing causes high caterpillartatioes (Humbertet al, 2010). Furthermore,
mowing time and frequency can influence the avditalof floral resources (Noordijlet al, 2009;
Smithet al, 1994). In the short term, mowing also affectsptant species richness of field margins,
whereas in the long term, it predominantly influem¢he composition of the plant community (Smith
et al, 2010). Hedgerows and hedgerow trees can alstvabgiaffect the abundance, species richness
and diversity of moths (Merckat al, 2009a; Merckset al, 2012). These elements provide additional
host plants for species feeding on trees and byshek as several mining species), as well asrikhe
In addition to these direct effects on host plargilability, hedgerow trees can provide shelter and
warmer microclimate, which is most likely anotheason for the increased abundance and species
richness of moths next to hedgerow trees (Megtkd, 2012). Furthermore, hedgerows and trees might
act as stepping stone habitats and hence can rdtiégmentation of agricultural landscapes (8lad
et al, 2013). Thus, the management of hedgerows (augging frequency and time) can affect the

abundance of certain feeding guilds as well apérasitism rates of caterpillars (Faatyal, 2014).

Although schemes are implemented at a local leivel, (ndividual farmers, individual fields), the
benefits of these AESs for Lepidoptera may be dpgchat the landscape level because the mobility
can differ considerably between Lepidoptera spe@iésrckx et al, 2009a; Merckxet al, 2009b).
Furthermore, the efficiency of AESs may vary amdifterent landscapes (Ekroes al, 2014). The
beneficial effects of wider margins and hedgerosesrwere shown to increase in landscapes with a
higher occurrence of AESs (Merclet al, 2009b). In addition, the abundance of micro-motlas
positively related to the percentage of semi-natwahitat in a distance of 250 m (Fuentes-Montemayo
et al, 2011), whereas macro-moths appeared to be affbgtéheir surroundings in a radius of 800 m
and might benefit from the implementation of AE$¢hés scale (Mercket al, 2012; but also see the
results of Fuentes-Montemayeir al, 2011).

However, most AES may primarily favor mobile habgeaneralists, whereas habitat specialists and poor
dispersers likely need AESs that are tailored &irthabitat requirements (Ekroes$ al, 2010), but
adequate information on the specific needs of naosespecies is often lacking (Mercékal, 2010a).
Nonetheless, rare or declining species can alsefirdrom more generalized AESs (Merckx al,
2010a; Mercket al, 2012), especially when implemented at relatigshall spatial scales (Merclet

al., 2012).
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8 Conclusions and outlook

Agriculture is a dominant land use in Europe (St@dtal, 2009) and worldwide (Folegt al, 2005).
Because of human population growth, increasing aeiséor agricultural products, such as food and

fuel, will most likely further increase the areacoitivated land as well as the cultivation intépsi

In general, wildlife species provide crucial ecasys services in agricultural landscapes and enhance
agricultural production (Power, 2010). While tréalilal land use systems create and preserve diverse
habitats and enable numerous wildlife speciesngsiin these landscapes, agricultural intendiitca
poses a major threat to biodiversity (e.g., Krebal, 1999; Stoatet al, 2009). For example, a myriad

of moths and butterflies act as herbivores, pdiirmand prey organisms in ecosystems. In agri@lltu
landscapes under intensified use, Lepidoptera @remly influenced by the loss of suitable habijtats
but also by inputs of agrochemicals in the remanimon-crop elements, such as field margins.
Agrochemicals can affect Lepidoptera directly (daghal effects of insecticides) and indirectlyotingh
changes in the quantity and quality of host andamg@ants (herbicides and fertilizers) and replle

effects.

Further research on the ecological services pravige Lepidoptera and the effects of agricultural
management, especially the impacts of agrochemicadsthis (and other) organism group(s) is
necessary to better understand the risks and shoéantensified agro-ecosystems to biodiversitg an
design appropriate measurements (such as AESsjigata negative effects. For example, on the basis
of the results of the present thesis as well asratisearch, the improved protection of field nargi
habitats from agrochemicals is recommended bea#Hltepotential benefits to Lepidoptera (and other

organisms, such as plants).

Furthermore, not only should the agricultural mamagnt be improved, but also agricultural products
should be used more efficient. One third of fooddoiction is lost or wasted globally (Gustavssbn
al., 2011), and another third is used inefficientljiesstock feed (Tscharntlet al, 2012). In addition,
agricultural sites are used for the growth of babfieedstocks and approximately 12% of coarse corn,
14% of vegetable oil, and 30% of sugarcane prodaogagiobally will likely be used for biofuel until
2023 (OECD-FAO, 2014). Thus, a more efficient uisagvicultural products would reduce the pressure
on agro-ecosystems and might even allow the exiesison of existing agricultural systems or, adg

prevent further agricultural intensification.
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10.1 Appendix I: Details Table 1-2

10.1.1 Details on the literature search

In Table 10-1 the results of a literature searehpaiesented. Table 10-1 is based on the resulaluf
et al. (2013) but has been modified and extended. In alewiing, details on the approach for this

literature research are provided.

Overall, 45 studies were analyzed by extracting gbeential factors affecting the presence and/or
abundance of (macro-) Lepidoptera (with a focus Euwropean species). Subsequently, these

relationships were evaluated as positive, neutrategative:

Positive: higher plant species richness leadsgbdrispecies diversity
Neutral: the percentage of semi-natural habitas s influence abundance
Negative: species richness was reduced in plotshigther pesticide usage

In certain cases, a distinct relationship may rastehbeen described in the analyzed study, althaugh
factor influencing the Lepidoptera was mentionethapresented data (for example, mowing influences
the community composition and vegetation heighluarices abundance). These results were listed

separately.

A study could contain information for several fast¢e.g., plant species richness, mowing, pestgide
but was counted only once per relationship (pasitiveutral, negative), even if this relationship

comprises several parameters (e.g., abundancesidyyenortality).

For example: Ekroogt al (2008) mentioned thepbsitive effects of nectar flower abundance on
lepidopterans [...] abundanceWwhile “organic farming did not show any significant effeabn
lepidopteran diversity” Therefore, this study was classified as showit)ga(positive relationship of
the factor flower abundance on the parameter Lgpeta abundance and (2) a neutral relationship of

the factor organic agriculture on the parametelidatera diversity.

An overview of the evaluated literature and dethitdormation on the relationships and parameters i

provided below in Table 10-1.
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Table 10-1Evaluated literature and results for Lepidopt&eeen (+): positive relationship, yellow (0): netr
relationship, red (-): negative relationship, blue): influencing factor without clear relationshiphe listed
indices refer to Table 1-2.

Indices | Reference | Parameters
Plant species richness/flower abundance
a: (+) Ekrooset al, 2008 Lepidoptera abundance (butterflies and diumoths),
butterfly abundance, butterfly species richness
Kuussaarkt al, 2007 species richness (butterflies and diurnahs)o
Munguira and Thomas, 1992 species number and divefdutterflies and burnets
Ockinger and Smith, 2007 species number, density
Saarinen, 2002 abundance (4 butterfly species)
Sparks and Parish, 1995 species richness and ame(lzutterflies)
Winkler et al, 2009 sugar content &utella xylostellain fields next to flowering
VS. grass margins
Brittain et al, 2010 butterfly species richness (at field scale)
Franzen and Nilsson, 2008 species number of burnets
Rundlofet al, 2008 butterfly species richness and abundance
Kirkham et al, 1999 number and species diversity of butterflies
b: (0) Munguira and Thomas, 1992 number of indigidu
Franzen and Nilsson, 2008 species richness ofrBigte number of red-listed burnets
c: (wr) | Haaland and Bersier, 2011 butterfly aburmgatutterfly species richness
Vegetation structure/ height
d: (+) Kuussaaréet al, 2007 butterfly species richness
Ockinger and Smith, 2007 species richness (dayeanioths)
Franzen and Nilsson, 2008 species number of burnets
e: (0) Sjodiret al, 2008 species richness and abundance of butterflie
f: (-) Marini et al, 2009 species richness of butterflies (field scale
g: (wr) | Sjodinet al, 2008 species composition (butterflies)
Sparks and Parish, 1995 butterfly populations
Presence/ proportion of forests or woody habitats
h: (+) | Haaland and Bersier, 2011 butterfly speaigness
Percentage of semi-natural habitat in agricultlmadiscapes
i (+) Franzen and Nilsson, 2008 species numbéuafiets
j: (0) Franzen and Nilsson, 2008 species richnébsitterflies, number of red-listed burnets
ki (wr) | Fuentes-Montemayat al, 2011 | macromoth abundance, macromoth speciesesshn
Field margins/ hedges
I: (+) Ekrooset al, 2008 Lepidopteran diversity, abundance of Lepidiap butterflies
and meadow-preferring butterflies, butterfly speaiehness
Feberet al, 1997 abundance of non-pest butterflies
Field et al, 2005 abundance of butterflies, abundandearfiola jurtina
Field et al, 2007 abundance ®daniola jurtina, Thymelicus sylvestriand
Thymelicus lineolabutterfly abundance
Hodgsonret al, 2010 butterfly density, butterfly species
Meeket al, 2002 abundance of butterflies
Merckx et al, 2009 abundance of moths
Feberet al, 2007 abundance of butterflies
m: (0) Fieldet al, 2005 butterfly species richness, abundandeyobnia tithonus
Thymelicuspp., andchlodes venata
"Ackerschonstreifen"/ headlands
n: (+) de Snoo, 1999 butterfly abundance and spexienber
Dover, 1997 foraging activity (butterflies)
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Doveret al, 1990

abundance of butterflies

Dover, 1991

number of butterfly species, abundaridmitterflies

Rands and Sotherton, 1986

butterfly abundance

"Bluihstreifen"/ beetle banks/ grass strips

0: (+) Haaland and Bersier, 2011 butterfly abunéanc
Haaland and Gyllin, 2010 butterfly abundance, bfiftspecies number (sown
wildflower strips vs. greenways)
Meeket al, 2002 abundance of butterflies (especially Mea&oawn and
Aphantopus hyperantus
p: (0) Haaland and Bersier, 2011 species richness

Agricultural intensification

q: (+)

Saarinen, 2002

abundanceAglais urticae(1 out of 39 butterfly species)

r: (0)

Saarinen, 2002

species richness (butte)flasundance (38 out of 39
butterfly species)

Sjodinet al, 2008

species richness and abundance (butterflies)

Mariniet al, 2009

diversity of butterflies (field scale)

Saarinen, 2002

diversity (butterflies)

Brittain et al, 2010

species richness of butterflies (regionaleyc

Ekrooset al, 2010

a- andB-Diversity of butterflies and geometrid moths

Isolation/ fragmentation

Ockinger and Smith, 2007

| species richnesnsity

Organic agriculture

u: (+) Febert al, 1997 abundance of non-pest butterflies
Hodgsonret al, 2010 butterfly density
Jonasoret al, 2011 butterfly species richness, butterfly abuncga
Rundléfet al, 2008 butterfly species richness, butterfly abuodao-, y-diversity
(butterflies)
Rundl6f and Smith, 2006 butterfly species richreasd abundance
Wickramasinghest al, 2004 abundance of different moth families
Feberet al, 2007 abundance and species richness of butterflie
Vv: (0) Ekrooset al, 2010 Lepidopteran diversity
Hodgsonret al, 2010 butterfly species richness
Weibull et al, 2000 butterfly diversity and number of speciasnber of
observations (butterflies)
Pesticides
w: (0) Brittainet al, 2010 species richness of butterflies (landscapke}
Frampton and Dorne, 2007 Lepidoptera larvae abuwad@neta-analysis)

Longleyet al, 1997

mortality oPieris brassicadarvae

Longley and Sotherton, 1997

mortality®podoptera littoralidarvae

Russell and Schultz, 2010

survival, wing size ampgbweight ofPieris rapae(study
from USA)

Sparks and Parish, 1995

butterfly abundance

Cilgi and Jepson, 1995

mortality Bferis rapaelarvae andP. brassicadarvae,
weight of P. brassicadarvae, size of adult$( rapae P.
brassicag

Feberet al, 1996

butterfly abundance

Frampton and Dorne, 2007

adult Lepidoptera abureapecies richness and total
Lepidoptera catches

Sinhaet al, 1990

mortality oPieris brassicagranking of 8 insecticides)

Tan, 1981

maximum larval and pupal weight®aris brassicag
duration of larval periodR. brassicag consumed leaf area
(P. brassicag
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Fertilizer
y: (+) Arshadet al, 2013 body weight oEhilo partelluscaterpillars
Giertychet al, 2005 performance dfymantria disparcaterpillars (especially in
the ammonium treatment)
Kula et al, 2013 higher survival, higher caterpillar weigétiprter development

time, and higher female pupae weightgfmantria dispar
feeding on leaves with higher nitrogen content

z: (-) Kulaet al, 2014 lower survival, longer development time,réased caterpilla
and pupae weights @fabera pusarideeding on birch leaves
with a higher nitrogen content; anomalies at pupati
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Table 10-2Pollination interactions between moths and plartsaeted from literature. To avoid confusion abt@xonomic synonyms, next to the species names omatiin
literature the currently valid species names (as$ave know) are also listed.

Interactions: fv: observed flower visit, p: polliien, p1: pollen/pollinia attached to moths, p2ti@o deposition, p3: seed development, p4: eggsrioidiars of nursery
pollinators, () interactions observed in laborgtexperiments, L: interaction described in the mation is based upon further (e.g., unpublishet§rences which has been not

checked separately.

moth family = moth species moth species plant family plant species plant species interaction  country references
(valid name) (name in paper) (valid name) (name in paper)

Crambidae = Anageshna Anageshna Orchidaceae Platanthera Habenaria fv, p1 USA, Voss and Riefner, 1983
primordialis primordialis obtusata(Banks ex obtusata(Pursh) Michigan
(Dyar, 1907) (Dyar) Pursh) Lindley Richardson

Crambidae = Anageshna Anageshna Orchidaceae Platanthera flava Platanthera flava pl no Light, 1998
primordialis primordialis (L.) Lindley (L.) Lindley information
(Dyar, 1907)

Crambidae  Catoptria Catoptria Orchidaceae Gymnadenia Gymnadenia pl Switzerland  Hubest al, 2005
speculalis speculalis(Hbn.) odoratissimaL.)  odoratissima(L.)
Hibner 1825 Rich. Rich.

Crambidae = Crambus ericella Crambus ericella Orchidaceae Pseudorchis albidaPseudorchis fv, p1 Czech Jersakovét al, 2011
(Hubner 1813) (L) A. &D. Léve albida(L.)A. & Republic

D. Love

Crambidae = Crambus Crambus Orchidaceae Pseudorchis albidaPseudorchis fv, p1 Czech Jersédkovét al, 2011
lathoniellus lathoniellus (L) A. &D. Léve albida(L.)A. & Republic
(Zincken 1817) D. Love

Crambidae = Eudonia Eudonia Orchidaceae Platanthera Platanthera pl USA, Alaska Gorham, 1976
lugubralis lugubralis obtusata(Banks ex obtusata(Banks
(Walker, 1866) (Walker) Pursh) Lindley ex Pursh) Lindley

Crambidae = Pyrausta Pyrausta Orchidaceae Piperia yadonii Piperia yadonii  L:p USA, Doak and Graff, 2001, in
perrubralis perrubralis Morgan and Morgan and California Argue, 2012
(Packard, 1873) (Packard) Ackerman Ackerman
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moth family = moth species moth species plant family plant species plant species interaction  country references
(valid name) (name in paper) (valid name) (name in paper)
Crambidae = Udea profundalis Udea profundalis Orchidaceae Piperia yadonii Piperia yadonii L:p USA, Doak and Graff, 2001, in
(Packard, 1873) (Packard) Morgan and Morgan and California Argue, 2012
Ackerman Ackerman
Crambidae = Upiga virescens Upiga virescens Cactaceae Pachycereus Lophocereus p4 USA, Hollandet al, 2004
(Hulst, 1900) schottii(Engelm.) schottii Arizona
D. R. Hunt
Crambidae = Upiga virescens Upiga virescens Cactaceae Pachycereus Pachycereus p USA, Holland and Chamberlain,
(Hulst, 1900) schottii(Engelm.) schottii Arizona 2007
D. R. Hunt
Crambidae = Upiga virescens Upiga virescens Cactaceae Pachycereus Pachycereus fv, p4, p3 Mexico Holland and Fleming, 1999
(Hulst, 1900) (Hulst) schottii(Engelm.) schottii(Englem.)
D. R. Hunt
Geometridae Anagoga Anagoga Orchidaceae Platanthera stricta Platanthera fv, p1 USA, Pattet al, 1989
occiduaria occiduaria Lindley stricta Lindley Washington
(Walker) (Walker)
Geometridae Aplocera Aplocera Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
plagiata plagiata(L.) chlorantha chlorantha
(Linnaeus, 1758) (Custer) Reichb.  (Cust.) Rchb.
Geometridae Drepanulatrix Drepanulatrix Orchidaceae Piperia yadonii Piperia yadonii  L:p USA, Doak and Graff, 2001, in
baueraria bauerariaSperry Morgan and Morgan and California Argue, 2012
Sperry, 1948 Ackerman Ackerman
Geometridae  Elophos Elophos Orchidaceae Gymnadenia Gymnadenia pl Switzerland  Hubest al, 2005
dilucidaria dilucidaria (Den. odoratissimaL.)  odoratissima(L.)
(Denis & & Sch.) Rich. Rich.
Schiffermdiller,
1775)
Geometridae Entephria Entephria Orchidaceae Gymnadenia Gymnadenia pl Switzerland  Hubest al, 2005

caesiata(Denis caesiata(Den. &
& Schiffermiller, Sch.)
1775)

odoratissimalL.)
Rich.

odoratissimalL.)
Rich.
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moth family = moth species moth species plant family plant species plant species interaction  country
(valid name) (name in paper) (valid name) (name in paper)
Geometridae Entephria Entephria Orchidaceae Platanthera bifolia Platanthera p, pl Sweden Bobermgt al, 2014
caesiata(Denis caesiata (L.) Rich. bifolia
and
Schiffermdiller,
1775)
Geometridae EupitheciaCurtis EupitheciaCurtis Orchidaceae Piperia Piperia p USA, Ackerman, 1977
1825 sp. unalascensis unalascensis Michigan
(Sprengle) (Sprengle)
Rydberg Rydberg
Geometridae EupitheciaCurtis Eupithecia sp.  Orchidaceae Platanthera stricta Platanthera fv, p1 USA, Pattet al, 1989
1825 Lindley stricta Lindley Washington
Geometridae Eupithecia Eupithecia Caryophyllaceae Silene uniflora Silene uniflora  p4? Sweden Pettersson, 1997
venosata venosataF.) Roth Roth
(Fabricius 1787)
Geometridae Eustroma Eustroma Orchidaceae Platanthera stricta Platanthera fv, p1 USA, Pattet al, 1989
fasciataBarnes fasciata(B. & Lindley stricta Lindley Washington
and McD.)
McDunnough,
1918
Geometridae Glacies alpinata Glacies alpinata Orchidaceae Gymnadenia Gymnadenia pl Switzerland  Hubest al, 2005
(Scopoli 1763) (Sc.) odoratissimaL.)  odoratissima(L.)
Rich. Rich.
Geometridae Gnophos Gnophos Orchidaceae Gymnadenia Gymnadenia pl Switzerland  Hubest al, 2005
obfuscataDenis obfuscatugDen. odoratissimaL.)  odoratissimalL.)
& Schiffermiller & Sch.) Rich. Rich.
1775)
Geometridae Hydriomena Hydriomena Orchidaceae Platanthera Habenaria pl USA, Thien and Utech, 1970
renunciata renunciata obtusata(Banks ex obtusata Wisconsin
(Walker, 1862) Pursh) Lindley
Geometridae Mesoleuca Mesoleuca Orchidaceae Platanthera Habenaria pl USA, Thien and Utech, 1970
ruficillata ruficillata obtusata(Banks ex obtusata Wisconsin

(Guenée, [1858]) (Guenee)

Pursh) Lindley
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moth family = moth species moth species plant family plant species plant species interaction  country references
(valid name) (name in paper) (valid name) (name in paper)

Geometridae Mesotype Perizoma Orchidaceae Gymnadenia Gymnadenia pl Switzerland  Hubest al, 2005
verberata verberata(Sc.) odoratissimaL.)  odoratissima(L.)
(Scopoli 1763) Rich. Rich.

Geometridae Ourapteryx Ourapteryx Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
sambucaria sambucariaL.) chlorantha chlorantha
(Linnaeus 1758) (Custer) Reichb.  (Cust.) Rchb.

Geometridae Perizoma Perizoma Caryophyllaceae Silene dioicgL.)  Silene dioica fv, p1, p4, p2 Finnland Westerbergh, 2004
affinitata affinitatum Clairville
(Stephens 1831)

Geometridae Semiothisa Semiothisa Orchidaceae Piperia yadonii Piperia yadonii  L:p USA, Doak and Graff, 2001, in
Hubner 1818 Hubner sp. Morgan and Morgan and California Argue, 2012

Ackerman Ackerman

Geometridae Speranza Elpiste Orchidaceae Piperia yadonii Piperia yadonii  L:p USA, Doak and Graff, 2001, in
marcescaria marcescaria Morgan and Morgan and California Argue, 2012
(Guenée, [1858]) (Guenee) Ackerman Ackerman

Geometridae Thallophaga Thallophaga Orchidaceae Piperia transversa Piperia p USA, Ackerman, 1977
taylorata (Hulst, taylorata(Hulst) Suksdorf transversaSuksd. California
1896)

Geometridae Xanthorhoe Xanthorhoe Orchidaceae Platanthera Habenaria pl USA, Thien and Utech, 1970
abrasaria abrasaria obtusata(Banks ex obtusata Wisconsin
(Herrich- Pursh) Lindley
Schéffer, [1855])

Geometridae Xanthorhoe Xanthorhoe Orchidaceae Platanthera Habenaria fv, p1 USA, Stoutamire, 1971
decoloraria munitata obtusata(Banks ex obtusata Michigan
(Esper 1806) Pursh) Lindley

Geometridae Xanthorhoe Xanthorhoe Orchidaceae Platanthera Platanthera pl USA, Gorham, 1976
decoloraria munitata obtusata(Banks ex obtusata(Banks Michigan
(Esper, 1806) Pursh) Lindley ex Pursh) Lindley

Geometridae Xanthorhoe Xanthorhoe Orchidaceae Platanthera Habenaria pl USA, Thien and Utech, 1970
lacustrata lacustrata obtusata(Banks ex obtusata Wisconsin

(Guenée, [1858])

Pursh) Lindley
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moth family = moth species moth species plant family plant species plant species interaction  country references
(valid name) (name in paper) (valid name) (name in paper)

Geometridae Xanthorhoe Xanthorhoe Orchidaceae Platanthera stricta Platanthera fv, p1 USA, Pattet al, 1989
lagganata(Swett lagganata(Swett Lindley stricta Lindley Washington
& Cassino) & Cassino)

Noctuidae Abrostola Abrostola Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
triplasia triplasia (L.) (Moench) Garcke (Moench) Garcke
(Linnaeus 1758)

Noctuidae Abrostola Abrostola Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
triplasia triplasia (L.) chlorantha chlorantha
(Linnaeus 1758) (Custer) Reichb. (Cust.) Rchb.

Noctuidae Agrotis ipsilon  Agrotis ipsilon  Orchidaceae Piperia yadonii Piperia yadonii L:p USA, Doak and Graff, 2001, in
(Hufnagel, 1766) (Hufnagel) Morgan and Morgan and California Argue, 2012

Ackerman Ackerman

Noctuidae Agrotis Agrotis sp. Orchidaceae Platanthera Platanthera fv, p1 USA, Smith and Snow, 1976
Ochsenheimer blephariglottis blephariglottis Michigan
1816 (Willdenow) (Willdenow)

Lindley Lindley

Noctuidae Anagrapha Anagrapha Orchidaceae Platanthera lacera Platanthera fv, p1 USA, lllinois Littleet al, 2005
falcifera (Kirby, falciferaKirby (Michaux) G. Don lacera(Michaux)
1837) G. Don

Noctuidae Anarta oregonica Discestra Orchidaceae Platanthera Platanthera fv, p1 USA, Oregon Larson, 1992
(Grote, 1881) oregonica dilatata (Pursh) dilatata (Pursh)

(Grote) Lindl. ex Beck Lindley ex Beck
var.dilatata

Noctuidae Anorthoa munda Orthosia munda Adoxaceae Adoxa Adoxa pl UK Holmes, 2005
(Denis & Denis & moschatellind.. moschatellind..
Schiffermiller  Schiffmaller
1775)

Noctuidae Apamea anceps Apamea anceps Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978

(Denis &
Schiffermtiller
1775)

(Den. & Schiff.)

chlorantha
(Custer) Reichb.

chlorantha
(Cust.) Rchb.
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Noctuidae Apamea furva  Apamea furva  Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
(Denis & (D.&S) (Moench) Garcke (Moench) Garcke
Schiffermaller
1775)

Noctuidae Apamea furva  Apamea furva  Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Denis & (Den. & Schiff.) chlorantha chlorantha
Schiffermdller (Custer) Reichb.  (Cust.) Rchb.
1775)

Noctuidae Apamea lateritia Apamea lateritia Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
(Hufnagel 1766) (Hufn.) (Moench) Garcke (Moench) Garcke

Noctuidae Apamea lateritia Apamea lateritia Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Hufnagel 1766) (Hufn.) chlorantha chlorantha

(Custer) Reichb.  (Cust.) Rchb.

Noctuidae Apamea Apamea Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
monoglypha monoglypha (Moench) Garcke (Moench) Garcke
(Hufnagel 1766) (Hufn.)

Noctuidae Apamea Apamea Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
monoglypha monoglypha chlorantha chlorantha
(Hufnagel 1766) (Hufn.) (Custer) Reichb.  (Cust.) Rchb.

Noctuidae Apamea Apamea ssp. Orchidaceae Platanthera bifolia Platanthera p Sweden Maad and Nilsson, 2004
Ochsenheimer (L.) Rich. bifolia (L.) L. C.
1816 Rich.

Noctuidae Apamea Apamea ssp. Orchidaceae Platanthera Platanthera p Sweden Maad and Nilsson, 2004
Ochsenheimer chlorantha chlorantha
1816 (Custer) Reichb.  (Custer) Reichb.

Noctuidae Apamea Apamea Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
sublustris(Esper sublustris(Esp.) (Moench) Garcke (Moench) Garcke
1788)

Noctuidae Apamea Apamea Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978

sublustris(Esper
1788)

sublustris(Esp.)

chlorantha
(Custer) Reichb.

chlorantha
(Cust.) Rchb.
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Noctuidae Autographa Autographa Caryophyllaceae Dianthus superbus Dianthus fv, p1 Switzerland  Erhardt, 1991
bractea(Denis & bracteaSchiff. L. superbud..
Schiffermaller
1775)

Noctuidae Autographa Autographa Caryophyllaceae Silene vulgaris Silene vulgaris ~ fv, p1 Sweden Pettersson, 1991
bractea(Denis & bractea(D. & S.) (Moench) Garcke (Moench) Garcke
Schiffermuller
1775)

Noctuidae Autographa Autographa Orchidaceae Gymnadenia Gymnadenia pl Switzerland  Hubest al, 2005
bractea(Denis & bractea(Den. & conopsedL.) R.  conopsedL.)
Schiffermiller  Sch.) Br. R.Br. s.l.
1775)

Noctuidae Autographa Autographa Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
bractea(Denis & bractea(Den. & chlorantha chlorantha
Schiffermuiller  Schiff.) (Custer) Reichb. (Cust.) Rchb.
1775)

Noctuidae Autographa Autographa Orchidaceae Platanthera Platanthera L: fv, pl USA, Kipping, 1971, in Argue,
californica californica dilatata (Pursh) dilatata var. California 2012
(Speyer, 1875) (Speyer) Lindl. ex Beck leucostachys

(Lindley) Luer

Noctuidae Autographa Autographa Caryophyllaceae Dianthus Dianthus fv, p1 Switzerland  Erhardt, 1990
gamma gamma L. gratianopolitanus gratianopolitanus
(Linnaeus, 1758) Vill. Vill.

Noctuidae Autographa Autographa Caryophyllaceae Saponaria Saponaria fv, p2 Germany Wolfeet al, 2006
gamma gamma(L.) officinalis L. officinalis (L.)
(Linnaeus, 1758)

Noctuidae Autographa Autographa Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
gamma gamma(L.) (Moench) Garcke (Moench) Garcke
(Linnaeus, 1758)

Noctuidae Autographa Autographa Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
gamma gamma(L.) chlorantha chlorantha
(Linnaeus, 1758) (Custer) Reichb. (Cust.) Rchb.

Noctuidae Autographa Autographa Orchidaceae Piperia elegans  Piperia elegans p USA, Ackerman, 1977
Hubner 1821 (Hubner) sp. (Lindl.) Rydberg  (Lindl.) Rydberg California
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Noctuidae Autographa jota Autographa jota Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
(Linnaeus 1758) (L.) (Moench) Garcke (Moench) Garcke

Noctuidae Autographa jota Autographa jota Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Linnaeus 1758) (L.) chlorantha chlorantha

(Custer) Reichb. (Cust.) Rchb.

Noctuidae Autographa Autographa Caryophyllaceae Silene stellatdL.) Silene stellata  fv, p2 USA, Kula et al, 2014
precationis precationis W.T. Aiton Virginia
(Guenée 1852)

Noctuidae Autographa Autographa Nyctaginaceae Abronia Abronia fv, p1 USA, Saunders and Sipes, 2006
pseudogamma pseudogamma ammophilaGreene ammophila Wyoming
(Grote, 1875) Grote Greene

Noctuidae Autographa Autographa Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
pulchrina pulchrina (Haw.) (Moench) Garcke (Moench) Garcke
(Haworth 1809)

Noctuidae Autographa Autographa Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
pulchrina pulchrina (Hw.) chlorantha chlorantha
(Haworth 1809) (Custer) Reichb. (Cust.) Rchb.

Noctuidae Copablepharon Copablepharon Nyctaginaceae Abronia Abronia fv, p1 USA, Saunders and Sipes, 2006
viridisparsaDod, viridisparsaDod ammophilaGreene ammophila Wyoming
1916 Greene

Noctuidae Cucullia Cucullia Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
absinthii absynthii(L.) (Moench) Garcke (Moench) Garcke
(Linnaeus 1761)

Noctuidae Cucullia Cucullia Orchidaceae Platanthera Platanthera pl USA, Catling and Catling, 1989
intermedia intermedia huronensis huronensis Colorado
Speyer, 1870 (Speyer) (Nuttall) Lindley  (Nutt.) Lindley

Noctuidae Cucullia luna Nycterophaeta Nyctaginaceae Abronia fragrans Abronia fragrans fv, pl USA, Keeler and Fredricks, 1979
Morrison, 1875 luna(Morr.) Nutt. ex Hook. Nutt. Nebraska

Noctuidae Cucullia lychnitis Cucullia Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
Rambur 1833  lychnitidis Ramb. (Moench) Garcke (Moench) Garcke

Noctuidae Cucullia Cuculliac.f. Caryophyllaceae Dianthus superbus Dianthus fv, p1 Switzerland  Erhardt, 1991
umbratica umbratical. L. superbud..

(Linnaeus 1758)
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Noctuidae Cucullia Cucullia Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
umbratica umbratica(L.) (Moench) Garcke (Moench) Garcke
(Linnaeus 1758)

Noctuidae Cucullia Cucullia Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
umbratica umbratica(L.) chlorantha chlorantha
(Linnaeus 1758) (Custer) Reichb.  (Cust.) Rchb.

Noctuidae Diachrysia Diachrysia Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
chrysitis chrysitis(L.) (Moench) Garcke (Moench) Garcke
(Linnaeus 1758)

Noctuidae Diachrysia Diachrysia Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
chrysitis chrysitis(L.) chlorantha chlorantha
(Linnaeus 1758) (Custer) Reichb. (Cust.) Rchb.

Noctuidae Diarsia mendica Diarsia mendica Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Fabricius 1775) (F.) chlorantha chlorantha

(Custer) Reichb. (Cust.) Rchb.

Noctuidae Euchalcia Euchalcia Caryophyllaceae Dianthus Dianthus fv, p1 Switzerland  Erhardt, 1990
variabilis (Piller  variabilis Pill. gratianopolitanus gratianopolitanus
1783) Vill. Vill.

Noctuidae Hada plebeja Hada nana Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
(Linnaeus 1761) (Hufn.) (Moench) Garcke (Moench) Garcke

Noctuidae Hada sutrina Hada sutrina Nyctaginaceae Abronia Abronia fv, p1 USA, Saunders and Sipes, 2006
(Grote, 1881) Grote ammophilaGreene ammophila Wyoming

Greene

Noctuidae Hadena Hadena Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
albimacula albimacula chlorantha chlorantha
(Borkhausen (Bkh.) (Custer) Reichb.  (Cust.) Rchb.
1792)

Noctuidae Hadena bicruris Hadena bicruris Caryophyllaceae Silene dioicalL.)  Silene dioicalL.) p4 Germany Bopp 2003; Bopp and
(Hufnagel 1766) Hufn. Clairville Clairville Gottsberger 2004

Noctuidae Hadena bicruris Hadena bicruris Caryophyllaceae Silene latifolia Silene latifolia p4 Central/ Magalhae®t al, 2011
(Hufnagel 1766) Poiret northern

Europe
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Noctuidae Hadena bicruris Hadena bicruris Caryophyllaceae Silene latifolia Silene latifolia  fv, pl The van Putteret al, 2007
(Hufnagel 1766) Poiret Poiret Netherlands

Noctuidae Hadena bicruris Hadena bicruris Caryophyllaceae Silene latifolia Silene latifolia (fv, p4, p3) France Labouche and Bernasconi,
(Hufnagel 1766) Hufn. (female) Poiret Poiret 2010

Noctuidae Hadena bicruris Hadena bicruris Caryophyllaceae Silene latifolia Silene latifolia (fv, p3) France Labouche and Bernasconi,
(Hufnagel 1766) Hufn. (male) Poiret Poiret 2010

Noctuidae Hadena bicruris Hadena bicruris Caryophyllaceae Silene latifolia Silene latifolia p4 Germany Bopp 2003; Bopp and
(Hufnagel 1766) Hufn. Poiret Poiret ssp. lha Gottsberger 2004

(Miller) Greuter
& Burdet

Noctuidae Hadena bicruris Hadena bicruris Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
(Hufnagel 1766) (Hufn.) (Moench) Garcke (Moench) Garcke

Noctuidae Hadena caesia Hadena caesia Caryophyllaceae Dianthus Dianthus fv, p1 Switzerland  Erhardt, 1990
(Denis & Schiff. gratianopolitanus gratianopolitanus
Schiffermiller Vill. Vill.
1775)

Noctuidae Hadena compta Hadena compta Caryophyllaceae Dianthus sylvestris Dianthus p no Collin et al., 2002
(Denis & Schiff. Wulfen sylvestriswulf. information
Schiffermiller
1775)

Noctuidae Hadena compta Hadena compta Caryophyllaceae Dianthus sylvestris Dianthus pl Switzerland, Erhardt, 1988
(Denis & Schiff. Wulfen sylvestriswulf. Swiss Alps
Schiffermdller
1775)

Noctuidae Hadena compta Hadena compta Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Denis & (Den. & Schiff.) chlorantha chlorantha
Schiffermdller (Custer) Reichb. (Cust.) Rchb.
1775)

Noctuidae Hadena confusa Hadena confusa Caryophyllaceae Silene uniflora Silene uniflora  p4 Sweden Pettersson, 1997
(Hufnagel 1766) (Hufn.) Roth Roth

Noctuidae Hadena confusa Hadena confusa Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991

(Hufnagel 1766) (Hufn.)

(Moench) Garcke

(Moench) Garcke
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Noctuidae Hadena Hadena Caryophyllaceae Sileneciliata Silene ciliata fv, p4 Spain Gimenez-Benavidesal,
consparcatoides consparcatoides Pourr. 2007
(Schawerda
1928)

Noctuidae Hadena ectypa Hadena ectypa Caryophyllaceae Silene stellatgL.) Silene stellata p no Reynoldset al,
(Morrison, 1875) W.T. Aiton information  (unpublished) in Kepha#dt

al., 2006

Noctuidae Hadena ectypa Hadena ectypa Caryophyllaceae Silene stellatdL.) Silene stellata  fv, p4, p2 USA, Reynoldset al, 2012
(Morrison, 1875) W.T. Aiton Virginia

Noctuidae Hadena ectypa Hadena ectypa Caryophyllaceae Silene stellatdL.) Silene stellata  fv, p4, p2 USA, Castilloet al,, 2013
(Morrison, 1875) Morrison W.T. Aiton (L.) W.T. Aiton Virginia

Noctuidae Hadena ectypa Hadena ectypa Caryophyllaceae Silene stellatdL.) Silene stellata  fv, p2 USA, Kula et al, 2014
(Morrison, 1875) W.T. Aiton Virginia

Noctuidae Hadena perplexa Hadena perplexa Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
(Denis & (D.&S) (Moench) Garcke (Moench) Garcke
Schiffermiller
1775)

Noctuidae Hadena perplexa Hadena perplexa Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Denis & (Den. & Schiff.) chlorantha chlorantha
Schiffermiller (Custer) Reichb.  (Cust.) Rchb.
1775)

Noctuidae HadenaSchrank Hadena Caryophyllaceae Dianthus sylvestris Dianthus p4 Italy Collinet al, 2002
1802 Wulfen sylvestriswulf.

Noctuidae Hadena variolata Hadena variolata Caryophyllaceae Silene douglasii ~ Silene douglasii p no Kephartet al, 2006
(Smith 1888) Hook information

Noctuidae Lithophane socia Lithophane Adoxaceae Adoxa Adoxa pl UK Holmes, 2005
(Hufnagel 1766) hepaticaClerck. moschatellind.. moschatellind..

Noctuidae Mniotype adusta Mniotype adusta Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
(Esper 1790) (Esp.) (Moench) Garcke (Moench) Garcke

Noctuidae Mythimna Aletia oxygala  Orchidaceae Platanthera Platanthera pl USA, Catling and Catling, 1989
oxygala(Grote, (Grote) huronensis huronensis Colorado
1881) (Nuttall) Lindley  (Nutt.) Lindley
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Noctuidae Orthosia cerasi  Orthosia cerasi Adoxaceae Adoxa Adoxa pl UK Holmes, 2005
(Fabricius 1775) Fabricius moschatellind.. moschatellind..
Noctuidae Orthosia gothica Orthosia gothica Adoxaceae Adoxa Adoxa pl UK Holmes, 2005
(Linnaeus 1758) L. moschatellind.. moschatellind..
Noctuidae Orthosia incerta Orthosia incerta Adoxaceae Adoxa Adoxa pl UK Holmes, 2005
(Hufnagel 1766) Hufnagel moschatellind.. moschatellind..
Noctuidae Papestra Papestra Nyctaginaceae Abronia Abronia fv, p1 USA, Saunders and Sipes, 2006
quadrata(Smith, quadrataSmith ammophilaGreene ammophila Wyoming
1891) Greene
Noctuidae Plusia festucae Autographa Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
(Linnaeus 1758) festucadL.) (Moench) Garcke (Moench) Garcke
Noctuidae Plusia festucae Plusia festucae Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Linnaeus 1758) (L.) chlorantha chlorantha
(Custer) Reichb. (Cust.) Rchb.
Noctuidae Plusia putnami  Plusia putnami  Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Grote 1873) (Grote) chlorantha chlorantha
(Custer) Reichb. (Cust.) Rchb.
Noctuidae Polia bombycina Polia bombycina Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
(Hufnagel 1766) (Hufn.) (Moench) Garcke (Moench) Garcke
Noctuidae Polia bombycina Polia bombycina Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Hufnagel 1766) (Hufn.) chlorantha chlorantha
(Custer) Reichb.  (Cust.) Rchb.
Noctuidae Polia hepatica  Polia hepatica  Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Clerck 1759) (ClL) chlorantha chlorantha
(Custer) Reichb. (Cust.) Rchb.
Noctuidae Polia nebulosa Polia nebulosa Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Hufnagel 1766) (Hufn.) chlorantha chlorantha
(Custer) Reichb.  (Cust.) Rchb.
Noctuidae Sideridis Heliophobus Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978

reticulata (Goeze reticulata

1781)

(Goeze)

chlorantha
(Custer) Reichb.

chlorantha
(Cust.) Rchb.
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Noctuidae Sideridis Hadena rivularis Caryophyllaceae Silene dioical.)  Silene dioicgL.) p4 England Goulson and Jerrim, 1997
rivularis Clairville Clairv.
(Fabricius 1775)
Noctuidae Sideridis Hadena rivularis Caryophyllaceae Silene latifolia Silene latifolia p4 England Goulson and Jerrim, 1997
rivularis Poiret Poiret
(Fabricius 1775)
Noctuidae Sideridis Hadena rivularis Caryophyllaceae Silene latifoliax  p4 England Goulson and Jerrim, 1997
rivularis Silene dioica
(Fabricius 1775) hybrids
Noctuidae Trichordestra Trichordestra Orchidaceae Platanthera Platanthera pl USA, Catling and Catling, 1989
dodii (Smith, dodii (Strecker) huronensis huronensis Colorado
1904) (Nuttall) Lindley  (Nutt.) Lindley
Prodoxidae Greya spec. Orchidaceae Platanthera stricta Platanthera fv, p1 USA, Pattet al, 1989
Lindley stricta Lindley Washington
Prodoxidae = Greya obscura Greya obscura Saxifragaceae Lithophragma Lithophragma fv, p3 USA, Cuautle and Thompson,
Davis and parviflorum parviflorum California 2010
Pellmyr, 1992 (Hook.) Nutt. ex
Torr. & A. Gray
Prodoxidae  Greya politella  Greya politella  Saxifragaceae Lithophragma Lithophragma fv, p3 USA, Cuautle and Thompson,
(Walsingham,  (female) heterophyllum heterophyllum California 2010
1888) (Hook. &. Arn.)
Torr. &. A. Gray
Prodoxidae  Greya politella  Greya politella  Saxifragaceae Lithophragma Lithophragma fv, p3 USA, Pellmyr and Thompson,
(Walsingham, parviflorum parviflorum Washington 1996
1888) (Hook.) Nutt. ex + ldaho
Torr. & A. Gray
Prodoxidae  Greya politella  Greya politella  Saxifragaceae Lithophragma Lithophragma fv, p4, p3 USA, Thompson and Pellmyr,
(Walsingham,  (Walsingham) parviflorum parviflorum Washington 1992
1888) (Hook.) Nutt. ex  (Hook.) Torr. &
Torr. & A. Gray Gray
Prodoxidae  Tegeticula Tegeticula Agavaceae Yucca brevifolia  Yucca brevifolia p4 USA, Utah Pellmyr and Segraves,
antithetica antithetica Engelm. 2003
Pellmyr 2003 Pellmyr
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Prodoxidae  Tegeticula Tegeticula Agavaceae Yucca glaucaNutt. Yucca glauca fv, p2 USA, Dodd and Linhart, 1994
yuccasella yuccasella Colorado
(Riley, 1872) (Riley)

Pterophoridae Hellinsia Hellinsia Orchidaceae Pseudorchis albidaPseudorchis fv, p1 Czech Jerséakovét al, 2011
didactylites didactylites (L) A. &D. Love albida(L.)A. & Republic
(Strém 1783) D. Love

Pterophoridae Hellinsia Hellinsia Orchidaceae Pseudorchis albidaPseudorchis fv, p1 Czech Jersakovét al, 2011
osteodactylus  osteodactylus (L) A. &D. Love albida(L.) A. & Republic
(Zeller 1841) D. Love

Sphingidae  Agrius convolvuli Herse convolvuli Caryophyllaceae Dianthus superbus Dianthus fv, p1 Switzerland  Erhardt, 1991
(Linnaeus 1758) L. L. superbud..

Sphingidae  Darapsa Darapsa Orchidaceae Platanthera Platanthera fv, p1 USA, Smith and Snow, 1976
versicolorHarris versicolor blephariglottis blephariglottis Michigan
1839 (Willdenow) (Willdenow)

Lindley Lindley

Sphingidae  Deilephila Deilephila Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
elpenor elpenor(L.) chlorantha chlorantha
(Linnaeus 1758) (Custer) Reichb.  (Cust.) Rchb.

Sphingidae  Deilephila Deilephila Caryophyllaceae Silene uniflora Silene uniflora p no H. Prentice (unpublished)
porcellus porcellus Roth information  in Kephartet al, 2006
(Linnaeus 1758)

Sphingidae  Deilephila Deilephilia Caryophyllaceae Silene vulgaris Silene vulgaris  fv, p1, p2 Sweden Pettersson, 1991
porcellus porcellus(L.) (Moench) Garcke (Moench) Garcke
(Linnaeus 1758)

Sphingidae  Deilephila Deilephila Orchidaceae Platanthera bifolia Platanthera p, pl Sweden Maad and Nilsson, 2004,
porcellus porcellus (L.) Rich. bifolia (L.) L. C. Boberget al, 2014
(Linnaeus 1758) Rich.

Sphingidae  Deilephila Deilephila Orchidaceae Platanthera Platanthera p Sweden Maad and Nilsson, 2004
porcellus porcellus chlorantha chloranatha
(Linnaeus 1758) (Custer) Reichb.  (Custer) Reichb.

Sphingidae  Deilephila Deilephila Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
porcellus porcellus(L.) chlorantha chlorantha

(Linnaeus 1758)

(Custer) Reichb.

(Cust.) Rchb.
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Sphingidae  Dolba hyloeus Dolba hyloeus Amaryllidaceae Hymenocallis Hymenocallis pl USA, Graham, 2010
(Drury 1773) coronaria(Le coronaria(Le Georgia

Conte) Kunth Conte) Kunth

Sphingidae  Dolba hyloeus Dolba hyloeus Amaryllidaceae Hymenocallis Hymenocallis pl USA, Graham, 2010

(Drury 1773) occidentalis(Le occidentalis(Le Alabama
Conte) Kunth Conte) Kunth

Sphingidae = Eumorpha Pholus achemon Nyctaginaceae Mirabilis Mirabilis fv, p1, p2 USA, Utah Cruden, 1970
achemon(Drury, Drury multiflora (Torr.)  multiflora (Torr.)
1773) A. Gray Gray

Sphingidae = Eumorpha Philampelus Orchidaceae Platanthera Habenaria pl USA, lllinois Robertson, 1893
achemon(Drury, achemorDru. leucophaea leucophaedGray.
1773) (Nuttall) Lindley

Sphingidae  Eumorpha Eumorpha Orchidaceae Platanthera Platanthera L:pl USA, Cuthrell, 1994, in Argue,
achemon(Drury, achemon leucophaea leucophaea Wisconsin 2012
1773) (Nuttall) Lindley  (Nuttall) Lindley

Sphingidae = Eumorpha Eumorpha Orchidaceae Platanthera Platanthera L: pl USA, North  Cuthrell and Rider, 1994,
achemon(Drury, achemon (Drury) praeclaraSheviak praeclara Dakota in Jordaret al, 2006
1773) & Bowles Sheviak &

Bowles

Sphingidae = Eumorpha Eumorpha Ranunculaceae Aquilegia Aquilegia fv, p1 USA, Miller, 1985
achemon(Drury, achemon chrysanthaGray  chrysanthaGray Arizona
1773)

Sphingidae = Eumorpha Eumorpha Onagraceae Oenothera Oenothera pl USA, Graham, 2010
fasciatug(Sulzer, fasciatus grandifloraL'Hér. grandiflora Alabama,
1776) ex Aiton. L'Hér. Florida

Sphingidae = Eumorpha Eumorpha Onagraceae Oenothera Oenothera pl USA, Graham, 2010
pandorus pandorus grandifloraL'Hér. grandiflora Alabama,
(HUbner 1821) ex Aiton. L'Hér. Florida

Sphingidae  HemarisDalman, Hemarissp. Caryophyllaceae Silene caroliniana Silene fv, p2 USA, Reynolds and Fenster, 2008
1816[1817] Walter caroliniana Maryland
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Sphingidae = HemarisDalman, Hemarissp. Orchidaceae Platanthera Platanthera pl USA, Maine Cole and Firmage, 1984
1816[1817] blephariglottis blephariglottis
(Willdenow) (Willdenow)
Lindley Lindley
Sphingidae  Hemaris diffinis Hemaris diffinis Campanulaceae Lobelia spicata Lobelia spicata  fv, p1 USA, lllinois  Griffin and Byers, 2012
(Boisduval, Lam. Lam.
1836)
Sphingidae  Hemaris diffinis Hemaris diffinis Orchidaceae Platanthera Platanthera pl USA, Hapeman, 1997
(Boisduval, peramoendA. peramoendA. Pennsylvania
1836) Gray) A. Gray Gray) A. Gray
Sphingidae  Hemaris diffinis  Sesia diffinis Orchidaceae Platanthera Platanthera fv, p1 no Guignard, 1885
(Boisduval, psycodegL.) psycodes information
1836) Lindley
Sphingidae  Hemaris thyshe Hemaris thysbe Amaryllidaceae Hymenocallis Hymenocallis pl USA, Graham, 2010
(Fabricius, 1775) coronaria(Le coronaria(Le Georgia
Conte) Kunth Conte) Kunth
Sphingidae = Hemaris thysbhe Hemaris thysbe Orchidaceae Platanthera Platanthera fv, p1 USA, Smith and Snow, 1976
(Fabricius, 1775) blephariglottis blephariglottis Michigan
(Willdenow) (willdenow)
Lindley Lindley
Sphingidae  Hemaris thyshe Haemorrhagis Orchidaceae Platanthera lacera Platanthera pl USA, Stoutamire, 1974
(Fabricius, 1775) thysbe (Michaux) G. Don lacera(Michx) G. Michigan
Don
Sphingidae = Hemaris thysbhe Hemaris thysbe Orchidaceae Platanthera Platanthera fv, p1 USA, Hapeman, 1997
(Fabricius, 1775) peramoendA. peramoendA. Pennsylvania
Gray) A. Gray Gray) A. Gray
Sphingidae  Hemaris thysbe Haemorrhagis  Orchidaceae Platanthera Platanthera fv, p1 USA, Stoutamire, 1974
(Fabricius, 1775) thysbe psycodegL.) psycodegL.) Michigan
Lindley Lindley
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Sphingidae = Hemaris thyshe Sesia thysbe Orchidaceae Platanthera Platanthera fv, p1 no Guignard, 1885
(Fabricius, 1775) psycodegL.) psycodes information
Lindley
Sphingidae  Hyles euphorbiaeCelerio Caryophyllaceae Dianthus superbus Dianthus fv, p1 Switzerland  Erhardt, 1991
(Linnaeus 1758) euphorbiad.. L. superbud..
Sphingidae  Hyles euphorbiaeHyles euphorbiaeOrchidaceae Platanthera Platanthera pl USA, North  Jordaret al,, 2006,
(Linnaeus 1758) (L.) praeclaraSheviak praeclara Dakota Phillips, 2003
& Bowles Sheviak &
Bowles
Sphingidae  Hyles gallii Hyles gallii Orchidaceae Platanthera Platanthera fv, p1 Sweden Nilsson, 1978
(Rottemburg, (Rott.) chlorantha chlorantha
1775) (Custer) Reichb. (Cust.) Rchb.
Sphingidae  Hyles gallii Hyles gallii Orchidaceae Platanthera Platanthera pl Canada, Westwood and Borkowsky,
(Rottemburg, (Rottenburg) praeclaraSheviak praeclara Manitoba 2004
1775) & Bowles (Sheviak &
Bowles)
Sphingidae  HylesHiibner, Hyles Ranunculaceae Aquilegia caerulea Aquilegia fv, p1 USA, Miller, 1981
1819 James caeruleavar. Arizona
pinetorum
(Tidestrom)
Sphingidae  HylesHubner, Hyles Ranunculaceae  Aquilegia caeruleAquilegia fv, p1 USA, Miller, 1981
1819 James caeruleaJames Colorado
Sphingidae  Hyles lineata Hyles lineata Nyctaginaceae Abronia Abronia fv, p1 USA, Saunders and Sipes, 2006
(Fabricius, 1775) Fabricius ammophilaGreene ammophila Wyoming
Greene
Sphingidae  Hyles lineata Hyles lineata Nyctaginaceae Mirabilis Mirabilis fv, p2 USA, Hodges, 1995
(Fabricius, 1775) multiflora (Torr.)  multiflora California
A. Gray
Sphingidae  Hyles lineata Hyles lineata Onagraceae Oenothera Oenothera fv, p3 USA, Artz et al, 2010
(Fabricius, 1775) caespitosaNutt. cespitosaNutt. Wyoming

subspcespitosa
Nutt.
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Sphingidae  Hyles lineata Hyles lineata Onagraceae Oenothera Oenothera fv, p3 USA, Utah Artzt al, 2010
(Fabricius, 1775) caespitosaNutt. cespitosaNutt.
subsp.
navajoensigW.
L. Wagner,
Stockhouse and
Klein) Crong.
Sphingidae  Hyles lineata Hyles lineata Orchidaceae Platanthera Platanthera fv, p1 USA, Smith and Snow, 1976
(Fabricius, 1775) blephariglottis blephariglottis Michigan
(Willdenow) (Willdenow)
Lindley Lindley
Sphingidae  Hyles lineata Hyles lineata Orchidaceae Platanthera Platanthera pl USA, North Foxet al, 2013
(Fabricius, 1775) (Fabricius) praeclaraSheviak praeclara Dakota
and Bowles Sheviak and
Bowles
Sphingidae  Hyles lineata Hyles lineata Ranunculaceae Aquilegia caerulea Aquilegia fv, p1 USA, Miller, 1978
(Fabricius, 1775) (Fabricius) James caeruleaJames Colorado
Sphingidae  Hyles lineata Hyles lineata Ranunculaceae Aquilegia caerulea Aquilegia fv, p3 USA, Utah Brunet and Holmquist,
(Fabricius, 1775) James caerulea 2009
Sphingidae  Hyles livornica  Hyles livornica  Caryophyllaceae Dianthus inoxianus Dianthus L:p Spain, SW  Balao, 2010, in Balaet
(Esper 1780) Esper Gallego inoxianusGallego Iberian al.,, 2011
Peninsula
Sphingidae  Hyloicus pinastri Hyloicus pinastri Orchidaceae Platanthera bifolia Platanthera p, pl Sweden Bobermgt al, 2014
Linnaeus 1758 (L.) Rich. bifolia
Sphingidae  Lintneria Sphinx eremitis Orchidaceae Platanthera Platanthera pl USA Bowles, 1983; Sheviak and
eremitus (Hubner) leucophaea leucophaea Bowles, 1986
(Hubner, 1823) (Nuttall) Lindley  (Nutt.) Lindl.
Sphingidae  Lintneria Sphinx eremitis Orchidaceae Platanthera Platanthera pl USA, North Foxet al, 2013
eremitus (Hubner) praeclaraSheviak praeclara Dakota
(Hubner, 1823) and Bowles Sheviak and
Bowles
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Sphingidae  Macroglossum Macroglossum Caryophyllaceae Dianthus sylvestris Dianthus pl Switzerland, Erhardt, 1988
stellatarum stellatarumL. Wulfen sylvestriswulf Swiss Alps
(Linnaeus 1758)
Sphingidae  Macroglossum  Macroglossum Amaryllidaceae Narcissus Narcissus fv, p1 Spain Perez-Barrales al, 2007
stellatarum stellatarum papyraceuKer papyraceus
(Linnaeus 1758) Gawl.
Sphingidae = Macroglossum Macroglossum Caryophyllaceae Dianthus Dianthus fv, p1 Switzerland  Erhardt, 1990
stellatarum stellatarumL. gratianopolitanus gratianopolitanus
(Linnaeus 1758) Vill. Vill.
Sphingidae  Macroglossum Macroglossum Caryophyllaceae Dianthus sylvestris Dianthus p no Collin et al., 2002
stellatarum stellatarumL. Wulfen sylvestriswulf. information
(Linnaeus 1758)
Sphingidae  Macroglossum  Macroglossum  Orchidaceae Gymnadenia Gymnadenia pl Switzerland  Hubest al, 2005
stellatarum stellatarum(L.) conopsedL.) R.  conopsedL.)
(Linnaeus 1758) Br. R.Br. s.l.
Sphingidae  Manduca Manduca Nyctaginaceae Mirabilis Mirabilis fv, p1 USA, Grant and Grant, 1983
quinquemaculata quinquemaculata longiflora L. longiflora Arizona
(Haworth, 1803)
Sphingidae  Manduca Manduca Orchidaceae Platanthera Platanthera fv, p1 USA, Smith and Snow, 1976
quinquemaculata quinquemaculata blephariglottis blephariglottis Michigan
(Haworth, 1803) (Willdenow) (Willdenow)
Lindley Lindley
Sphingidae  Manduca rustica Manduca rustica Amaryllidaceae Hymenocallis Hymenocallis pl USA, Graham, 2010
(Fabricius, 1775) Fabricius coronaria(Le coronaria(Le Georgia
Conte) Kunth Conte) Kunth
Sphingidae  Manduca rustica Manduca rustica Amaryllidaceae Hymenocallis Hymenocallis pl USA, Graham, 2010
(Fabricius, 1775) Fabricius occidentalis(Le occidentalis(Le Alabama
Conte) Kunth Conte) Kunth
Sphingidae  Manduca rustica Manduca rustica Onagraceae Oenothera biennis Oenothera pl USA, Graham, 2010
(Fabricius, 1775) Fabricius L. biennisL. Alabama
Sphingidae  Manduca rustica Manduca rustica Onagraceae Oenothera Oenothera pl USA, Graham, 2010
(Fabricius, 1775) Fabricius grandifloraL'Hér. grandiflora Alabama,
ex Aiton. L'Hér. Florida
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Sphingidae = Manduca sexta Manduca sexta Amaryllidaceae Hymenocallis Hymenocallis pl USA, Graham, 2010
Linnaeus, 1763 L. coronaria(Le coronaria(Le Georgia
Conte) Kunth Conte) Kunth
Sphingidae  Manduca sexta Phlegethontius Convolvulaceae Ipomoea albd.. Calonyction pl USA, Tillett, 1966
Linnaeus, 1763 sextaJoh. aculeateHouse California
Sphingidae  Manduca sexta Manduca sexta Onagraceae Oenothera biennis Oenothera pl USA, Graham, 2010
Linnaeus, 1763 L. L. biennisL. Alabama
Sphingidae  Manduca sexta Manduca sexta Onagraceae Oenothera Oenothera pl USA, Graham, 2010
Linnaeus, 1763 L. grandifloraL'Hér. grandiflora Alabama,
ex Aiton. L'Hér. Florida
Sphingidae  Manduca sexta Manduca sexta Orchidaceae Platanthera Platanthera (p1) USA Sheviak and Bowles, 1986
Linnaeus, 1763 leucophaea leucophaea
(Nuttall) Lindley  (Nutt.) Lindl.
Sphingidae  Manduca sexta Manduca sexta Solanaceae Datura wrightii Datura wrightii  p3 USA, Bronsteinet al, 2009
Linnaeus, 1763 Regel Regel Arizona
Sphingidae  Manduca sexta Manduca sexta Solanaceae Nicotiana Nicotiana (fv, p3) USA, Utah Sime and Baldwin, 2003
Linnaeus, 1763 (L.) attenuataTorrey  attenuataTorrey
ex Watson ex Watson
Sphingidae  Paratrea plebeja Paratrea plebeja Amaryllidaceae Hymenocallis Hymenocallis pl USA, Graham, 2010
(Fabricius, 1777) coronaria(Le coronaria(Le Georgia
Conte) Kunth Conte) Kunth
Sphingidae  Paratrea plebeja Paratrea plebeja Onagraceae Oenothera biennis Oenothera pl USA, Graham, 2010
(Fabricius, 1777) L. biennisL. Alabama
Sphingidae  Paratrea plebeja Paratrea plebeja Onagraceae Oenothera Oenothera pl USA, Graham, 2010
(Fabricius, 1777) grandifloraL'Hér. grandiflora Alabama,
ex Aiton. L'Heér. Florida
Sphingidae  Paratrea plebeja Paratraea Orchidaceae Platanthera Platanthera pl USA, Phillips, 2003
(Fabricius, 1777) plebeja praeclaraSheviak praeclara Missouri
& Bowles Sheviak and
Bowles
Sphingidae  Sphinx asella Sphinx asella Ranunculaceae Aquilegia Aquilegia fv, p1 USA, Miller, 1985
(Rothschild and chrysanthaGray  chrysanthaGray Arizona

Jordan, 1903)
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Sphingidae  Sphinx chersis  Sphinx chersis  Nyctaginaceae Mirabilis Mirabilis fv, p1?, p2? USA, Utah Cruden, 1970
(Hubner, 1823) Huebner multiflora (Torr.) multiflora (Torr.)
A. Gray Gray
Sphingidae  Sphinx chersis  Sphinx chersis Ranunculaceae Aquilegia Aquilegia fv, p1 USA, Miller, 1985
(Hubner, 1823) chrysanthaGray  chrysanthaGray Arizona
Sphingidae  Sphinx dollii Sphinx dollii Onagraceae Oenothera Oenothera fv, p1 USA, Utah Grant, 1983
Neumoegen, coloradus caespitosaNultt. caespitosa
1881
Sphingidae  Sphinx Sphinx Orchidaceae Platanthera Platanthera pl Canada, Westwood and Borkowsky,
drupiferarum(J. drupiferarum praeclaraSheviak praeclara Manitoba
E. Smith, 1797) J.E. Smith & Bowles (Sheviak &
Bowles)
Sphingidae  Sphinx Sphinx Orchidaceae Platanthera Platanthera L: pl USA, North  Cuthrell and Rider, 1994,
drupiferarum(J. drupiferarumJ. praeclaraSheviak praeclara Dakota in Jordaret al, 2006
E. Smith, 1797) E. Smith & Bowles Sheviak &
Bowles
Sphingidae  Sphinx Sphinx Orchidaceae Platanthera Habenaria pl no Guignard, 1885
drupiferarum(J. drupiferarum orbiculata (Pursh) orbiculata information
E. Smith, 1797) Lindley
Sphingidae  Sphinx ligustri ~ Sphinx ligustri  Orchidaceae Platanthera bifolia Platanthera p, pl Sweden Bobermgt al, 2014
Linnaeus 1758 (L.) Rich. bifolia
Sphingidae  Sphinx pinastri  Hyloicus pinastri Orchidaceae Platanthera bifolia Platanthera p Sweden Maad, 2000
Linnaeus 1758 (L.) (L.) Rich. bifolia (L.) L. C.
Rich.
Sphingidae  Sphinx pinastri  Hyloicus pinastri Orchidaceae Platanthera bifolia Platanthera p Sweden Maad and Nilsson, 2004
Linnaeus 1758 (L.) (L.) Rich. bifolia (L.) L. C.
Rich.
Sphingidae  Sphinx pinastri  Hyloicus pinastri Orchidaceae Platanthera Platanthera fv, p1 Norway Steen, 2012
Linnaeus 1758 chlorantha chlorantha
(Custer) Reichb.
Sphingidae  Sphinx sequoiae Sphinx sequoiae Liliaceae Chlorogalum Chloragalum fv, p1 USA, Grant, 1983
Boisduval, 1868 pomeridianum pomeridianum California

(DC.) Kunth
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Sphingidae  Sphinx vashti Sphinx vashti Onagraceae Oenothera Oenothera fv, p1 USA, Utah Grant, 1983
Strecker, 1878 caespitosaNutt. caespitosa
Sphingidae  Sphinx vashti Sphinx vashti Onagraceae Oenothera Oenothera fv, p3 USA, Artz et al, 2010
Strecker, 1878 caespitosaNutt. cespitosaNutt. Wyoming
subspcespitosa
Nutt.
Sphingidae  Sphinx vashti Sphinx vashti Ranunculaceae Aquilegia caerulea Aquilegia fv, p1 USA, Miller, 1981
Strecker, 1878  Strecker James caeruleavar. Arizona
pinetorum
(Tidestrom)
Sphingidae  Sphinx vashti Sphinx vashti Ranunculaceae Aquilegia caerulea Aquilegia fv, p3 USA, Utah Brunet and Holmquist,
Strecker, 1878 James caerulea 2009
Sphingidae  Xylophanes tersaChaerocampa  Orchidaceae Platanthera Habenaria fv, p1 USA, lllinois Robertson, 1893
(Linnaeus, 1771) tersa(L.) leucophaea leucophaedGray.
(Nuttall) Lindley
Zygaenidae Zygaena exulans Zygaena exulans Caryophyllaceae Dianthus glacialis Dianthus fv, p1 Switzerland, Erhardt and Jaggi, 1995
(Hohenwarth Hochenw. & Haenke glacialisHaenke Swiss Alps
1792) Rainer
Zygaenidae Zygaena exulans Zygaena exulans Caryophyllaceae Silene acauli§L.) Silene acaulis fv, p1 Switzerland, Erhardt and Jaggi, 1995
(Hohenwarth Hochenw. & Jacq. (L.) Jacq. Swiss Alps
1792) Rainer
Zygaenidae Zygaena exulans Zygaena exulans Orchidaceae Gymnadenia Gymnadenia pl Switzerland  Hubest al, 2005
(Hohenwarth (Hochw.) odoratissimaL.)  odoratissimalL.)
1792) Rich. Rich.
Zygaenidae Zygaena Zygaena Orchidaceae Anacamptis Anacamptis fv, p1 Ireland Valliuset al, 2013
filipendulae filipendulae pyramidalis(L.) pyramidalis(L.)
(Linnaeus 1758) (Linnaeus, 1758) Rich. Rich
Zygaenidae Zygaena Zygaena Orchidaceae Gymnadenia Gymnadenia pl Germany Nazarov and Buchsbaum,
lonicerae lonicerae conopsedL.) R.  conopsedL.) R. 2004

(Scheven 1777) (Scheven)

Br.

Br.
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Zygaenidae Zygaena minos Zygaena minos Orchidaceae Anacamptis Anacamptis pl Sweden Lind, 1994
(Denis & (Denis & pyramidalis(L.) pyramidalis(L.)
Schiffermiller  Schiffermiller) Rich.
1775)
Zygaenidae Zygaena minos Zygaena minos Orchidaceae Gymnadenia Gymnadenia pl Germany Nazarov and Buchsbaum,
(Denis & (Denis & odoratissimaL.)  odoratissima(L.) 2004

Schiffermdller
1775)

Schiffermdller)

Rich.

Rich.
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