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A  potential  environmental  risk  of  the  field  cultivation  of  insect-resistant  (Bt-toxin  expressing)  transgenic
maize  (Zea  mays)  is the  consumption  of Bt-containing  pollen  by  herbivorous  larvae  of  butterflies  (Lepi-
doptera).  Maize  is  wind-pollinated,  and at flowering  time  large  amounts  of pollen  can  be  deposited  on
various  plants  growing  in  the  landscape,  leading  to inadvertent  ingestion  of  toxic  pollen  with  plant
biomass  consumed  by these  butterfly  larvae.  To  examine  the  possible  effect  of  this  coincidence,  we
focused  our  study  on the  protected  butterfly  Inachis  io  and  two regions  of  Europe.  Using  climatic  records,
maize  and  butterfly  phenology  data,  we built  a  simulation  model  of the  butterfly’s  annual  life cycle,  over-
laid with  the  phenology  of maize  pollen  deposition  on  the  leaves  of  the  food  plant  Urtica  dioica,  and  linked
these  with  the  dose–response  curve  of  I. io larvae  to Bt-maize  pollen  (event  MON810).  The simulations
indicated  that  in  Northern  Europe,  where  I.  io is  univoltine,  Bt-maize  pollen  would  not  be  present  on
the  food  plant  at the  same  time  as  the  I.  io larvae.  However,  in Central  and  Southern  Europe,  where  I.
ose–response io is  bivoltine,  Bt-maize  pollen  and  the  second  generation  I.  io larvae  would  coincide,  and  an  increased
mortality  of  the  larvae  was  predicted.  This  prediction  differs  from  earlier  studies  which  predicted  neg-
ligible  effect  of field-grown  Bt-maize  on  I.  io larvae.  Our  model  is  an improvement  over  previous  efforts
since  it  is  based  on  more  detailed,  empirical  data,  includes  more  biological  detail,  and  provides  explicit
estimation  of all  model  parameters.  The  model  is  open-source  software  and  is available  for  re-use  and
for modelling  the  effects  on  other  species  or regions.
. Introduction

Transgenic crops are grown over large areas in the America
James, 2011). While in Europe imports prevail and only few trans-
enic crops have been authorised for cultivation, currently only
ransgenic Bt-maize (event MON810) is grown commercially and

ostly in Spain (CERA, 2010). Seven European countries have
 moratorium on growing transgenic crops under field condi-
ions, and in several cases the reason is concerns over possible
egative environmental impacts. The environmental effects of
ransgenic crops vary in direction and magnitude (Andow et al.,
006; Catacora-Vargas, 2011) and include effects on ecosystem
ervices (Arpaia, 2010; Lövei, 2001).
Bt-maize, expressing Cry toxins harmful to Lepidoptera or
oleoptera (Koziel et al., 1993; Van Rie, 2000), is cultivated on a

arge scale (e.g., in the USA; see USDA, 2011). As most promotors
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are constitutive, the Bt protein is expressed in all plant tissues,
including pollen, in which toxin concentration is highly variable
(Szekacs et al., 2010). Herbivores ingesting such pollen may suf-
fer toxic effects. For example, wind dispersed pollen from Bt-maize
deposited on the leaves of milkweed (Asclepias sp.) can cause mor-
tality to Monarch butterfly (Danaus plexippus)  larvae (Losey et al.,
1999). Lepidoptera-specific Bt toxins affect most Lepidoptera but
species differ greatly in their susceptibility (van Frankenhuyzen,
2009; Peacock et al., 1998). The effects of Bt toxins include increased
mortality, reduced growth rate, prolonged development time, and
reduced adult body mass and size (Lang and Otto, 2010).

Since maize pollen is deposited in the vicinity of maize fields
(Hofmann et al., 2010; Pleasants et al., 2001;), lepidopteran lar-
vae occurring in field margins or habitats nearby Bt-maize fields
are possibly at risk (Losey et al., 2003). In Europe, several butterfly
and moth species occurring in arable landscapes could be affected
(Felke and Langenbruch, 2005; Lang et al., 2004; Schmitz et al.,

2003). Of all Austrian butterfly species, 70% are found in agricultural
landscapes, of which only eight species would not risk exposure
to Bt-maize pollen; the larvae of most species would temporally
overlap with the maize pollen shedding period (Traxler et al., 2005).

dx.doi.org/10.1016/j.ecolmodel.2012.11.006
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
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Fig. 1. Model design. The BtButTox model is composed of three models (boxes)
driven by historical records of ambient temperature and maize phenology, and by
N. Holst et al. / Ecological M

The population-wide effect of Bt-maize on a species will depend
n the species-specific susceptibility to Bt toxins, the actual expo-
ure to the toxin and the ecology of the species. Yet, only few risk
ssessments studies take these factors into account. For instance,
ively et al. (2004) detected adverse effects of Bt-maize (events
ON810 and Bt11) on the Monarch butterfly, but concluded that

he natural population would suffer no harm from Bt-maize culti-
ation due to a low exposure of the larvae (cf. Sears et al., 2001).

 similar conclusion was reached for the pale grass blue butter-
y (Pseudozizeeria maha) in Japan (Wolt et al., 2005). In a more
etailed analysis, Peterson et al. (2006) modelled the phenology of
oth maize pollen shedding and larval feeding and combined this
ith a GIS-based analysis of the co-occurrence of Bt-maize fields

nd larval habitats. For the species in question (Lycaeides melissa
amuelis), they concluded that in most places and for most years,
aize pollen shedding would occur after the majority of the but-

erfly larva population had finished eating. However, while most
arval habitats where at a safe distance from Bt-maize fields, there

ere a few regions where they were interspersed and monitoring
f the butterfly population was recommended.

In order to estimate the risk involved with Bt-maize in Europe,
erry et al. (2010) modelled the effects of MON810 Bt-maize cul-
ivation on two butterfly species (Inachis io, Vanessa atalanta) and
ne moth (Plutella xylostella). In contrast to the model of Peterson
t al. (2006),  their model did not explicitly include the mecha-
isms of phenology to simulate temporal overlap of maize pollen
nd larvae, nor was the calculation of spatial overlap presented in
etail. The use of generic parameters, subsuming several mecha-
isms and informally estimated by the authors, were later debated
Lang et al., 2011; Perry et al., 2011); a more recent version of the

odel maintains this design (Perry et al., 2012).
In this paper, we present a new model BtButTox which includes

he mechanisms of temporal coincidence between pollen shed-
ing and larval feeding. We  focused on the nettle (Urtica dioica)
eeding butterfly species, Peacock butterfly (I. io)  for which empiri-
ally based parameter estimates could be obtained from literature,
oth on the dose–response curve of larvae exposed to Bt-maize
ollen and the phenology. Moreover, we chose specific scenarios

n regions of Germany where historical data exists, from which the
xpected period of maize pollen shedding could be derived. The
odel was implemented in a transparent object-oriented design as

pen source code. The model predicted that in Northern Germany,
here I. io is mostly univoltine, the cultivation of Bt-maize would
ose a negligible risk, because pollen shedding is predicted later
han larval feeding. But in Southern Germany, where I. io is bivol-
ine, the second generation of larvae coincides with the peak of

aize pollen deposition and consequently is at risk.

. Materials and methods

.1. Model design

The model follows the object-oriented modelling paradigm for
odel design (Silvert, 1993). Object-oriented software is ideally

omposed of well-defined, loosely coupled objects, in our case
odel components, with a minimal interface to other objects

Martin, 2006). The BtButTox model presented here consists of
hree model components simulating (1) the pollen density on nettle
eaves, (2) the dose–response curve of I. io larvae to pollen density
nd (3) the phenology of I. io taking the imposed larva mortality into
ccount (Fig. 1). The model objects are arranged in a hierarchy; a

odel may  contain further sub-models inside.
The model was implemented as an open-source C++ pro-

ram using the Universal Simulator framework version 1.41
Holst, 2012). Model source code, an installation file to run the
parameters Npeak and ε (underlined). Remaining parameters are given in text. Models
receive information (arrows) from driving variables and parameters and from other
models. Between-model information flows are labelled with their content (italics).

model on Microsoft Windows and a manual can be found on
(www.ecolmod.org. Accessed 30 October 2012) and in the elec-
tronic appendix to this paper.

2.2. Model scenarios

Two  scenarios were set up to mimic  the climatic and agro-
ecological conditions in Northern Europe (scenario 1) and Southern
and Central Europe (scenario 2). Historical data on weather and
maize phenology were obtained for Northern Germany (scenario
1) and Southern Germany (scenario 2). The phenology of I. io differs
between the two  regions where it is either univoltine (scenario 1)
or bivoltine (scenario 2) (Ebert and Rennwald, 1991; Kolligs, 2003).
The model is not spatially explicit but simulates the worst case
where nettles, in either scenario, are growing in close proximity to
a Bt-maize field.

2.3. Pollen deposition and exposure

Maize is wind pollinated and produces large amounts of pollen
which are spread into the surrounding landscape (Aylor et al.,
2003). Plants, including nettle (U. dioica,  the larval food plant of
I. io),  growing in the vicinity of maize fields thus become dusted
with pollen (Hofmann et al., 2011). Subsequently, the pollen may  be
redistributed on the plants due to wind and rain and ultimately lost.
UV light does not to degrade Bt toxin inside maize pollen (Ohlfest
et al., 2002).

The process of pollen exposure, including ingestion and diges-
tion of pollen by butterfly larvae, is complex. The leaf area
consumption depends on larval size, leaf thickness and leaf suitabil-
ity. The number of pollen grains eaten depends on the area of leaf
eaten and on the pollen density on the leaf surface. Eggs of I. io are
laid in batches of 100–300, and the young larvae stay together; iso-
lated small larvae apparently perish (Lauber and Darvas, 2009). The

spatial heterogeneity of deposited maize pollen, and the clumped
distribution of the larvae, makes their interaction complex, and
the detailed modelling of the exposure of an I. io larval population
demanding.

http://www.ecolmod.org/
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centration of 1700 ngg−1.
For the statistical analysis, the six data points from Lauber (2011)
28 N. Holst et al. / Ecological M

Our model simplifies the above biological details to yield a
ore generally applicable model. Pollen exposure was  expressed

n terms of pollen concentration in the environment, which for the
arvae means average pollen density (cm−2) on the leaves of the
ood plant. Pollen deposition rate, as measured by Vaseline-covered
lides at 125 cm height, follows a parabolic curve through the pol-
ination period (Kawashima et al., 2004). The integral of this curve
xpresses the accumulated deposition. Pollen deposited on plant
eaves will, however, be gradually lost after deposition, especially
uring rain (Lang et al., 2004; Pleasants et al., 2001). Loss can be
odelled most simply as a fixed rate, which leads to a daily net

hange in pollen density on plant leaves as

dN

dt
= at2 + bt + c − εN, (1)

here N = pollen density (cm−2), t = time (d), ε = loss rate (relative
mount of pollen lost per day), and a, b and c are the coefficients of

 parabola. Eq. (1) was integrated and re-parameterized (Fig. 2) to
redict average pollen density on leaves (N) through time by four
arameters: t0 = onset of pollen deposition (date), �t  = duration
f pollen shedding (d), Npeak = peak average pollen density dur-
ng the season (cm−2), and ε (d−1) as above. The area under the
urve thus depends on the three parameters: �t,  Npeak and ε. This
arameterisation was chosen, because Npeak can be estimated from
ublished estimates of N (Hofmann et al., 2011; Kawashima et al.,
004; Lauber, 2011). The largest estimates of average N are our best
pproximations of peak average pollen density, Npeak. We  chose
ot to add any variance to Npeak, because the spatial coincidence
f pollen and larvae is unknown. Thus exposure is modelled as the
xposure of larvae living in an environment with an average of N
ollen cm−2 leaf surface.

The duration of pollen shedding was set to �t  = 14 d (Westgate
t al., 2003). The onset of pollen shedding depends on maize culti-
ar, planting date and weather. For scenario 1, we used historical
ata (1994–2007) on the concentration of maize pollen in the air at
esterloge in Northern Germany (R. Wachter, European Aeroal-

ergen Network; data digitised from Hofmann et al., 2008). The
ollen trap catches from this site represent maize pollen produced
y many fields, which explains why the maize pollen season usu-
lly lasts several weeks (in Westerloge on average 33.5 ± 9.5 SD

), much longer than an individual field can be expected to pro-
uce pollen. To select a typical field phenology, for each year we
alculated the accumulated maize pollen catch by day and scaled
he total to 1. For each simulation, a random year, together with a

ig. 2. Pollen model. Deposition rate (thin black line, pollen cm−2 d−1) and density
f  pollen on nettle leaves (thick grey line, pollen cm−2) with parameters for onset
t0; date) and duration (�t; d) of pollen deposition and for peak average pollen
ensity on leaves (Npeak; pollen cm−2). Loss rate (ε) and duration (�t) determine
ow the two  curves relate to each other and in this example were set to ε = 0.2 d−1

nd �t  = 14 d.
ing 250 (2013) 126– 133

random number between 0 and 1, were used to pick a point on the
accumulated pollen catch curve for that year. The corresponding
date was chosen as the onset of pollen deposition (t0).

For scenario 2, we used a dataset on the phenological develop-
ment of maize from 41 locations in Bavaria (Bavarian State Research
Center for Agriculture; see Lang et al., 2004). This provided a total
of 8504 observations on the onset of pollen deposition (t0) between
the years 1995–2000. For each simulation, a random year was
chosen, and a value for t0 was picked at random among the obser-
vations from that year.

2.4. Dose–response curve

We  established the dose–response curve for I. io larvae on Bt-
maize pollen from publications by Felke and Langenbruch (2003),
Felke et al. (2010),  and (Lauber, 2011) (Fig. 3). In the first two  exper-
iments, first instar I. io larvae were exposed to Bt-maize pollen
in a one-time deposition scenario, at a range of pollen densities,
using event Bt176, while Lauber (2011) kept larvae at fixed pollen
densities through instars 1–3 and 1–5 using event MON810. The
Cry1Ab toxin concentration used by Lauber (2011) was 29 and
101–109 ngg−1 pollen (“low” and “high” densities, respectively, in
Fig. 3).

The concentration of Cry1Ab toxin in maize pollen has been
reported mostly in terms of fresh plant mass. For Bt176, the data are
1600 ngg−1, 670 ngg−1, 110–3000 ngg−1 and 2900 ngg−1 (Hansen
Jesse and Obrycki, 2000; Ohlfest et al., 2002; Nguyen, 2004; Shirai
and Takahashi, 2005, respectively). For MON  810, the Bt concentra-
tions measured are 3.0–9.6 ngg−1, 1–97 ngg−1 and 10–140 ngg−1

(Nguyen, 2004; Nguyen and Jehle, 2007; Lauber, 2011, respec-
tively). Based on the most comprehensive of these studies, we
assumed the following toxin concentrations: 1700 ngg−1 in Bt176
pollen (Table 12b in Nguyen, 2004) and 100 ngg−1 in MON810
pollen (Fig. 6 in Lauber, 2011). Before statistical analysis, pollen
densities were standardised by their toxin concentration to
100 ngg−1 to represent standard MON810 pollen (Fig. 3). Felke and
Langenbruch (2003) and Felke et al. (2010) did not measure toxin
concentration; for their experiments, we assumed a Bt toxin con-
were pooled. Data were analysed assuming a log–logistic response
curve with an upper asymptote of 100% and using the drm function

Fig. 3. Inachis io dose–response model. Mortality until pupation of I. io larvae feed-
ing on nettle leaves dusted with Bt-maize pollen. Dose standardised to MON810
pollen by toxin concentration. Circles: Bt176 pollen from Felke et al. (2010) and
Felke and Langenbruch (2003); filled and empty, respectively. Other filled symbols:
MON810 pollen from Lauber (2011) applied to instars 1–3 (squares and triangles)
or  instars 1–5 (diamonds) with low (squares) or high (triangles and diamonds) Bt
toxin concentration. Regression curves for filled symbols (full line) and empty circles
(punctuated line). The grey curve delimits the worst case scenario (all data points
enclosed).
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Table  1
Estimated EC50 values for Inachis io larvae exposed to Bt-maize pollen. Pollen den-
sities were standardised to MON810 pollen by the assumed toxin concentration in
Bt176 and MON810 pollen. Regression values (±SE) were estimated from data com-
piled from Felke et al. (2010) and Lauber (2011), and precautionary values were
estimated as explained in text. The estimated LC50 depended on the assumed toxin
concentrations.

Bt176 toxin concentration (ng/g)

1240 1700 2200

MON810 toxin concentration
(ng/g)

Regression LC50 values

60 1700 ± 261 2000 ± 285 2300 ± 341
100 1000 ± 157 1200 ± 171 1300 ± 204
140 730 ± 112 860 ± 122 990 ± 146

Precautionary LC50 values
60 590 780 800
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Fig. 4. Inachis io phenology model. All boxes are distributed delay processes char-
acterised by an average duration and dispersion (in days or day-degrees, see text).
One hibernating female is added at the start. The breaking of diapause was assumed
to  begin on 1 March. Outflow from this process is sent to both the “Unlaid egg”
and the “Reproducing female” processes. In Northern Germany, the outflow from
“Pupa” goes directly into “Hibernating female” while in Southern Germany, a second
generation is produced via another input to “Unlaid egg” and “Reproducing female”.
Processes, which run separately for the two  generations, are shown as double boxes.
100 350 470 480
140 250 340 340

f the drs package (Ritz and Streibig, 2005) in R (R Development
ore Team, 2011). A model with a common slope was  chosen,
ecause the slope could not be determined reliably from the Lauber
2011) data in isolation. The resulting LC50 values based on Felke
t al. (2010) or Lauber (2011) were not different (P = 0.33). These
ata were therefore merged, producing a regression curve with a
lope = −1.62 ± 0.345 ngg−1 and LC50 = 1200 ± 171 ngg−1. The Felke
nd Langenbruch (2003) regression curve could not be merged with
he others (P < 0.0001); it had a higher LC50 = 6000 ± 1100 ngg−1.
o define a worst-case scenario for larva susceptibility, we deter-
ined the response curve that just enclosed all data points (Fig. 3):

C50 was decreased in steps of 1 ngg−1 until the curve was  to the
eft of all data points. Maintaining the slope, this resulted in a pre-
autionary LC50 of 470 pollen grains cm−2 which was used in the
imulations.

To check the sensitivity of the estimated dose–response curves
o the assumed pollen toxin concentrations, the above analysis was
epeated another eight times to cover all combinations of a range of
oxin concentrations: for Bt176 (1240, 1700, 2200) and for MON810
50, 100, 150). The lowest value for Bt176 of 1240 ngg−1 was chosen
o allow the merging of the Felke et al. (2010) and Lauber (2011)
ata in all nine analyses; at lower values the two data sets would
ield different regressions curves (P < 0.05). The slope did not differ
mong the nine analyses (range: −1.62 to −1.57) but LC50 decreased
f concentrations were assumed higher for MON810 or lower for
t176 (Table 1).

.5. I. io phenology model

The phenology model is stage-structured (Fig. 4), each stage rep-
esented by a distributed delay process (Manetsch, 1976; Gutierrez,
996), characterised by its average duration (L) and variance (s2).
ormally, the latter is defined by the integer parameter k = L2/s2.
n simulation models, some small value of k is usually chosen to
roduce a reasonable dispersion of development times (Gutierrez
t al., 1988). We  set k = 30 for all delays except where otherwise
tated.

To account for larval mortality, we applied the ‘attrition’ param-
ter (�) of the distributed delay, which allow units to shrink (� < 1)
r grow (� > 1) during the delay. For any �x  units entering the delay
t time t, � �x  units will appear, on average at time t + L and with
ariance L2/k following an Erlang distribution (Vansickle, 1977).
he distributed delay process was programmed in both R and C++
ccording to the algorithm of Abkin and Wolf (1976) and the equiv-

lence of the two implementations were verified. They resulted in
he correct outputs according to L and �. Due to numerical impreci-
ion in the algorithm, k ≤ L2/s2; hence the value of k was  determined
umerically whenever a certain s2 was desired.
Mortality only exists for reproducing females, dying of age, and for larvae which may
die due to Bt-maize pollen exposure.

In nature, the population size of adult I. io can vary between
years by a factor of at least 100 (Wilson, 1991), dynamics that can be
explained by variation in summer weather and parasitoid density
(Schulte et al., 2007; Wilson, 1991). In addition, rodents (Olofsson
et al., 2011) and birds (Velky et al., 2011) prey upon hibernating
Lepidoptera imagines. To what degree an additional mortality fac-
tor, such as exposure to Bt-maize pollen, would be compensatory
(i.e. causing death to individuals that would have died anyway, for
example, from parasitisation), or additional, cannot be modelled in
detail due to the limited amount of data available. Thus we chose
to ignore all other mortality factors in the model; only reproducing
females will, and larvae can, die (Fig. 4). Furthermore, males were
excluded from the model assuming no Allee effects of this common
species.

In Germany, adults of I. io usually emerge from hibernation in
April (Ebert and Rennwald, 1991). Correspondingly, the distributed

delay process for hibernating females is at a standstill until 1 April,
when reproducing females will start to appear, with an average
delay of L = 15 d (Fig. 4).
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Under protected conditions, reproductive I. io females live for
8.8 d (SD = 6.1–7.4 d), whether measured from eclosion (second
eneration) or after emergence from hibernation; they mate within
he first 3–11 d (mean = 5.8 d, SD = 3.0 d) after emergence (after

iklund et al., 2003). Correspondingly, we set the average repro-
uctive female life span to L = 18.8 d with k = 6 (yielding SD = 7.0 d).
he outflow from the hibernating stage causes a corresponding
nflow into both the reproducing females and the un-laid eggs pro-
esses (Fig. 4). The latter runs with a delay mimicking the mating
attern: L = 5.8 d and k = 3 (yielding SD = 2.9 d). This assumes that
emales lay eggs just after mating.

Bryant et al. (2000, 2002) simulated the development of I. io
mmature stages with two alternative models: a simpler model
riven by ambient temperature only, and a more complex model

ncluding thermoregulation parameterised by sunshine hours.
owever, they showed that the simple model was  as good a pre-
ictor as the complex model. Hence, we apply their simple model
hich operates on day-degrees (DD), defined by the lower tem-
erature threshold (T0; ◦C) and the average duration (L; DD),
ith parameter values of T0 = 8.3 ◦C and L = 315 DD for larvae, and

0 = 10.9 ◦C and L = 110 DD for pupae. Egg development takes 11 d
t 21 ◦C (Lauber, 2011) and, assuming the same T0 as for larvae,
e get L = 140 DD for egg development. With these parameter esti-
ates, we have completed the I. io phenology model (Fig. 4). In

cenario 2, where I. io is bivoltine, outflow from the pupal stage was
irected into reproducing females and un-laid eggs processes, just
s the hibernating females outflow earlier. Otherwise, in the univol-
ine scenario 1, eclosing females enter directly into the hibernating
tage.

Since there are no density-dependent rates in the model, the
ctual number of individuals is immaterial; all model responses
ill simply be proportional to the number of individuals entered

t the beginning. Hence the model runs with nominal numbers,
tarting with one hibernating female (Fig. 4) which eventually lays
ne female egg. Consequently, if Bt-maize pollen exposure causes
o larval mortality, and if in scenario 2 weather is warm enough,
hen one female will go into hibernation at the end of the year

eaning that population size remains constant.

.6. Simulations

For both scenarios, the model was run 1000 times for a dura-
ion of 1 year starting on 1 January. The model was updated with a
aily time step using Euler integration, albeit the distributed delays
sed to model insect development, have their own internal logic to

ncrease the number of integration time steps within the day, if this
s needed for numerical precision (Abkin and Wolf, 1976). There is

 long tradition for Euler integration in agro-ecological models(e.g.,
utierrez, 1996), probably necessitated by the heterogeneic com-
osition of such models and justified by the slow rates of change in
he agro-ecological processes being modelled.

Daily values of ambient temperature were read from weather
les obtained from two weather stations of the German
ational Meteorological Service: Bad Hersfeld in Northern
ermany (scenario 1) and Rheinfelden in Southern Germany

scenario 2).
Two of the model’s parameters can only be estimated with con-

iderable uncertainty due to lack of data: peak pollen density on
eaves (Npeak) and pollen loss rate (ε). Hence a range of values was
ssigned to each variable, Npeak = 0–3000 cm−2 and ε = 0–0.2 d−1.
he range for Npeak was chosen to include by some margin reported
eak average pollen densities on host plants observed near maize

elds (N1 and N2; Fig. 6) and peak daily deposition rate within

 maize field (N3; Fig. 6). The latter would likely accumulate to
 higher density on leaves, depending on the pollen loss rate (ε),
hich is largely unknown. The range for ε was chosen to include
ing 250 (2013) 126– 133

the worst-case value (0) while the upper bound (0.2 d−1) was an
arbitrary choice.

For each simulation, a year was  picked at random, between 1994
and 2007 (scenario 1) or 1995–2000 (scenario 2), and pertinent val-
ues for t0, �t  and weather records were applied; for Npeak and ε a
value was sampled at random inside the parameter’s range. The
response variable was the number of larvae reaching pupation,
either in the first (scenario 1) or second (scenario 2) generation,
which expresses the population survival rate in that particular sim-
ulation. The 10%, 50% and 90% percentiles of the response variable,
depending on Npeak and ε, were drawn as quantile spline curves
using the qsreg function of the fields package in R.

3. Results

The I. io phenology model reproduced well the expected periods
when adults are usually observed flying (Fig. 5 top), both in scenario
1 (univoltine) and scenario 2 (bivoltine). In 1996 some pupae in
scenario 2 did not eclose as adults before the onset of winter. It is
not known whether this actually happened, but the phenomenon
had no impact on the analysis, because it was the number of larvae
reaching pupation that was  used to express final population size.

In scenario 1 the single generation of larvae had completed its
development before the onset of pollen deposition, which was also
the case for the first generation larvae in scenario 2 (Fig. 5 bottom).
Hence, scenario 1 gave close to 100% survival of the I. io population
(results not shown). Only 11 of the 1000 runs of the model gave sur-
vival <99%, the smallest being 91%. However, the second generation
larvae in scenario 2 coincided with the presence of pollen deposited
on the food plant (Fig. 5 bottom). This overlap was  reflected in
the survival rate of the I. io population in scenario 2, where pop-
ulation survival decreased with increasing pollen density (Fig. 6
top). The expected survival rates, estimated by the quantile spline
curves, were (0.63, 0.83, 0.94) at Npeak = N1 = 300 cm−2 and (0.11,
0.31, 0.57) at Npeak = N3 = 1750 cm−2 for the 10%, 50% and 90% per-
centiles, respectively. The population survival rate was  increasing
with pollen loss rate (Fig. 6 bottom), as would be expected and
nearly linearly in the explored range (ε = 0–0.2 d−1).

4. Discussion

We  detected a risk to I. io living in an agricultural landscape
where Bt-maize is grown. However, the risk depended on I. io
phenology which depends on the climate. Only in Southern and
Central Europe (scenario 2), where the species is bivoltine, would
the period of larval feeding coincide with that of maize pollen shed-
ding (Fig. 5).

The peak average density of pollen on nettle leaves (Npeak,
Fig. 2) was  important for the resulting reduction in I. io popula-
tion survival (Fig. 6). The lower 10%-percentile of the estimated I.
io population survival ranged from 63% at Npeak = 100 cm−2 down
to 11% at Npeak = 1750 cm−2. To estimate Npeak we  would ideally
have access to day-by-day time series of maize pollen density on
nettle leaves through the whole season, but this is not available.
Average densities found on leaf surfaces in or near maize field are
100–300 cm−2 and 42–328 cm−2 (Hofmann et al., 2011; Lauber,
2011, respectively), while an average of up to 1750 pollen may be
settling per cm2 surface area per day in a maize field (from Fig.
5 in Kawashima et al., 2004). Kawashima et al. (2004) used fully
exposed, one-side vaseline-covered glass slides placed at 125 cm to
estimate pollen deposition. This set-up differs in many ways from

the canopy of a nettle stand (surface structure at micro- and macro-
scale, local airflow and turbulence), and it is therefore uncertain
how the 1750 cm−2 estimate relates to real pollen deposition rates
on nettles.
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ying  (Ebert and Rennwald, 1991; Kolligs, 2003).

The model did not take into account the variance (at sampling
nit, leaf, plant and plant stand scale) that the reported average
ollen densities and deposition rates represent. An improved model
ould include the spatial processes that determine the exposure

f larvae to pollen: deposition, loss and redistribution of pollen;
utterfly oviposition and larval feeding behaviour. One should be
ware that the dose–response curve (Fig. 3) is non-linear, and that
pplying the average dosage per larva can yield different results
han if applying the expected distribution of dosages among lar-
ae. Including such detail in the current model, however, is not
arranted, not only because of lack of data but also because of

he more crude assumptions already built into the model, i.e. the
ose–response curve was estimated from data that included both
ne-time and continuous exposure.

The exposure of I. io at the landscape level depends on the
patial distribution of both Bt-maize fields and nettles, and on
he attractiveness of larval food plants for oviposition and larval
eeding, according to their physiological status (Pullin, 1987) and
urrounding microclimate. The deposition of maize pollen is known
o decline rapidly with distance to the field, as x−0.548, where x
m)  is the distance to the field edge (Hofmann et al., 2010). We
o not know the egg-laying behaviour of I. io with similar precision
hich makes it difficult to develop a landscape level model. How-

ver, maps overlaying maize cultivation density with the bivoltine
istribution area of I. io could provide valuable insights relevant for
utterfly conservation.
The estimated LC50 of the dose–response curve (Fig. 3) depended
n the interpretation of earlier studies, notably the assumed
oxin concentration of MON810 and Bt176 Bt-pollen, which was
sed to put all results on a common dose scale. Moreover, the
nd of maize pollen (cm−2; bottom, broken lines). Thick lines show 50% percentiles,
units. Horizontal bars (top x-axes) show typical periods when adults are observed

studies reigned from short to long term exposure of larvae and
were based on larvae in various instars (Felke et al., 2010; Felke
and Langenbruch, 2003; Lauber, 2011). In addition to the uncer-
tainty introduced by pooling diverse data sets (Table 1) comes
the natural variability of toxin concentration in the actual field
situation (Nguyen and Jehle, 2007). It is difficult to quantify pre-
cisely the accumulated uncertainties but to further substantiate
the dose–response curve that we used in our model, we com-
pared it to reported mortalities of D. plexippus larvae exposed to
Bt-maize pollen on their food plant (Dively et al., 2004; Hansen
Jesse and Obrycki, 2000;). The density of pollen of events Bt176
and Bt11 were converted to a MON810 standard toxin concentra-
tion of 100 ngg−1. The concentrations measured by Hansen Jesse
and Obrycki (2000) were used for this conversion, 1600 ngg−1 and
390 ngg−1 for MON810 and Bt176, respectively. Our dose–response
curve lies within the observations on D. plexippus and, on this basis,
cannot be considered an extreme choice for butterflies in general
(Fig. 7).

The conclusion of our modelling study differs from that reached
by Perry et al. (2010) who found negligible risk, both for I. io and
the other two  species considered. We  believe this is chiefly due to
their choice of dose–response curve, which diverges from ours by
a more gentle slope but even more pronounced, by a much higher
LC50 (Fig. 7). Their curve seems misplaced in relation to the reported
larval responses to Bt-maize pollen of both I. io and D. plexippus.

Only little data is available on the dose–response of Lepidoptera

to Bt-toxins expressed in Bt-plants, especially of non-pest species
(Lang and Otto, 2010), and additional data are highly needed as a
basis for risk assessment. dose–response relations measured under
controlled conditions should, however, be translated to the field
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Fig. 6. Inachis io population survival rate. I. io survival (year−1) for a bivoltine popu-
lation (Southern Germany) depending on parameters for (top) peak average pollen
density (Npeak; cm−2) and (bottom) pollen loss rate (ε; d−1). Points show values for
1000 simulation runs. Curves show the 10%, 50% and 90% percentiles of the points.
N1 = 300 cm−2; max. observed average pollen density on plant leaves near a maize
field (Hofmann et al., 2011). N2 = 328 cm−2; max. observed average pollen density on
nettle leaves near a maize field (Lauber, 2011). N3 = 1750 cm−2 d−1; observed peak
pollen deposition rate in a maize field (Kawashima et al., 2004).

Fig. 7. Comparison of Inachis io dose–response models. Dose–response curves for
I.  io used in our model (thick line, as in Fig. 3) and in (thin line) the model of Perry
et  al. (2010; their Eq. 2.1). Point estimates for Danaus plexippus from Hansen Jesse
and Obrycki (2000): Bt176 (empty triangles) and Bt11 (empty squares); and from
Dively et al. (2004): Bt11 (filled squares) and MON810 (filled circles). The dose for
the  point estimates was  standardised to MON810 pollen by toxin concentration.
ing 250 (2013) 126– 133

situation with care because, in the field, additional stressors may
act synergistically with the Bt-protein. Moreover some effects may
be sub-lethal and easily overlooked. In this way  our model is con-
servative by excluding sub-lethal effects: (i) reduced adult size
(Dively et al., 2004; Lang and Vojtech, 2006) possibly leading to
lowered fecundity (e.g., Miller, 2005), (ii) prolonged larval devel-
opment (Felke and Langenbruch, 2005) leading to increased risk of
predation and parasitisation and failure to complete the life cycle
before the onset of winter, and (iii) reduced larval vigour leading to
increased susceptibility to parasitism (Mahmoud et al., 2011) and
diseases (Gao et al., 2012).

5. Conclusions

Our model indicated that in European farmland, the exposure
of butterfly larvae to Bt-maize toxin constitutes a realistic risk.
Specifically I. io is at risk in Central and Southern Europe where it
is bivoltine. This suggests that a more comprehensive assessment
is warranted of the risk implied to butterflies when and where Bt-
maize is grown. We  contend that such an assessment is best carried
out using empirical data, which invites scientific review and inte-
gration of knowledge, rather than on expert opinion, on which a
qualified assessment is not possible. We  base our conclusion on
a model, designed according to the available empirical data and
implemented in a transparent, open-source framework, and hope
this will provide a useful tool for further research on the ecological
effects of Bt-maize.
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