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Abstract We evaluated whether protected European butterflies can potentially be at risk
if transgenic maize is extensively grown in Central Europe. We explored potential con-
sequences of both insect resistant (IR) and herbicide resistant (HR) transgenic maize. IR
maize can produce pollen that is toxic to lepidopteran larvae, and this puts butterfly species
at possible risk if the presence of young larvae coincides with maize flowering, during
which large quantities of maize pollen can be deposited on vegetation. By considering
the timing of maize flowering in Europe and the phenology of the protected Lepidoptera
species, we found that 31 species had at least one generation where 50% of the larval
stage overlapped with maize flowering, and 69 species for which first instar larvae were
present during maize pollen shedding. HR maize allows high concentration herbicide treat-
ments on fields without seasonal limitation, which can drastically reduce weed densities.
In cases where such weed species are host plants for protected butterflies, reduced host
plant/food availability can result, causing population decreases. By using published infor-
mation, we first identified the important weed species in major maize-growing European
countries. Subsequently, we checked whether the host plants of protected Lepidoptera in-
cluded species that are common maize weeds. We identified 140 protected species having
food plants that are common weeds in one or more of the major European maize-growing
countries. If HR maize is grown in Europe, there is a potential hazard that their food plants
will seriously decline, causing a subsequent decline of these protected species.

Key words butterflies; conservation; environmental risk; food plants; GM crop; pollen
toxicity

Introduction

Maize (Zea mays) is a tropical plant, and was domesti-
cated in Central America from teosinte (Beadle, 1939).
It was introduced to Europe by Cristopher Columbus,
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who brought it back already from his first voyage, the
discovery of the Americas (Anghiera, 1907; Janick &
Caneva, 2005). Since then it has become a widely grown
crop plant on the European continent. In 2013, the to-
tal European area was 15 million ha, 60% of which was
grown for seed and 40% for silage; the share of sweet-
corn is negligible (FAO, 2018). The eight largest pro-
ducers (in decreasing order: Romania, France, Hungary,
Italy, Poland, Germany, Bulgaria, and Spain) represent
>87% of the total European area devoted to maize (FAO,
2018).
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Maize is also among of the first of the genetically
modified (GM) crop plants. Today, both insect- (IR) and
herbicide- (HR) resistant lines are available and, at least
in the Americas, widely cultivated (Parisi et al., 2016).
The EU register of authorized GMOs lists 27 different
GM maize constructs for food and feed use, although
most of them does not extend to field growing (http://ec.
europa.eu/food/dyna/gm_register/index_en_new.cfm). In
Europe, Spain grows most of the GM maize (ca.111 000
ha) amounting to 28% of the total area devoted to this
crop in the country. Smaller quantities of GM maize have
been grown in the Czech Republic, Slovakia, and Roma-
nia (Rostoks et al., 2019).

GM maize has also been subject to controversies about
its environmental impacts. IR maize-fed caterpillars can
harm the green lacewing, Chrysoperla carnea (Hilbeck
et al., 1998), which was first confirmed (Dutton et al.,
2002) then challenged (Obrist et al., 2006). The Bt toxin
present in the GM maize lines is also expressed in the
pollen, sometimes in concentrations high enough so that
lepidopteran caterpillars ingesting such pollen may suf-
fer sublethal effects or die (Losey et al., 1999; Lang
& Otto, 2010). This hazard exists because maize is a
wind-pollinated crop, producing large amounts of pollen,
which carried by the wind can be deposited on various
surfaces, including leaves of plants within and around
maize fields. Insects feeding on these plants can inad-
vertently ingest this maize pollen that is toxic to them.
The possibility, importance, and impact of this chain of
events has been the subject of intense debate (Stanley-
Horn et al., 2001; Dively et al., 2004). The larvae of
the monarch butterfly, Danaus plexippus, one of the
conservation icons in North America, live and develop
on milkweed, Asclepias syriaca, which is an important
weed in maize. Monarch larvae consuming maize pollen-
dusted milkweed leaves are exposed to the Bt- toxin
and can suffer high mortality (Hansen Jesse & Obrycki,
2000).

A similar scenario is also possible in Europe: the
seasonally abundant maize pollen can be deposited on
various plant surfaces, and herbivores feeding on those
pollen-coated plants may be exposed to the Bt-toxin
present in the pollen. This, for example, poses a poten-
tial risk to the peacock butterfly, Inachis io (Felke et al.,
2010, Holst et al., 2013), the larvae of which feed on net-
tle, Urtica dioica, a common agricultural weed in Eu-
rope or other species whose host plant can be dusted
with maize pollen (Shirai & Takahashi, 2005; Lauber,
2011; Lang et al., 2015). Although the European Food
Safety Authority expert panel concluded that risk by IR
maize pollen to protected butterflies in Europe can be
avoided (EFSA, 2015), their standpoint is not based on

any detailed analysis of seasonality, sensitivity, and biol-
ogy of the protected Lepidoptera species in Europe, partly
because much of this knowledge is still lacking. The
EFSA opinion has also been challenged on its assump-
tions of pollen deposition (Hoffmann et al., 2014; Kruse-
Plass et al., 2017), and thus the matter rests inconclusive.
This makes it important to further scrutinize the poten-
tial impact of IR maize pollen on protected European
butterflies.

Another mechanism through which GM maize can im-
pact the flora and fauna is through changing the cultiva-
tion system, and thus modifying the environmental con-
ditions in a landscape where such GM maize is grown.
Such indirect impacts can be important and substantial,
which is one of the main conclusions of the large-scale
field trials done in the United Kingdom in the early 2000s
(Firbank et al., 2003). Most of the GM maize grown in
the Americas is HR (or both IR and HR). A major conse-
quence of the widespread planting of HR maize in the
United States was an increased use of broad-spectrum
herbicides (Benbrook, 2016), with the consequence of
substantially reducing the density of milkweed over vast
areas. Thus, the host plant of D. plexippus was reduced
on a landscape scale, which is a major cause of a se-
rious decline of the species (Thogmartin et al., 2017,
Stenoien et al., 2018). A similar chain of events can also
occur in Europe, but so far, the potential consequences
for protected butterflies of large-scale growing of HR
maize have not been analyzed. Elimination of host plants
can trigger extinction cascades, and this has also been
documented in European butterflies (Pearse & Altermatt,
2013).

Our aim in this article is to provide an overall evalua-
tion of potential exposure of protected European butter-
flies to IR maize pollen, and to identify protected species
that feed on weed species common in maize, which there-
fore would possibly be exposed to the hazard of reduced
host plant densities as a consequence of increased herbi-
cide sprays under the scenario of widespread planting of
HR maize in Europe.

Materials and methods

Protected Lepidoptera

For the analysis of exposure to IR maize pollen, we
focused on protected species. We analyzed the Central
European day-active Lepidoptera (Papilionoidea) within
the political borders of Germany, excluding all moths ex-
cept for the species listed in the Annexes of the Natura
2000 directive (European Council, 1992). The reasons for
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the geographical focus were that (i) Germany occupies
a large part of the European continent, extending from
the North Sea in the north to the Alps in the south; (ii)
detailed information is largely available and comprehen-
sive for this area, including the phenology and ecology
of lepidopteran species as well as of flowering periods
of maize. We chose the butterfly species from the fol-
lowing officially published listings of protected species:
Annexes of the Natura 2000 directive (European Council,
1992), the European Red List for butterflies (Van Swaay
et al., 2010), the national Red List for Germany (Binot-
Hafke et al., 2011), and the regional Red List for the
Federal State Baden-Württemberg (Ebert et al., 2008).
Species that are extinct in Germany were not considered;
we also excluded endophytically feeding species which
are not expected to be exposed to pollen, and species that
occur in mountainous and alpine regions above 700 m
asl, where little or no maize is grown in Central Europe.
The Maculinea (Phengaris) spp. (Lyacaenidae) were also
excluded as their larvae start their lives within the in-
florescences of legumes, and later continue development
within ant nests (Hayes, 2015), thus an exposure to maize
pollen appears unlikely. Of the remainder, we selected
all species that were listed as “critically endangered”
(CR), “endangered” (EN), “vulnerable” (VU), or “near
threatened” (NT). Species names follow Gaedike et al.
(2017).

Exposure of protected Lepidoptera species

We analyzed the temporal exposure of the larvae
of the selected species to Bt maize pollen. First, the
number of generations per season and the period of
occurrence of larvae were identified for each species
using information in Ebert (1991), Ebert and Ren-
nwald (1991), SBN (1994), Settele et al. (2009), Bräu
et al. (2013), and by consulting the following websites:
Arbeitsgruppe Schmetterlinge Deutschlands (2017),
Rennwald and Rodeland (2004), Wagner (2018), and
Ziegler (2018). In Central Europe, butterfly larvae are
usually active from March to October (Settele et al.,
2009), and this period was checked for larval presence
concurrent with the pollen shedding period of maize.
Periods when larvae are inactive were ignored. Poten-
tially, maize in Europe can shed pollen from mid-June
until the end of August, depending on sowing date, cul-
tivar, and climatic conditions (Emberlin et al., 1999;
Treu & Emberlin, 2000; Feil & Schmid, 2001; Lang
et al., 2004). We used two criteria to identify species
that may be vulnerable. First, if the initiation of larval
activity overlapped with maize pollen shedding, first in-

star larvae would probably be present, and they are the
most sensitive to the Bt toxin (Dammak et al., 2016).
We also identified species whose larvae were present
throughout the period of pollen shedding, or half or more
of one larval generation overlapped with maize pollen
shedding.

The different generations of bi- and multivoltine
species will differ in their overlap with the period of
maize pollen shedding. For species with continuous, over-
lapping generations, we calculated the overlap of the to-
tal larval period with maize pollen anthesis. For bi- and
multivoltine species with distinct generations, we counted
the overlap for the respective generation with the largest
exposure to maize pollen shed within a season. For the
latter, this value is the relevant one, because an adverse
effect on one generation will impact the following ones
through the decreased reproductive output of the affected
generation (Andow & Zwahlen, 2006).

With regard to spatial exposure, we assumed that any
habitat type that Lepidoptera use can principally be ex-
posed to maize pollen dispersal, albeit with different like-
lihood and intensity, except for mountainous and alpine
regions. These would also include forest edges as well as
nature reserves (Lang et al., 2015).

Food plants of protected Lepidoptera

We considered the major maize weeds in four prin-
cipal maize-growing European countries: Spain, Ger-
many, Hungary, and Romania (Dewar, 2009; Jensen et al.,
2011), and cross-checked the list of host plants of Lepi-
doptera protected in the respective country. The list of
protected Lepidoptera in the four target countries were
obtained by consulting the above sources, as well as van
Sway & Warren (1999) and van Sway et al. (2010). Host
plants records of Lepidoptera were obtained from Jonko
(2018) and Mazzei et al. (2017). We included a species
potentially at risk if at least one species of weeds was in-
cluded among the indicated host plants, or if the larva was
a polyphagous feeder on Gramineae.

Results

Species potentially affected by IR maize pollen

At the European level, 37 butterfly species are
considered as threatened, with 0.7% of them being
“Critically Endangered,” 2.8% “Endangered,” and 5%
“Vulnerable.” A further 44 species are classified as “Near
Threatened.” Annex II of the Habitat’s Directive in-
cludes 38 species, and Annex IV lists 41 species of
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Temporal overlap (%) of larval period with maize pollen shed
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Fig. 1 Temporal overlap (%) of the larval period of protected
Lepidoptera with maize pollen shedding period in mid-Europe.
Annex species = butterfly and moth species listed on the An-
nexes of the Habitats’ Directive, RL Europe = species listed
on the European Red List of butterflies, RL Germany = butter-
fly species listed on the Red List of Germany, RL Bad-Würt =
butterfly species listed on the Red List of Baden-Württemberg.
Boxes show the 25% and 75% quartiles, the horizontal line
within the box is the median, while 10% and 90% percentiles
are indicated by the whiskers and outliers by dots.

Lepidoptera that merit special conservation considera-
tions. Out of all those species, 32 of them (Lycaena helle,
L. dispar, Proserpinus proserpina) had a larval genera-
tion with >50% overlap with pollen shedding in Cen-
tral Europe (Germany), 3 of them being listed on one
of the Annexes of the Habitats Directive (Table S1). The
Red Lists of Europe, Germany and Baden-Württemberg
contain 18 species, 84 species, and 97 species exposed,
respectively, including the “Near Threatened” category
(Table S1). This demonstrates that on a more regional
level, several additional, protected species could be po-
tentially affected. On average, the larvae of the pro-
tected Lepidoptera may be exposed to pollen shed for
25.7%–42.9% of their larval development period, with
a median overlap of around 30% (Fig. 1). Species with
two to three different generations within one season
showed a higher mean overlap of at least one larval gen-
eration of 77.8% (sd = 19.85%, n = 25). Sixty-nine
species had an overlap between the onset of a generation
(when first instar larvae are present) and pollen shed-
ding, and 8 of those were listed on the Annexes of the
Habitats Directive (Table S1). Seventeen species fitted
both conditions: the presence of first instar larvae and
>50% of a generation overlapped with pollen shedding
(Table S1).

Species potentially affected by lack of food plants

Five species were recorded as common weeds in maize
fields in all four countries considered, 17 in three of them,
18 in two, and an additional 22 in one (Table S2). In the
four countries, 369 protected Lepidoptera species were
identified (204 spp. in Germany, 185 spp. in Hungary,
59 spp. in Romania, and 43 spp. in Spain). Of these pro-
tected species, 140 were found to feed on one or more
of the common weeds growing in maize crops, in one
or more of the above countries (Table S3), and may be
therefore indirectly endangered by the potential elimina-
tion of their food plants. The majority of those species
were Nymphalidae (53 species), followed by Noctuidae
(31 spp.), Erebidae (16 spp.), Geometridae (11 spp.),
and Hesperiidae (10 spp.), with Lemoniidae, Lycaenidae,
Pieridae, Zygenidae, Sphingidae, and the saturniid Sat-
urnia pavoniella making up the rest (Table S3). The ma-
jority of species were only protected in a single country
within the area investigated, and only seven species were
protected in three countries; and the nymphalid Lopinga
achine in all four (Table S3). Most of the species at risk
were polyphagous; 39 of them (27.9%) feed on various
Gramineae while 15 (10.7%) include at least one of the
weed species (i.e., Convolvolus arvensis, Datura stra-
monium, Elymus repens, Poa annua, Polygonum avicu-
lare, Stellaria media, and Taraxacum officinale) among
its host plants (Table S3). In addition, host plants of a fur-
ther 14 species in 8 lepidopteran families include one or
more species that are congeneric with maize weeds.

Forty-six species appeared on both lists: they have lar-
vae during pollen shedding, and also have one or more
host plants that were listed as weeds in maize. These
species include eight lycaenids, five hesperids, and the
erebid moth Euplagia quadripunctaria; the rest are all
nymphalids (Tables S1 and S3). Considering the overlap
between larval activity and pollen shedding, several of
these have overlap with pollen shedding in at least half of
their larval activity period, and feed on maize weeds, too.
Five of these (Coenonympha hero, C. oedippus, Lopinga
achine, Lycaena dispar, and Melitaea diamina) are also
listed on Annexes of the Habitat’s Directive.

Discussion

The first publication that wind-dispersed GM maize
pollen can harm the larvae of the monarch butterfly
D. plexippus, by coating leaves of its host plant, the
milkweed Asclepias syriaca (Losey et al., 1999), gener-
ated heated debate and further studies (Hansen Jesse &
Obrycki, 2000; Pleasants et al., 2001; Stanley-Horn et al.,
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2001; Zangerl et al., 2001). After more precise measure-
ments, it turned out that pollen densities causing such tox-
icity can be deposited on host plant leaves in the field
(Dively et al., 2004). This turned attention to similar po-
tential, unwanted negative effects on butterflies elsewhere
(Shirai & Takahashi, 2005; Schuppener et al., 2012). For
example, the occurrence of the larvae of the European
peacock butterfly, Inachis io overlaps with maize pollen
shed at least in some parts of Europe (Holst et al., 2013),
and if GM maize were grown in Europe, the species could
be exposed to GM maize pollen during its larval develop-
ment in those parts of the European continent (Lang et al.,
2015). In Austria, Traxler et al. (2005) estimated that of
152 butterfly species occurring in arable land, 95% show
an overlap of the larval periods with pollen shedding of
maize (with an overlap ranging from 8% to 100%). In
Saxonia, Germany, Musche et al. (2009) predict that the
larvae of 74% of the butterflies and moths occurring in
the state are potentially exposed to Bt maize cultivation,
including six species that are listed in the Annexes of
the EU Habitats and Species Directive (EC, 1992). A re-
cent report from the Netherlands (Wallis de Vries et al.,
2017) identified 19 butterfly and 28 macromoth species
whose larvae may be exposed to maize pollen. Most de-
pendent on maize field margins is the Dusky Large Blue
(Phengaris nausithous) that has only one population in
the country. This species, however, spends most of its
larval period inside ant nests, where it is not exposed to
maize pollen (Fiedler, 1990). As shown in this study, pro-
tected and endangered lepidopteran species would be ex-
posed as well, if their habitats are neighboring to maize
fields and/or if their larval host plants grow in field mar-
gins adjacent to maize (Lang et al., 2015).

In general, we found that species with more than one
generation/season were more exposed to pollen dispersal
than species with one generation per year. It has to be
kept in mind, however, that the presented results are
coarse estimates, because the larval periods and number
of generations as well as the period of maize pollen
shedding would change with region, weather conditions,
maize cultivars and maize sowing dates (e.g., Abrecht
& Carberry, 1993; Traore et al., 2000; Nguyen & Jehle,
2007). Such regional differences can lead to a different
exposure and impact of Bt maize cultivation, even for
populations of the same butterfly species (Holst et al.,
2013). Also, we have not considered spatial exposure,
that is, to what extent the occurrence of species and their
habitats would overlap with maize cultivation areas (cf.
Dolezel & Heisenberger, 2018).

Reported pollen densities on host plants in Europe
are within a range for which adverse effects of Bt
maize pollen have been demonstrated (Lang et al., 2004;

Lauber, 2011; Schuppener et al., 2012), but the general-
ity and reliability of these measurements is a matter of
continuing debate (Emberlin et al., 1999; Hofmann et al.,
2014; EFSA, 2015; Kruse-Plasse et al., 2017). Available
data about pollen densities on host plants are not always
comparable, because methods and study designs are too
diverse, especially the exposure time of the sampling de-
vices. This shortcoming can possibly be removed by sys-
tematic surveys. There is also a lack of data for maize
pollen numbers deposited on host plants at distances >10
m of field edges (Lang et al., 2015).

Apart from phenological overlap and larval sensitivity,
several other factors influence the risk butterfly larvae
will have to face, so it is not possible to translate a given
degree of overlap to a certain level of hazard. The effect
of IR maize pollen depends on the actual construct. Even
existing lines have different expression patterns, and the
amount of Bt toxin in the pollen varies (Lang et al., 2004;
Nguyen & Jehle, 2007; Székács et al., 2010). Precipita-
tion and wind patterns have a profound influence on the
dynamics of pollen deposition, as well as the amount of
maize in the landscape, within which the amount of GM
maize will also be clearly important. The landscape con-
text will also be influential, as the size of fields, their ar-
rangement, cultivation traditions and constraints all mod-
ify butterfly behavior, which very likely will have an
influence on the distribution of the larvae that are less
mobile than the egg-laying adults. On the larval side, sen-
sitivity varies with age (Losey et al., 1999; Lauber, 2011),
physiological condition, and other kinds of environmen-
tal stress (Lauber, 2011), which adds to the complexity of
the eventual effect of GM pollen on them.

Even though monarch larvae may be directly threat-
ened by GM maize pollen, the fact that most of its
host plant was removed from maize fields makes this
hazard currently minuscule (Stenoien et al., 2018). A
more serious harm, leading to an alarming decrease in
monarch populations happened because the increased use
of broad-spectrum herbicides in herbicide-resistant GM
crops greatly diminished the food resource for larvae at
the landscape scale (Stenoien et al., 2018). Other species
may face similar hazards. In the United States, Losey
et al. (2003) reported 132 plant species in 33 families as-
sociated with maize, and 229 lepidopteran species in 21
families that feed on these plants. For the Netherlands,
Wallis De Vries et al. (2017) compiled a list of 198 plant
species occurring within or at the margin of maize fields
serving as potential larval host plants and/or nectar plants
for adult butterflies and moths.

We identified a number of protected European Lep-
idoptera that could face a similar threat if HR trans-
genic maize were widely planted in Europe. Published

© 2020 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences, 28, 1159–1168



1164 G. L. Lövei et al.

information on plant species associated with maize cul-
tivation mainly focuses on weeds within maize fields due
to the implicated economic relevance (Heard et al., 2003;
Zalai et al., 2014), and less so on herbs occurring in field
edges and margins. This applies to the information used
in this study, too. In edges and margins of fields, how-
ever, more herb species are growing, and the microcli-
mate is more suitable for lepidopteran larvae, thus these
habitats harbor more species. A further note of caution
is warranted due to the uncertainty of the host plant use
over the landscape. Several species are not expected to
search for host plants inside maize stands (although they
may do so at the edges or in field defects), but spray drift
can impact their host plants also outside maize fields, for
example, at landscape level. Additionally, as HR growing
substantially changes weed composition, and weed seed
dynamics, there could be landscape-scale consequences
of these for weed populations. For the above reasons, our
results are probably conservative in terms of possibly af-
fected species.

The two hazards, the one due to the deposition of po-
tentially toxic maize pollen on host plants, and the lower
density of host plants due to the more effective weed con-
trol by increased use of herbicides may actually have op-
posite effects on butterfly populations. If the host plant
density in and near maize fields were lower, the butter-
flies would be less exposed to the first risk, because they
will have to find suitable host plants further away from
maize fields where pollen densities will also be lower.
However, in-field and off-field hazards may add up, that
is, butterflies may not only lose their host plants within
fields but will be exposed to toxic Bt maize pollen off-
field at the same time, which would make the situation
even more risky. Much depends on host plant finding be-
havior, female egg laying strategies, and the flexibility
of host plant choice. Modeling and detailed field stud-
ies would still be needed to understand why GM maize in
North America threatens the monarch butterfly (Stenoien
et al., 2018)—similar studies are sorely lacking in Europe
(but see Holst et al., 2013). Conditions in the current Eu-
ropean cultivated landscapes are rarely favorable for but-
terflies (Bubova et al., 2015), and additional changes in
landscapes and cultivation practices, both of which will
be unavoidable under widespread GM crop cultivation
(Bøhn & Lövei, 2017), will be unlikely to improve the
current suboptimal situation for butterflies. Butterfly di-
versity is still high in some agricultural settings in Eu-
rope, for example, in Romania (Loos et al., 2014, 2015),
and GM crop cultivation could affect this high level of
species richness.

Finally, we should not forget that butterflies and macro-
moths are more charismatic species than small, dull-

colored, and nocturnal Lepidoptera and as a consequence,
only a minimal part of the lepidopteran diversity is well-
studied and subject to conservation measures (Braby,
2018). The introduction of GM maize in Europe could
potentially affect many species that live within or near
to agricultural areas (Masetti et al., 2017), with large
consequences on ecosystem services such as pollination,
on which agriculture ultimately depends (New, 2004;
Kovács-Hostyánszki et al., 2017). Our results clearly
show the importance of regionally protected species
which gives EU Member States a clear mandate to con-
sider possible risks of GM maize given their responsibil-
ity for national biodiversity conservation. In addition, the
responsibility of individual Member States for the protec-
tion for FFH species is highly relevant in the context of
Bt maize cultivation, particularly for Annex IV species
that are to be protected throughout their range within a
country.
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Table S1. The list of the analyzed “Red List” Lepi-
doptera (protected butterfly and moth species from Ger-
many: Papilionoidea, and moth species only from the
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Habitat’s Directive Annexes), and the potential Temporal
exposure of their larvae to pollen shedding of maize.

Table S2. Common maize weeds in Germany, Hun-
gary, Romania, and Spain.

Table S3. Protected Lepidoptera species in Ger-
many, Hungary, Romania, and Spain that have host
plants which are maize weeds in the respective
countries.
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