Hofmann et al. Environ Sci Eur (2016) 28:14

DOl 10.1156/512302.016.0082.9 ® Environmental Sciences Europe

RESEARCH Open Access
@ CrossMark

Accumulation and variability of maize
pollen deposition on leaves of European
Lepidoptera host plants and relation

to release rates and deposition determined
by standardised technical sampling

Frieder Hofmann'?, Maren Kruse-Plass®, Ulrike Kuhn'# Mathias Otto®, Ulrich Schlechtriemen'®,
Boris Schroder”®, Rudolf Végel® and Werner Wosniok'®”

Abstract

Background: Risk assessment for GMOs such as Bt maize requires detailed data concerning pollen deposition onto
non-target host-plant leaves. A field study of pollen on lepidopteran host-plant leaves was therefore undertaken

in 2009-2012 in Germany. During the maize flowering period, we used in situ microscopy at a spatial resolution
adequate to monitor the feeding behaviour of butterfly larvae. The plant-specific pollen deposition data were sup-
plemented with standardised measurements of pollen release rates and deposition obtained by volumetric pollen
monitors and passive samplers.

Results: In 2010, we made 5377 measurements of maize pollen deposited onto leaves of maize, nettle, goosefoot,
sorrel and blackberry. Overall mean leaf deposition during the flowering period ranged from 54 to 478 n/cm? (grains/
cm?) depending on plant species and site, while daily mean leaf deposition values were as high as 2710 n/cm?.
Maximum single leaf-deposition values reached up to 103,000 n/cm?, with a 95 % confidence-limit upper boundary
of 11,716 n/cm?.

Conclusions: Daily means and variation of single values uncovered by our detailed measurements are consider-
ably higher than previously assumed. The recorded levels are more than a single degree of magnitude larger than
actual EU expert risk assessment assumptions. Because variation and total aggregation of deposited pollen on leaves
have been previously underestimated, lepidopteran larvae have actually been subjected to higher and more variable
exposure. Higher risks to these organisms must consequently be assumed. Our results imply that risk assessments
related to the effects of Bt maize exposure under both realistic cultivation conditions and worst-case scenarios must
be revised. Under common cultivation conditions, isolation buffer distances in the kilometre range are recommended
rather than the 20-30 m distance defined by the EFSA.

Keywords: Zea mays, Bt maize, Exposure, Genetically modified organisms (GMOs), Risk assessment, Risk
management, Pollen, Leaf deposition, Butterfly, Lepidoptera, Host plants

*Correspondence: wwosniok@math.uni-bremen.de
10 |nstitute of Statistics, University of Bremen, Bremen, Germany
Full list of author information is available at the end of the article

. © 2016 Hofmann et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
Sprlnger O pen (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
— provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12302-016-0082-9&domain=pdf

Hofmann et al. Environ Sci Eur (2016) 28:14

Background

Maize is wind-pollinated and releases prodigious quan-
tities of pollen into the environment during anthesis [1].
In the case of genetically modified Bacillus thuringiensis
(Bt) maize, this pollen also carries insecticidal Bt protein.
Because non-target herbivores may feed on host plants
dusted with Bt pollen—both within and around maize
fields, this exposure and its subsequent effects must be
evaluated to assess the risks associated with the cultiva-
tion of Bt maize.

Risks posed to non-target Lepidoptera by the cultiva-
tion of Bt maize plants resistant to lepidopteran species
such as the European corn borer are widely acknowl-
edged [2-5]. Scientific controversies exist, however, in
regard to estimates of the potential magnitude of effects
and measures such as isolation buffer distances applied
for risk management [5—14].

Because exposure is the basis of any effect, the inter-
pretation of maize pollen leaf deposition data is highly
relevant to the above debate. For several reasons, suc-
cessful interpretation is non-trivial. To date, virtually
all measurements of leaf pollen deposition—both direct
measurements of pollen deposition on leaves and indirect
measurements (other acceptors, technical instruments,
proxy parameters)—have been obtained by non-stand-
ardised methods that differ in methodology, time span
and available background information on the quantity
of pollen shedding. It is therefore difficult, if not impos-
sible, to compare these data directly [15]. In addition,
some commonly used methods, such as the use of adhe-
sive slides in open exposure, are non-standardised meth-
ods regarded as semi-quantitative [16-18]. Although
standardised methods such as Durham trap [16] and
pollen mass filter (PMF) [19] approaches were described
as early as the 1940s, only a few authors have used such
techniques to facilitate data comparison. Similarly, few
researchers have determined pollen release rates over the
flowering period using standardised volumetric pollen
monitors such as the Hirst trap [20] or the PMO [10].

Most studies and available data on leaf deposition have
been related to mean values of leaf surface pollen den-
sity over varied time periods. For instance, the results of
Stanley-Horn et al. [21], Pleasants et al. [22] and Dively
et al. [23], obtained by various methods, were mainly col-
lected daily or cumulatively over sampling periods rang-
ing from 3 to 14 days. Other authors, not recognising that
pollen deposition is a cumulative process, have concen-
trated solely on daily deposition rates as a measure of risk
[24-26].

Pollen deposition onto surfaces such as plant leaves is
the result of a complicated input—output process [27].
Although slides used for measurement of daily deposition
rates are usually replaced daily, leaves remain on plants
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and deposition continues as long as pollen is emitted.
Accumulation on the leaf surface thus takes place over
time, with lepidopteran larvae correspondingly exposed
to an integrated deposition on the leaf surface rather
than to single daily deposition rates. Relocation and spa-
tial aggregation processes take place on the leaf surface
as well. Losses occur through rain and wind movement,
thereby causing the distribution of settled pollen on a leaf
to become increasingly inhomogeneous. Because depo-
sition is a cumulative process, precision regarding the
nature of collected data is crucial. Leaf deposition calcu-
lated as pollen density on a leaf at time ¢, which reflects
the balanced result of input—output processes, must be
distinguished from daily deposition rates, both in regard
to daily input as well as cumulative rates of deposition
over time. Although described in the aerobiological lit-
erature [17, 18, 27-31], this process and its context have
not been adequately taken into account in some publica-
tions addressing genetically modified organism (GMO)
risk assessment [7, 8, 11, 12, 14].

The first comprehensive study of maize pollen emis-
sion, transport and deposition was reported by Raynor
et al. [28, 29] in the 1970s, decades before the advent of
GMOs. Using small-scale experimental fields (0.26 ha),
they observed average daily deposition rates as high
as 250 pollen grains per square centimetre per day [n/
(cm? day)] near the source, with maximum daily rates
up to 657 n/(cm” day) over 14 days during anthesis. In
regard to total deposition over the flowering period, they
detected an average value of 1260 n/cm? close to the field
source. When the authors attempted to record the maxi-
mum possible deposition for worst-case assessments,
they found it difficult to maintain a permanent downwind
position during field measurements because of changing
wind directions. They therefore provided recommen-
dations for correction of this observational error using
detailed measurements of pollen release rates, meteoro-
logical parameters and dispersal modelling.

Kawashima et al. [30] followed this directive during
simultaneous measurements of daily pollen deposition
rates and meteorological data over a 19-day flowering
period. To measure airborne pollen and pollen release
rates, they used a standardised Durham sampler. This
device measures sedimentation in terms of dry deposi-
tion, which can be related on the basis of Stokes’ law to
air pollen concentration and corresponding release rates.
To determine plant-specific deposition onto exposed
leaves, the authors used open sticky slides. They detected
airborne pollen daily sedimentation rates and daily dep-
osition rates on exposed leaves (daily input rates) of up
to 1710 n/(cm? day) (Figs. 2 and 4, respectively, in [30]),
with corresponding integrated (cumulative) leaf deposi-
tion over the flowering period of approximately 7400 n/
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cm? Because of changes in wind direction, a leeward
position could not be maintained on all days. Follow-
ing the recommendations of Raynor et al. [28, 29], they
obtained an average value of 2.0 for the overall ratio of
measured to potential deposition assuming a permanent
leeward position. Taking into account the worst-case risk
assessment scenario, typically done by assuming a per-
manent leeward position, they then calculated the inte-
grated potential deposition over the flowering period to
be approximately 15,000 n/cm?.

A concise risk assessment model for Bz maize and Euro-
pean Lepidoptera published by Perry et al. [7, 8, 11, 12] has
been incrementally adopted in several stages for EU risk
assessment [2—4, 14, 32—34]. Because of a lack of adequate
empirical data, however, the exposure portion of the model
is based partly on expert opinion instead of actual data [8,
14]. To estimate exposure, the original model was based on
a small dataset provided by Wraight et al. [35], who placed
Vaseline-coated slides adjacent to a maize field for 7 days
and recorded a pollen density of up to 221 n/cm? Assum-
ing these data for leaf deposition and worst-case exposure
of lepidopteran larvae (Inachis io on Urtica dioica leaves),
a mean pollen density at the field edge of 66.3 n/cm? over
7 days and on leaves of 9.5 n/cm? per day was calculated
by Perry et al. [8, Appendix]. Because pollen grains are not
uniformly distributed on a leaf, some segments of the lar-
val population will encounter pollen densities higher than
average with a certain likelihood. To correctly assess their
exposure, data on pollen distribution on leaves are needed,
an aspect generally accepted in the risk assessment [7, 22].
Expressing pollen deposition in units of n/cm?, Perry et al.
[7] used a leaf area size of 0.03 cm? as a reference, as the
feeding behaviour of young larvae is important. This leaf
area size, which was based on laboratory-conducted tox-
icity studies of Felke et al. [36], ensured that a leaf with
applied pollen was consumable in 1 day even by young
larvae. To account for inhomogeneous deposition of pol-
len on leaves, including that of aggregation processes,
Perry et al. [7] assumed a factor of 12 for a 99 % confidence
interval (CI) around mean pollen densities; for worst-case
field scenario assumptions, they estimated a mean pollen
density of approximately 599 n/cm? on nettle leaves and a
daily mean density of 85 n/(cm? day) [8, Appendix I]. The
European Food Safety Authority further developed the
original model in several stages: expert judgements on 11
sources of uncertainty were included and various exposure
assessment scenarios were estimated, with resulting risks
all ranging below those of the original model in each case
[14].

Field data on the variability of pollen deposition onto
leaves, especially data with adequate spatial resolution,
are currently lacking [14]. To realistically assess leaf
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deposition variability, such information is necessary. This
requirement is particularly true for worst-case considera-
tions, in which potential maximum exposure levels are
also relevant.

The primary aim of this study was to close this infor-
mation gap by analysing the variability of maize pollen
deposition onto leaves through in situ measurements
with detailed spatial and temporal resolution. To achieve
this goal, we applied a newly developed in situ pollen
microscopic method [15] during a comprehensive field
study [37].

Another important focus of this study was the combi-
nation of plant-specific leaf pollen deposition data with
pollen release and deposition rates measured by stand-
ardised technical pollen sampling methods. Relationships
can only be properly analysed by simultaneously measur-
ing these parameters. To perform a detailed assessment
of pollen release and deposition rates, we used a volu-
metric pollen monitor (PMO) to continuously measure
aerial pollen concentrations in maize fields at the height
of the pollen-emitting tassels. We also measured the inte-
grated deposition of pollen inside and outside of maize
fields with standardised passive samplers (PMFs). Using
this approach, we generated a unique, previously una-
vailable dataset to estimate the exposure of non-target
organisms to Bt maize pollen.

Results and discussion

In this study, we made 5377 measurements of maize pol-
len on leaf surfaces of maize and other butterfly host
plants growing within and adjacent to two maize fields
during the main maize flowering period from mid-July
to the second half of August in 2010. The recorded data
consisted of 2497 measurements on maize, 1646 on net-
tle (Urtica dioica), 586 on goosefoot (Chenopodium
album), 324 on sorrel (Rumex acetosa) and 324 on black-
berry (Rubus sp.). These measurements and additional
ones obtained between 2009 and 2012 were taken near
Angermiinde, Brandenburg, Germany. To our knowl-
edge, this is the first in situ study showing the variability
of leaf deposition data to this extent and level of detail.

A collection of photographs taken of maize leaves dur-
ing the flowering period illustrates the variability of pol-
len deposition onto leaves. As seen in Additional file 1:
Figure S1 for an example, maize pollen, visible as a yellow
powder on leaves, exhibited various deposition patterns,
thus showing an inhomogeneous distribution. Pollen
grains tended to aggregate and adhere to leaf structures
such as midribs, veins and leaf bases, consistent with
observations by other authors [26]. This aggregation was
not restricted to such structures, however, as clumps of
pollen were present all over the leaf surface.
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Fig. 1 Maize (Zea mays) pollen deposition onto maize leaves during the 2010 flowering season. Shedding of pollen from an early flowering maize
variety began in field A on 23 July and from a later-flowering variety in field B on 3-4 August. The maize flowering period ended around 23 August.
Leaf deposition measurements in 2010 were made in field A from 28 July to 6 August and in field B from 7 to 17 August. Green dots, data (n = 2497);
solid red line, daily mean; red dashed lines, 90 and 10 % quantiles based on the daily data and the censored maximum likelihood-fitted log-normal

A detailed microscopic-scale inspection confirmed the
observed variability of pollen deposition onto leaves (see
Additional file 1: Figure S2 for an example).

Leaf deposition data

Individual pollen deposition measurements over time,
together with daily means and 90 and 10 % quantiles, are
plotted in Fig. 1 for maize leaves, Additional file 1: Figure
S3 for nettle, and Additional file 1: Figure S4 for goose-
foot, sorrel and blackberry. To account for values below
detection limits, censored maximum likelihood (CML)
was used to estimate the means and quantiles shown in
Fig. 1, Additional file 1: Figure S3, Additional file 1: Figure
S4. (Means in the figures are geometric means, equivalent
to the CML 50 % quantile and median). Flowering began
in early maize field A on 23 July 2010, with leaf measure-
ments first taken on 29 July. Pollen deposition was highly
variable around daily means and from day to day until the
end of the measurement period on 17 August. Deposition
values exceeding 1000 n/cm? were regularly measured,
with numbers above 10,000 n/cm? frequently recorded.
Observed daily mean pollen densities on leaves were as
high as 2710 n/cm? for maize and 1665 n/cm? for nettle.
Maximum single leaf-deposition values were 103,000 n/
cm? on maize and 13,802 n/cm? on nettle (field B).

Whereas observed daily mean values overlapped with
the upper range of literature values, maximum single
leaf-deposition values greatly exceeded those previously
reported. The reason for this discrepancy is that mean
leaf values in most other studies were measured on leaf
surfaces without further spatial resolution and/or only
daily deposition rates were recorded (e.g. on slides)—and
only on one or a few days of the flowering period. Some
authors even excluded higher deposition values at aggre-
gation zones, such as around midribs [11, 22]. In con-
trast, our measurements revealed all the variation in leaf
deposition values in situ over the main flowering period.

Previously reported maximum pollen deposition val-
ues are up to 1710 n/(cm? day) for daily deposition rates,
7400 n/cm? for measured cumulative deposition on slides
[30] and higher than 1000 n/cm? for mean leaf deposition
(e.g. 1449 n/cm? [22] and 3000 n/cm? [15]).

Dively et al. [23] detected mean deposition values up
to 651 n/cm? on Asclepias spp. leaves. Hansen Jesse et al.
[38] measured values on Asclepias syriaca leaves as high
as 506 n/cm? within maize fields and 427 n/cm? at 0.2 m
from the edge. On the same plant species, Stanley-Horn
et al. [21] reported levels up to 429 n/cm? after 11-day
exposure in a maize field in Ontario. Zangerl et al. [26]
recorded a maximum of 320 n/cm? on leaves of Pastinaca
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sativa located 0.5 m from the field edge. Schuppener
et al. [25] detected up to 212 n/(cm? day) on Urtica leaves
close to the edge of the field; however, that study has been
criticised as methodologically unrepresentative [39] and
biased towards excessively low values. Lang et al. [24, 40]
detected daily deposition rates of up to 429 n/(cm? day)
on slides, with significantly lower levels (31 £ 14 %)
found on leaves of Daucus carota. Gathmann et al. [41]
reported higher levels: up to 972 n/cm? on Chenopodium
album and 894 n/cm? on Sinapis alba at a distance of 1 m
from the field edge. Kawashima et al. [30] measured daily
deposition rates as high as 1710 n/(cm? day) on slides;
Shirai and Takahashi [42] recorded levels up to 624 n/
(cm? day). During a 10-day rainless period in Iowa, Pleas-
ants et al. [22] found that the highest values in the field
ranged from 752 to 1.449 n/cm? on A. syriaca leaves. In
that study, however, high deposition values at aggrega-
tion zones around midribs were excluded from the risk
assessment on the basis of a single personal communica-
tion [22] that young butterfly larvae do not eat midribs
[22 (p. 11, 921), 43]. Lang and Otto [44] have recently
reported that such a general assumption is not justified:
larvae of the small tortoiseshell butterfly (Aglais urticae)
have been observed to consume leaf-ribs, including mid-
ribs, although they feed on the latter to a lesser extent.

Statistical description of leaf deposition data

Based on CML estimates from the fitted log-normal dis-
tribution, the (geometric) mean of pollen deposition
onto leaves over all sites and days ranged—depending
on plant species—between 54 and 478 n/cm? stand-
ard deviations varied from 0.58 to 1.03 on a logarithmic
scale, which is equivalent to a factor of 3.8 to 10.7 on a
linear scale (Table 1). Observed maxima of single values
reached 2246-103,000 n/cm?, depending on plant spe-
cies and site. For risk assessment (e.g. for consideration
of worst-case estimates) the 95 and 90 % quantiles are
of great interest, as they reflect levels exceeded in only
5 and 10 %, respectively, of all cases. The 95 % quantile
ranged between 953 and 11,716 n/cm?, the 90 % quantile
between 547 and 5780 n/cm?.

The maximum daily mean pollen density recorded on
leaf surfaces in 2010 was 2710 n/cm? on maize leaves.
On 2 out of 11 days, the daily mean deposition exceeded
1000 n/cm?; on another 4 days, it was above 500 n/cm?.
During preliminary measurements in 2009, we observed
mean leaf deposition values on maize as high as 3000 n/
cm? on several days [15].

The maize pollen leaf-deposition data varied over a cer-
tain range. In Additional file 1: Figure S5a—g, this varia-
tion is presented as a probability density function for
each plant species, with respective cumulative distribu-
tion functions displayed in Additional file 1: Figure S6.
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To describe the level and random variation of pollen
deposition onto leaves, a log-normal distribution was
fitted to the observed data using a CML approach. This
method was used to account for observational detec-
tion limits. The geometric mean of the fitted distribu-
tion, which is also the median, was used to characterise
the deposition level. Random variation was described by
quantiles of the fitted distribution.

Maize The distribution of pollen on maize leaves,
which was based on the complete dataset from both
fields in 2010, is shown in Additional file 1: Figure S5a.
Using the CML approach, we estimated an overall mean
of 132 n/cm? The 90 and 95 % quantiles were 2747 and
6497 n/cm?, respectively. The density of pollen depo-
sition in late-flowering field B is shown in Additional
file 1: Figure S5b. The flowering in this field occurred in
a concentrated fashion over more than 20 days. The CML
estimate for the overall mean was 478 n/cm?, which was
higher than that calculated from the data for the entire
flowering period over both fields. The 90 and 95 % quan-
tiles were 5780 and 11,716 n/cm?, respectively.

Nettle As shown in Additional file 1: Figure S5c, the
mean density of deposited pollen on Urtica leaves calcu-
lated from all data from both fields was 139 n/cm?. The
90 and 95 % quantiles were 1225 and 2270 n/cm?, respec-
tively. Similar to maize, a marked increase in maximum
daily pollen deposition was evident when data only from
the late-flowering field were analysed (Additional file 1:
Figure S5d). In this case, mean CML-estimated pol-
len leaf deposition was 244 n/cm? The quantile values,
2067 n/cm? (90 % CI) and 3791 n/cm? (95 % CI), also
considerably exceeded respective values from data cover-
ing both fields and the complete sampling period.

Goosefoot The maize pollen deposition data for Che-
nopodium leaves (Additional file 1: Figure S5e), acquired
from plants growing in field B, exhibited a CML-esti-
mated mean of 371 n/cm? and a standard deviation Ologlo
of 0.68 (i.e. a factor of 4.80 on a linear scale). The 90 and
95 % quantiles were 2774 and 4908 n/cm?, respectively.

Blackberry The probability distribution of deposited
pollen on Rubus leaves (field A, Additional file 1: Figure
S5f; CML) displayed a mean of 160 n/cm? with a Ologlo
of 0.58 (a factor of 3.82 on a linear scale). Quantile val-
ues were determined to be 892 n/cm? for the 90 % CI and
1452 n/cm? for the 95 % CI.

Sorrel Pollen deposition onto Rumex acetosa leaves
(field A, Additional file 1: Figure S5g; CML) showed
a mean of 54 n/cm? with a Ologio Of 1.01 (a linear factor
of 10.3). Quantile values were 1070 n/cm? at 90 % and
2499 n/cm” at 95 %.

Using the CML estimates, mean leaf deposition ratios
between the various species and maize (on a linear
scale) as well as ratios of their corresponding standard



Hofmann et al. Environ Sci Eur (2016) 28:14 Page 6 of 19
Table 1 Statistical parameters of leaf deposition data
Maize pollen deposition Maize Z. maize Nettle U. diocia Goosefoot Sorrel Blackberry
on leaves in n/cm? C.alba R. acetosa Rubus sp.
Field/site Total A B Total A B B A2 A1l
Sample size n 5377 2497 1593 904 1646 810 836 586 324 324
Parameters and quantiles from the fitted log-normal-distribution (CML estimate)

Mean o410 Hioglo 212 1.79 268 2.14 1.89 239 257 1.73 220

SDiog10 Olog10 103 101 0.84 0.74 066 072 068 101 058

SDfactoronlinear Gy, ractor 10.7 103 7.0 55 46 53 48 103 38

scale

95 % quantile 195 % 6497 2831 11,716 2270 953 3791 4908 2499 1452

90 % quantile 90 % 2747 1214 5780 1225 547 2067 2774 1070 892

75 % quantile L75% 652 295 1775 437 217 751 1070 260 395

50 % quantile L50 % 132 61 478 139 77 244 371 54 160

25 % quantile L25% 27 13 129 44 28 79 129 11 65

10 % quantile L10% 6.3 3.1 40 16 11 29 50 27 29

5% quantile L5% 27 1.3 20 85 6.3 16 28 1.2 18
Maxima and quantiles from the empirical distribution function

Maximum Emax 103,000 14,112 103,000 13,802 10,987 13,802 17,098 6055 2246

95 % quantile E95 % 4613 2282 8858 2194 879 3770 4532 2043 1213

90 % quantile E90 % 2526 1152 5090 1152 586 2078 3389 1270 864

75 % quantile E75 % 762 342 1730 474 244 700 989 391 488

50 % quantile E50 % 162 72 536 146 49 288 412 49 169

25 % quantile E25 % 36 18 124 33 <33 82 144 33 49

Results of the application of different statistical models to the collected deposition data. The log-normal distribution was fitted to the data by censored maximum

likelihood (CML) estimation. The empirical distribution describes the raw data

deviations (in parentheses, for o on a log; scale) were as
follows: Urtica dioica 1.05 (0.72) [total], 1.26 (0.65) [field
Al, 0.51 (0.86) [field B]; Chenopodium album 0.78 (0.81)
[field B]; Rumex acetosa 0.89 (1.0) [field A]; Rubus sp.
2.62 (0.57) [field A].

An analysis of the frequency distribution of maize
pollen deposition onto A. syriaca leaves was previously
attempted by Pleasants et al. [22]. Their analysis was
based on an extensive study at four sites in the US over
several years. Because the authors frequently made three
1-cm? sub-measurements per leaf, variability on the leaf
surface could be assessed to some extent. In addition to
the fact that three sub-measurements per leaf and a reso-
lution of 1 cm? are insufficient to represent leaf surface
variability [15], they selectively excluded midrib zones
with high deposition values at most of their study sites
(see above). The resulting frequency distribution was
consequently not representative of the deposition of
pollen onto leaves. On the basis of carefully performed
sample measurements, they estimated that the actual
deposition was higher by a factor of 1.5-1.9 when mid-
ribs were included. The mean leaf deposition values cal-
culated by taking this factor into account lie within the
range of our results, although our range of single leaf-
deposition values far exceeds that of their data.

If technically acquired deposition data is also treated as
a proxy for leaf deposition, our results support the find-
ings of Kawashima et al. [30], who measured a cumulative
leaf deposition value of around 7400 n/cm? and estimated
an integrated potential deposition of 14,791 n/cm? as the
worst case under a permanent downwind assumption.
Our observations are in good agreement with the values
of Kawashima et al. [30] and contradict the assessment of
Perry et al. [8], who judged those values to be unrealisti-
cally high.

Relationship between plant-specific pollen deposition
onto leaves versus pollen concentration and deposition
measured by standardised technical methods

Pollen release and deposition

Apart from the effects of pollen shedding and dispersal
and pollen grain behaviour, deposition is also acceptor-
dependent. Pollen deposition onto leaves is thus specific
to plant species and morphology. Plant growth and envi-
ronmental conditions influence pollen density as well.
These factors collectively cause pollen deposition onto
leaves to be highly variable, complicating the interpreta-
tion of observed deposition. To obtain pollen exposure
data that are comparable, additional standardised meas-
urement methods must be used to record aerial pollen
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concentration and deposition at a given site [19, 45-48].
In this study, we performed parallel measurements of
pollen concentration and deposition using standardised
technical sampling methods involving a PMO volumetric
pollen monitor [10, 37, 39] and PMF passive pollen sam-
plers [9, 19, 47]. These parallel measurements allowed
plant-specific leaf deposition to be linked to pollen
release, aerial concentration and deposition. The parallel
measurements were conducted in later-flowering field B,
where anthesis began on 3 August.

Field measurements of daily mean pollen concentration
served as an indicator of daily mean pollen release rates
over the main flowering period up to 21 August (Fig. 2),
with the corresponding daily deposition rate Dy derived
using Eq. 9. As illustrated in Fig. 2, the rate of pollen
release increased rapidly, with the daily mean pollen con-
centration, Cj, in the air rising to a maximum value of
356 n/m® and D, reaching as high as 615 n/(cm? day).

Similar to previous studies [10, 37], we discerned a dis-
tinct diurnal pattern to pollen release, beginning in the
early morning with a peak around midday. Furthermore,
we observed that pollen release could be interrupted by
unfavourable weather conditions. Maximum hourly pol-
len concentrations in the air reached values higher than
1700 n/m?, which is about 4.7 times the level of corre-
sponding daily means.
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In field B, flowering and pollen shedding lasted for
at least 20 days. This observation disproves a major
assumption of the EU exposure assessment, which based
its worst-case scenario on a 7-day-long incident, and
implies that the flowering period duration of a single field
has been underestimated by a factor of approximately 3.
A flowering duration of 3—6 weeks has also been demon-
strated for maize under commercial cultivation via long-
term measurements of aerial pollen concentrations at a
reference station in northern Germany over 16 years [10],
with various fields differing in their flowering behaviour
and influencing deposition at each site in this region. A
systematic survey in Bavaria, southern Germany, found
a maize flowering period duration of 6-8 weeks on a
regional basis [40].

Comparison of leaf deposition with daily deposition

rates, cumulative deposition and standardised integrated

deposition

A log-scale comparison of pollen deposition on maize

leaves versus cumulative deposition rates and standard-

ised integrated deposition is shown in Fig. 3. Addition-

ally, Additional file 1: Figure S7 shows this relationship on

a linear scale for daily mean leaf pollen deposition values.
We first examined trends in mean leaf-deposition val-

ues. Shortly after the beginning of anthesis, daily mean

=]
S~

g
w

:

Daily mean pollen concentration

n/cm?/d
1800

180

18

18

Daily mean deposition rate

— — — — 0.18
N S 2] o] — —_ — - - 8
© C*) © L) o N & o © <
) © ) ® ) ®
Day

Fig. 2 Daily mean pollen concentrations (n/m? indicating pollen release rates and related daily mean pollen deposition rates n/(cm? day)].
Continuous measurements of pollen concentrations were made by a PMO volumetric pollen monitor at tassel height in late-flowering maize field B
near Angermiinde in 2010. Left y-axis, daily mean pollen concentration at tassel height in the field in n/m? (log); right y-axis, daily mean deposition
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leaf deposition mirrored cumulative deposition, reach-
ing its maximum level of 2710 n/cm? on 12 August and
greatly exceeding the maximum daily deposition rate of
678 n/(cm? day). Summer rainfall was frequent during
this period. After a strong thunderstorm with heavy pre-
cipitation (>40 1/m?) on 13—14 August 2010, deposition
onto leaves dropped rapidly but then immediately started
increasing again. The standardised integrated pollen dep-
osition over the flowering period, Dy (denoted as a cyan
square in Fig. 3), was measured by the PMF technical
sampling method that had been standardised according
to VDI-standard 4330-3 [19] and CEN-TS 16,817-1 [47].
Because of a sampling efficiency below 1, the absolute
value of Dy determined by the PMF was lower than the
total cumulative deposition calculated as the sum of daily
rates. For this standardised method, data are available
showing the variability between sites and years based on
216 sites and 10 years [9]. The expected average mean
deposition for in-field conditions has been found to be
326 n/cm? with a 95 % CI of the mean regression line
between 246 and 431 n/cm? The corresponding 95 % CI
for single values ranges from 44 to 2388 n/cm? In our
study, standardised deposition measurements using the
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PMF at the site of the leaf measurements gave a value of
359 n/cm? This result indicates that the intensity of pol-
len deposition at our study field site, while slightly higher
than the expected mean value, was well within the aver-
age range of variability observed in maize under com-
mercial cultivation in Germany.

In addition to daily mean leaf deposition, the variabil-
ity of the leaf deposition data and respective 90 and 10 %
quantiles illustrated in Fig. 3 demonstrates the wide vari-
ation in pollen densities found on leaf surfaces. As shown
in the figure, observed daily mean leaf deposition mir-
rored cumulative deposition rates. Single density values
on leaf surfaces showed high variation around the mean
leaf deposition.

The empirical data confirm what aerobiology postu-
lates: individual daily deposition rates are insufficient as
a measure of daily exposure. Summation of daily deposi-
tion rates to give an integrated deposition over time, in
contrast, reveals the strong relationship of this calculated
value to the development of the daily mean leaf deposi-
tion data. A high variation in pollen densities is found
on leaf surfaces. Single values can greatly exceed the
mean input from the air, demonstrating the importance

100,000 -
el
10,000 - S ;
g ° =
g o E ........
g~ S8 8
1,000 -
~N
E :
< 8
c 0
c 100 - o
] | s
E
(7] o
o
a ,
U o
Q

10 -

1 ! -
A 0 o N © © B o=
® © o ® o o 2 r
o

Day
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of variation and relocation processes on and between
leaves. Our results also demonstrate that an integrated
potential deposition of around 15,000 n/cm? estimated
by Kawashima et al. [30] is not unrealistic for a worst-
case assessment of exposure. This value lies well within
the variation observed for single pollen deposition data
on leaf surfaces in our field experiments.

Combining leaf deposition data with standardised
technical measurements for comparable assessment

To obtain comparable data, specific leaf deposition data
must be complemented with parallel pollen measure-
ments acquired using standardised technical sampling
methods. By combining plant species- and site-specific
leaf deposition measurements with data gained by stand-
ardised technical measurements, we then can generalise
expected exposure over sites and years.

This procedure is outlined in Fig. 4 for our data. The
variability of pollen deposition onto maize leaves is dis-
played on the right-hand side of the figure (red curve
and scale). Although leaf deposition naturally cannot
be predicted on a day-to-day basis, the estimated log-
normal distribution for deposition provides the prob-
abilities of leaf deposition values over the flowering
period. This variability in leaf deposition at the meas-
urement site is related to the standardised measure-
ments of pollen deposition displayed on the left-hand
side of the figure. The pollen maize-leaf deposition
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data are associated via their CML-based mean to both
parameters of standardised deposition measurements:
total deposition (D,,,) and standardised integrated
deposition (Dg). The first relationship, that of mean
maize-leaf deposition and D, (the integrated deposi-
tion obtained from measurements of aerial pollen con-
centration using the PMO pollen monitor; blue curve
and scale), is expressed by Eq. 13, leading to a conver-
sion factor of 0.14. As pollen accumulates on a sur-
face during deposition (i.e. over the flowering period),
the correct parameter to indicate the intensity of pol-
len deposition at a site is the cumulative or integrated
total deposition over the flowering period (D), not
any daily rate mean. The second relationship, which
links leaf deposition to Dg measured by the PMF pas-
sive sampler, is described by Eq. 14, with a resulting
conversion factor of 1.33 (green triangle and scale).
By adjusting the scales of the vertical axis of the vari-
ous parameters in the figure using these factors, the
variability of leaf deposition indicated by the CML-
estimated distribution can be linked to the pollen dep-
osition values as measured by standardised technical
methods, thereby allowing for comparable results.

Corresponding relation factors for maize and nettle
mean leaf deposition, along with 90 and 95 % quantiles
as indicators of the variation, are given in Table 2. Val-
ues higher than the upper 95 % quantile are relevant for
worst-case assessments.
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Fig. 4 Combining plant-specific leaf deposition and its variability with standardised measurements of deposition. Blue cumulative maize pollen
deposition, Dy, (=cumulative daily deposition rate), measured with a PMO pollen monitor; green standardised integrated deposition, Ds, measured
with a PMF passive sampler; red variability of plant-specific leaf deposition on maize leaves over the flowering period (log-normal distribution; red
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Table 2 Conversion factors between plant-specific leaf
deposition and standardised measurements of pollen dep-
osition

Conversion factors Standardised technical

methods
Specific leaf deposition Integrated Standardised
deposition deposition
PMO PMF
{3404 n/cm? {359 n/cm?%}
Maize (Zea mays)
Mean (50 % quantile) Dy (50 %) 0.14 133
478 n/cm?}
90 % quantile D2y (90 %) 1.70 16.1
{5780 n/cm?
95 % quantile Dy (95 %) 344 326
{11,716 n/cm?
Nettle (Urtica dioica)
Mean (50 % quantile)  Dyp (50 %) 0.07 0.68
(244 n/cm?
90 % quantile Dyp (90 %) 061 5.76
{2067 n/cm?
95 % quantile Dyp (95 %) 111 10.5

{3791 n/cm?}

Specific leaf deposition was estimated by censored maximum likelihood with
data obtained from parallel measurements in field B over the flowering period
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Expected variability of leaf deposition under commercial
cultivation

The above-mentioned relationships between standard-
ised and plant-specific leaf deposition are particular to
our observations at the measurement site. By combin-
ing leaf deposition data with PMF-acquired standardised
technical measurements, exposure can be assessed in a
more general manner.

In regard to standardised measurements obtained with
the PMEF, representative results for maize pollen deposi-
tion in relation to distance to the nearest field have been
published [9]. The results of the regression of this stand-
ardised PMF deposition data are shown in Fig. 5, which
includes the expected mean deposition (blue line), 95 %
CI of the mean regression (black dotted lines) and 95 %
CI for single values (red lines).

As displayed in Fig. 5, expected mean and variability
of leaf deposition over sites and years can be estimated
by applying our previously calculated PMEF-Dg rela-
tion factor to the standardised leaf deposition data (left-
hand side) to obtain plant-specific deposition values
(right-hand side). In this example, the resulting expected
mean value of leaf deposition close to the source
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Fig. 5 Expected mean and variability of maize pollen deposition onto maize leaves in relation to distance. Solid and dotted blue lines mean regres-
sion line with 95 % confidence interval, respectively; red lines 95 % confidence interval for PMF-measured standardised deposition single values;
green lines 95 % confidence interval for plant-specific (maize) deposition single values
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(in-field conditions) is estimated to be 434 n/cm? (326 n/
cm? x 1.33). The combined variability of within-site leaf
deposition data and across-site standardised measure-
ments can be determined using Eq. 15. The 95 % CI cal-
culated for this example, displayed in Fig. 5 as green lines,
has single-value lower and upper boundaries of 6 and
31,800 n/cm? respectively, corresponding to a factor of
73 around the mean on a linear scale. As another exam-
ple, mean leaf deposition close to the source is estimated
to be 222 n/cm? (326 n/cm? x 0.68) for nettle. The 95 %
CI for nettle ranges between 5 and 10,024 n/cm?, a factor
of 46 around the mean on a linear scale.

Our measurement data for a realistic assessment indi-
cate, that the mean leaf density expected at 1000 m dis-
tance is 2.96 n/cm? (Fig. 5) for maize and 1.52 n/cm? for
nettle. This exceeds any exposure level (maximum 0.28 n/
cm?) related to the defined threshold protection levels
(0.5; 1.0 %) assumed in the various EFSA scenarios [14]
which were the base for the 20—-30 m isolation buffer dis-
tances as mitigation measures.

An estimate of the variability of leaf deposition data
around the mean based on the variability of PMF meas-
urements [48] has already been provided by Perry et al.
[11] and used in the EU risk assessment. Although PMF
standardised measurements describe the variability of
deposition from site to site (variability between geo-
graphical locations), they do not reveal the variability
of leaf deposition within each site (variability between
plants, between leaves, and on leaf surfaces)—an aspect
not accounted for in the EU risk assessment sufficiently.
As demonstrated by our analysis based on in situ meas-
urements, an assessment considering only site-to-site
variability will underestimate both the mean and variabil-
ity of leaf deposition.

Within-leaf variability of pollen on plant leaves is bio-
logically relevant to the exposure of butterfly larvae to
Bt pollen. During sensitive early stages, lepidopteran lar-
vae do not generally consume whole leaves, but instead
much smaller portions, down to square millimetres;
consequently, the distribution and variability of pollen
on leaf surfaces is important for estimating the exposure
of non-target larvae to Bt pollen. As the dose—response
relationship of butterfly larvae to B¢ protein is non-linear
[6, 7, 49], within-leaf variability of pollen concentration
needs to be acknowledged, with disproportionally higher
effects anticipated with increasing pollen densities. Felke
and Langenbruch [36] have shown that the consump-
tion of even very small amounts of toxic Bt maize pol-
len may cause lethal effects in sensitive butterfly larvae.
These authors reported Bt maize pollen (Bt 176) LD,
values as low as 9 pollen grains/cm? for the fourth larval
instar of Plutella xylostella. Lethal effects were observed
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upon a single uptake of four or more Bt pollen grains,
with earlier instars being even more sensitive. Bt varieties
differ in the type of Bt toxin and show great variation in
amount of toxin expressed in pollen. However, only few
native butterfly species have been tested to quantify the
effects elicited by Bt pollen [5].

In this study, individual measurements of pollen leaf
density over the flowering period were shown to be log-
normally distributed. We have demonstrated that leaf
deposition can be related to standardised technical meas-
urements of concentration and deposition, thus allow-
ing a standardised comparison of leaf deposition data.
In this regard, the integrated deposition measured by the
standardised PMF sampler reflects an average leaf depo-
sition rate over the flowering period. At the same time, it
is important to note that leaf deposition is plant-specific
and furthermore depends on a wide range of biological
and meteorological factors. Consequently, extensive and
detailed measurements are required over the flowering
period to guarantee a representative assessment of leaf
deposition. Because pollen deposition decreases with
increasing distance from the source, we measured leaf
deposition variability at sites near the source to increase
the efficiency of our measurements. Furthermore, leaf
deposition data are specific to plant species and site con-
ditions; to obtain comparable results, these data must
thus be supplemented by standardised technical meas-
urements to indicate the intensity of airborne pollen dep-
osition at sites.

Our results demonstrate that an integrated moni-
toring approach is also essential for a correct expo-
sure and risk assessment. Acquisition of exact data on
the course and intensity of pollen shedding over the
flowering period, accomplished by continuous meas-
urement of within-field pollen concentrations using
adequate volumetric pollen monitors that determine
pollen release over time, is the base of this approach.
Together with meteorological data and field size, these
data can represent source strength in suitable dispersal
models. After calibration with standardised deposition
measurements, a selected model allows pollen deposi-
tion over the flowering period to be predicted with high
temporal and spatial resolution for standardised aver-
age pollen deposition at each location. A more realistic
assessment of exposure may be achieved by performing
parallel in situ measurements of leaf deposition vari-
ability at selected sites for relevant plant species. In our
pilot study in Brandenburg, Germany [37, 39], we tried
to demonstrate this principle by combining the neces-
sary measurements to follow the release of maize pollen
from source fields and its aerial transport and deposi-
tion onto leaves at monitored sites.
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Conclusions

Our study is the first reported investigation focused on
the variability of maize pollen deposition on plant leaves
with a sufficiently high spatial and temporal resolution
to assess exposure and thus potential harmful effects on
feeding lepidopteran larvae. The high variability of pol-
len densities observed within leaves has relevant implica-
tions for individual lepidopteran larvae feeding on these
leaves. Because young and thus especially vulnerable
larvae feed only on a small fraction of a leaf, individual
exposure is poorly approximated by the mean number of
pollen grains deposited on a leaf. Because dose—response
relationships for Bt toxins are non-linear [6, 7, 49], the
variability of pollen deposition within leaves does not just
affect individuals; it also influences population estimates
of the adverse effects of Bt pollen consumed by butterfly
larvae.

Our data were taken in situ from maize and five differ-
ent plant species growing in and alongside maize fields
and representing different host-plant species of lepidop-
teran larvae. Our results clearly demonstrate that the
amount and variability of pollen deposition onto plant
leaves is considerably higher than previously assumed.
This observation applies to both daily mean and (espe-
cially) individual values and is of practical relevance for
the risk assessment and management of insect-resistant
Bt maize. Several aspects of our results are particularly
valuable.

In the current EU risk assessment, estimates of the
exposure of non-target organisms to Bt pollen can only
be inferred from a limited database and is based on sev-
eral expert opinions [14]. In our study, we amassed quan-
titative data consisting of in-field measurements of leaf
deposition and its variability and related these data to
simultaneous technical pollen sampling as being repre-
sentative of realistic assessment under common cultiva-
tion and for worst-case scenarios. This approach not only
allowed an understanding of the distance relationship
between pollen deposition and sources; it also provided
insight into the nature of the pollen deposition itself as
a complex process. The variation in leaf deposition val-
ues recorded in our experiments greatly exceeds EU esti-
mates [14], both for realistic and worst-case scenarios. As
a consequence, risks due to the exposure of non-target
Lepidoptera to Bt pollen cannot be excluded. Instead,
a revision of the EU model to account for the data pre-
sented in this study may be expected to show consider-
able effects.

Assuming the same mortality model used in the EFSA
risk assessment [14] and applying the same protection
thresholds, our results regarding exposure under realistic
commercial cultivation and worst case imply that buffer
isolation distances required to protect sensitive butterfly
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populations from potential harm should be in the kilo-
metre range instead of the 20-30 m distance defined by
the EFSA opinion on risk assessment and management
[14].

Simultaneous monitoring of plant-specific leaf deposi-
tion along with the measurement of pollen concentration,
release rates and pollen deposition by technical sampling
can provide deeper insights into processes and relation-
ships. This strategy offers the opportunity to improve
models of pollen release and deposition and, more spe-
cifically, models of lepidopteran larval exposure to toxic
Bt pollen and its subsequent effects.

As demonstrated in this investigation, the use of paral-
lel measurements with standardised methods to estimate
leaf deposition and exposure can be extended beyond our
specific case study to allow a more general assessment
under common cultivation conditions.

Methodologically, detailed microscopic in situ meas-
urements of leaf deposition require intense resources
and are only efficient close to the pollen source. Their
use is necessary in special investigations—for instance,
for assessment of leaf deposition variability. For other
tasks, including acquisition of comparable data for rou-
tine monitoring of pollen deposition, standardised tech-
nical measurement methods such as the PMF are more
efficient and adequate. In addition, leaf deposition meas-
urements are plant- and site-specific; to generate com-
parable results, these measurements must therefore be
accompanied by standardised technical measurements
indicating aerial pollen exposure at a given site.

Methods

In situ measurement of pollen deposition on leaves

We applied a new method of in situ measurement of
maize pollen deposition described by Hofmann et al.
[15] (see Additional file 1: Figure S8). The method allows
accurate field identification and quantification of maize
pollen on plant leaf surfaces. This approach also enables
precise documentation of the process of pollen depo-
sition on plant leaves by repeated measurements of the
same plants and leaves over a flowering period. Leaf sur-
faces were analysed using a digital microscope with a
resolution of 1.3 megapixels (Dino-Lite Pro AM413MT;
AnMo Electronics Corporation) powered by the USB
port of a notebook computer and controlled by Dino-
Capture 2.0 software. The microscope had built-in LED
lights and magnification adjustable from 50 to 200, thus
allowing accurate identification of maize pollen. Each
measurement was documented by recording a digital
image, and each series was calibrated for exact definition
of the evaluation area of each measurement. Quantitative
analysis of pollen was conducted visually to ensure cor-
rect identification of pollen types and numbers, thereby
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avoiding errors frequently made by image analysis, such
as in cases of pollen overlap or dehydrated pollen.

Measurement of pollen concentration and deposition

by standardised technical sampling methods

For exact assessment of maize pollen release rates, aerial
maize pollen concentrations were continuously meas-
ured during the flowering period at canopy height in field
B using a PMO volumetric pollen monitor (Additional
file 1: Figure S9). Details of this method can be found in
[10]. The high-volume sampler allowed measurement
of pollen concentrations close to the source and even
under turbulent wind conditions in the field. Air was
sucked into the sampler at a rate of 1000 I/min through
an omnidirectional inlet; pollen grains were continuously
recorded by impaction on adhesive tape fixed to a rotat-
ing drum at a flow rate of 10 I/min, analogous to the prin-
ciple of the Hirst trap (Sporewatch, Burkard Scientific
Ltd.). The height of the inlet was adjusted to match that
of the developing plants, thus allowing measurements to
be taken continuously at canopy level at the height of the
pollen-releasing tassels.

To obtain comparable pollen deposition data at all
leaf measurement sites, we additionally used PMF pas-
sive samplers (Additional file 1: Figure S10) standardised
according to VDI 4330-3 [19] and CEN-TS 18617-1 [47].
Further method details are given in [9].

Sampling design

To encompass the entire flowering period in the study
region, we selected two maize fields with different flower-
ing periods located in the vicinity of Angermiinde, Uck-
ermark, Brandenburg, Germany (Additional file 1: Figure
S11). Measurements started on 28 July 2010, reflecting
the host vegetation, at Hiigel (A1) and Soll (A2) subsites
of early flowering maize field A (38 ha). On 7 August
2010, following the start of pollen shedding on 3-4
August, measurements began in later-flowering maize
field B (30 ha). Daily measurements were taken on maize
[Al, A2 and B] and nettle leaves [A1, B], while supple-
mentary measurements of blackberry [A1], sorrel [A2]
and goosefoot [B] were obtained on alternate dates. The
sampled plant species, which represented different host
plants of European butterfly populations, were growing
naturally inside fields or at field edges. These plant spe-
cies were also chosen to reflect different leaf acceptor
conditions.

To obtain representative measurements of the vari-
ability of pollen deposition on leaf surfaces, we applied
a structured sampling design described by [15]. This
design ensured that the inhomogeneity and variability of
pollen leaf deposition were reflected in both mean and
variance. The microscopic device we used allowed for
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an evaluation area of 0.05-0.5 cm? (i.e. 5-50 mm?) per
single measurement. Lauber [49] has reported a total leaf
consumption area of 0.07 cm? by individuals of European
Lepidoptera Inachis io in the first larval stage in Hungary.
Assuming a 3-day period on average for the first lar-
val stadium, a daily intake of 0.02-0.03 cm? (2—3 mm?)
can be expected. Our selected evaluation area therefore
reflected the feeding behaviour of sensitive first instars
of Inachis io and was adequately sized to detect the vari-
ability of pollen deposition encountered by lepidopteran
larvae. We note here that an evaluation area of 1 cm? or
even greater, such as whole leaves, found in published
studies seems to be too large.

Our structured sampling design consisted of a combi-
nation of three transects with five measuring points and
four clusters with three measuring points (i.e. a total of
27 points). At each site, three leaves of three plants of
each species were examined on each measurement date.
This sampling approach proved to be the most effective
way to reflect the variability of pollen distribution for
in situ measurements.

Data compilation and statistical analysis

For compilation and statistical analyses of the data, we
used Microsoft Excel [50], the statistical tool XLSTAT-
Pro 2011 [51] and the open-source software package R
[52].

Leaf deposition

Maize pollen deposition on leaves of individual plant
species was quantitatively measured according to the
equation

M

Di; =
Lt Aj,t

inn/cm?(pollen grains per cm?),

ey

where D, is a single measurement of plant-specific pol-
len deposition on the leaf surface at time/date ¢ in n/cm?
(pollen grains per cm?), also known as pollen density and
given by the ratio of M;, (as the observed maize pollen
count) per evaluation area A; , on the leaf surface of plant
species i at time £. Single observations are additionally
characterised by the index j, which enumerates all obser-
vations over the flowering period.

= Dij(),

Standardisation of leaf deposition data to the same
distance from the pollen source

Samples were taken within fields and at field edges. How-
ever, deposition declines with increasing distance from
the pollen source. For data to be comparable, measure-
ments must be standardised to the same distance. Using
the regression function for pollen deposition as measured
by the PMF standardised method [9], all measurements
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were adjusted so that their values corresponded to a
within-field location near the pollen source (0.2 m). For
instance, measurements taken at a 1-m distance were
adjusted by a conversion factor of 2.57.

Statistical distribution of leaf deposition data

Statistical variation in the density of pollen deposition
was analysed in two ways. In addition to describing this
variation by the empirical distribution function of the
data, we fitted a log-normal distribution to observed
pollen densities using the CML estimation method as
described below. The major results of this study are
derived from this fit. To calculate the empirical distribu-
tion, values below the detection limit were replaced by a
surrogate value. Such surrogate values, which are some-
what arbitrary, are not required by the CML method.
To graphically display pollen deposition distributions,
we calculated nonparametric kernel density estimates
[53]. For this purpose, values below the detection limit
were replaced by random values from a log-normal dis-
tribution with parameters estimated by CML. The main
parameters used to describe mean location and spread
of the data were the geometric mean of the log-normal
distribution (identical to its median), which is less sus-
ceptible to extreme values than the arithmetic mean,
and selected quantiles. The standard deviation is less
informative because the distribution of pollen disposi-
tion on a linear scale is clearly skewed. The validity of this
approach was confirmed by applying this method to the
pollen deposition data of maize leaves in field B, where
no values below the detection limit had been recorded.

Empirical distribution

An empirical distribution describes the observed dis-
tribution of a raw dataset without assumptions about
its mathematical form. Data below the detection limit
are replaced by a value corresponding to two-thirds of
the detection limit. This surrogate value is based on the
assumption that values between the detection limit and
zero follow an approximately triangular distribution. The
use of a surrogate value for values below the detection
limit, frequently done for simplicity, has the disadvan-
tage that the dispersion of the data tends to be underesti-
mated. If the number of values below the detection limit
is large, quantiles of interest, such as the 10 % quantile,
cannot be calculated in a realistic way.

CML estimation

The calculation of small quantiles, means and stand-
ard deviations is compromised by the presence of val-
ues below the detection limit. Selecting surrogate values
and treating them like measured values generates biased
parameters. This problem can be avoided by using the
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CML approach for estimating distribution parameters.
This approach requires an assumption to be made about
the pollen density distribution. Because the data in this
study apparently followed a log-normal distribution, we
used this distribution for our calculations. A log-normal
distribution of the data implies a normal distribution of
the logarithmic data. The CML approach uses the pollen
density D, , where measured, and, if the observed density
is only known to lie below this limit (in statistical terms:
is censored), the detection limit ;. The censoring infor-
mation is coded by the indicator c;j, which has a value of
1 if censoring has occurred and 0 otherwise. The CML
approach then chooses those values of py,41 and 0,49
as estimates for the mean and standard deviation of the
underlying log-normal distribution, which maximises the
likelihood function L. L is defined by

Ji
L(/’vlogloy Olog10; Dijs Ci,j) = H [p (lOglO Dij, tiog10s Ulogl())} 1—c;
j=1 ?)
. [p (l‘)glo ﬁiljl Hlog10 aloglo)] Ci,j"

where i is plant species (acceptor), j is the observation,
J; is the total number of observations for species i, D, is
the observed deposition if not censored (otherwise 1), 39,
is the detection limit for species i and observation j, ¢;;
is the censoring indicator (0 if not censored, otherwise
1), Hiogio is the mean of the log-normal distribution on
a logy scale, 0jo4 is the standard deviation of the log-
normal distribution on a log,, scale, p is the probability
density function of the normal distribution and P is the
corresponding cumulative density function.
Maximisation of L was performed iteratively using the
Newton—Raphson algorithm. If no censoring takes place,
the solutions of (2) simplify to the well-known standard
equations for the empirical mean and standard deviation of
log, D;;. The coefficients p,4;0 and 0y, are on a decadic
logarithmic scale. Arithmetic means and standard devia-
tions of the CML estimates on a linear scale are obtained by

01, = In 100e10, 3)
Wiy = In 10Mieg10, “4)
Miin = €Xp (Mln + 0.50131), 5)

Olin = Miin\/ €xp o, — 1. (6)

The median of the log-normal distribution on the log;,
scale (which coincides with the arithmetic mean, median
and mode on that scale) is transferred to a linear scale by

Mediany;,, = 10110, @)
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where it coincides with the geometric mean.

Relation of concentration and deposition

The process of particle deposition on an acceptor surface
is related to the aerial particle concentration by Stokes’
law via the deposition velocity, v4, described in (8).
Based on the continuous PMO concentration measure-
ments, we calculated the daily deposition rate Dy using
the daily mean concentration and the deposition velocity
vp according to (9). Deposition velocity for maize pollen
varies between 0.15-0.4 m/s [54, 55, 56]. We assumed an
average vy, of 0.2 m/s [9, 57] in our calculations:

D=C-vp-¢ inn/cm? (8)

Dy=Cq-vq-¢ inn/ (cm2 day) )

where D, is the daily deposition rate on an acceptor sur-
face in n/(cm? day), C, is the daily mean concentration
in n/m® as measured by the PMO pollen monitor, vy, is
deposition velocity for maize pollen in m/s (0.2 m/s) and
€ is a conversion factor (8.64) for the number of seconds
in a day (86,400) and for m? to cm? (0.0001).

Deposition rates and total and standardised deposition
Because deposition is a process, the amount of deposited
pollen on a surface at time ¢ is the integrated deposition
over the time period from the start of pollen shedding
until time ¢ This deposition process is expressed by
the integral of deposition over this time period and can
be calculated on a daily time scale using the respective
cumulative daily deposition rates (10). The total or inte-
grated deposition is given by the integral over the whole
flowering period or the cumulative deposition of the daily
rates, respectively (11).

The integrated potential deposition D, is a special
case of D, that provides an estimate assuming a perma-
nent downwind position. This parameter has been intro-
duced for considering worst-case assessments depending
on wind direction when measurement is carried out adja-
cent to fields [29, 30].

The deposition measured with a PMF passive sam-
pler standardised according to [19, 47] is the respective
standardised integrated deposition Dg integrated over
the exposure period (in our case, flowering period). As
deposition is acceptor-specific, this is indicated by the
respective index S. The PMF deposition values allow a
comparison of the intensity of pollen deposition from
site to site [9]. Dg corresponds to the total deposition
based on aerial concentration measurements according
to Eq. 12, leading to a conversion factor ¢g _ ., of 0.191:
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¢ t
D; = / D(s)ds ~ ) _ D(s),
0 s=1

(10)
r T

Diotal = / D(s)ds ~ > Dq(s), (11)
0 s=1

Ds = ¢s_total * Dtotal = 0.191 Dy, (12)

where D, is pollen deposition on the area of the acceptor
surface (pollen density) at time ¢ in n/cm?, D, is the daily
deposition rate in n/(cm? day), D, is the cumulative
deposition over the flowering period (n/cm?) as meas-
ured by the volumetric pollen monitor, Dy is the stand-
ardised deposition over the flowering period (n/cm?)
as measured by the PMF passive sampling method and
©s _ toral 1S @ conversion factor for Dg versus D,

Relationship of plant-specific leaf deposition

to standardised technical measurements

Pollen deposition on leaves is plant-specific and
describes the measured pollen grain density on a leaf
surface over time. In addition to deposition rates serv-
ing as input, translocation processes and losses due to
wind and rain influence the measured density on the
leaf surface. Thus, leaf deposition is the net result of the
processes of pollen deposition and losses on the leaf
surface taking place over the whole flowering period.
The relationship between specific mean leaf deposi-
tion for plant species i and the standardised measure-
ment of total pollen deposition D, over the flowering
period using the PMO pollen monitor is described by
(13)

= (13)
Pi—total = 5
o Diotal
where ¢; _ o, is the conversion factor for specific leaf

deposition of species i versus total deposition, Dj is
CML-estimated mean leaf deposition on species i over
the flowering period (in n/cm?) and D, is the total
deposition over the flowering period (n/cm?) obtained
by standardised technical measurement of aerial pol-
len concentrations using the PMO pollen monitor. The
relationship between specific mean leaf deposition for
plant species i and standardised deposition D¢ meas-
ured by the PMF leads accordingly to the following
equation:

Yims = —, (14)

S| &
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where ¢, _ ¢ is the conversion factor for specific leaf
deposition of species i versus standardised deposition,
D is CML-estimated mean leaf deposition in n/cm?
and Dg is standardised deposition over the flowering
period (n/cm?) determined by technical sampling using
the PMF passive sampler according to VDI 4330-3 [19].

With respect to worst-case assessments, relationships
can be evaluated for 90 and 95 % quantiles of leaf dep-
osition values in an analogous way by using the respec-
tive quantile values in the above equations instead of the
mean leaf value, D;.

Expected variability of leaf deposition data over sites

and years inferred by combining site-to-site

and within-site variation

The expected variability of leaf deposition data is esti-
mated by combining observed site-to-site variation of
standardised measurements of deposition obtained
using the PMF as described by Hofmann et al. [9] with
observed variation in leaf deposition data at each site as
described in this study by the CML. The spread of the
95 % CI indicating the expected variability of leaf deposi-
tion data over sites and years around the mean value is
calculated for species i according to (15):

CIpi(95%) = £1.96 - \/ (0 + o), (15)

where CIp; (95 %) is the combined 95 % CI for leaf depo-
sition data of species i within and across sites, o, is the
standard deviation of standardised PMF deposition data
across sites and o, is the standard deviation of leaf depo-
sition data for species i within a given site.

Abbreviations and definitions
A list of abbreviations and definitions is included to clar-
ify terms and parameters used in this paper.

Accumulation Increase in the amount of pollen
deposited on leaves over time.
Accumulation can be described
using mean leaf-density values;
while the mean value increases
over time, the stochastic variability
around the mean basically remains
stable (see “aggregation”)

Aggregation Describes the tendency of particles
or pollen grains to progressively
clump together on leaf surfaces,
leading to increased variability
in leaf-density values around the
mean over time. Aggregation
contributes to stochastic variation
at the time of deposition during
the process of accumulation (see
“accumulation”)

Bt Bacillus thuringiensis
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Cumulative deposition

Daily deposition rate, Dy

Daily mean concentration, C,

Daily leaf deposition, Dy,

Indices: |, j, t, d, T, total, pot, S, ZM,

Evaluation area, A

Flowering period, T

Integrated concentration, Cy

Integrated deposition, D,

Index for Chenopodium album

Censored maximum likelihood
(estimation method)

Sum of daily deposition rates (see
“integrated deposition”)

Index for day/daily

Daily pollen input per surface area
from standardised measurements
of aerial pollen concentration
in n/(cm? day). Obtained with a
volumetric pollen monitor.

Daily mean number of pollen grains
per air volume in n/m? from
standardised measurements using
a volumetric pollen monitor.

Mean value of observed pollen
density on a leaf surface (n/cm?)
of plant species i for a given day
d, averaged over measurements
from one day per site

Describes (a) the process of pollen
loading (input) from the air to an
acceptor (surface area) as a func-
tion of time, D;; (b) the resulting
deposition value, D, , equivalent to
the measured number of particles
per surface area of acceptor i
(number density in n/cm?) at time
t. Indices are used for standardised
technical measurements and plant
leaves as acceptors. (See “deposi-
tion rate’, "daily deposition rate’,
“integrated deposition’, “‘cumula-
tive deposition’, “total deposition’,
“integrated potential deposition”

and “standardised deposition”)

Leaf area for a single measurement
(here, 5-50 mm?)

Period of pollen shedding (here, of
maize)

Genetically modified organism
Index for acceptor

Integrated concentration over flow-
ering period T, serving as an index
of the intensity of pollen flow at a
measurement site (= cumulative
sum of daily mean concentration
values); units of n/m?

Total pollen deposition integrated
over the entire flowering period T,
from standardised measurements
of air concentration obtained
using a PMO pollen monitor;
equivalent to cumulative deposi-
tion of daily deposition rates over
the flowering period and also the
final value of deposition D(t) over
time on a standard acceptor. Units
of n/cm?

Integrated potential deposition, D, Integrated deposition over the

flowering period assuming a
permanent downwind position
(n/cm?)
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(a) Deposition: Integration describes
the integral of the results of
input-output processes taking
place on an acceptor over time
in the course of deposition (e.g.
pollen density on a leaf surface or
pollen captured by a PMF passive
sampler). Accumulation, in a strict
sense, sums together the input
rates, whereas integration refers
to the measured density values
on the acceptor and also reflects
sample efficiency and losses. (b)
Concentration: Concentration can-
not be summed over time, only
averaged. The index of total yearly
concentration is calculated as the
sum of daily mean concentration
values per m? air volume over the
flowering period to indicate the
intensity of pollen flow at a site;
this index might be more cor-
rectly described as an integral of
concentration over time

Integration

j Index for single observation

Measured pollen density on the leaf
surface of a species j at time t in
n/cm?

Leaf deposition, D;

Mean concentration Average number of pollen grains in
a volume of air per time period,
e.g. hourly or 3-hourly (see “daily
mean concentration”)

3

n/m Pollen grains per cubic metre of air

volume
n/cm? Pollen grains per square centimetre

Pollen grains per square centimetre
per day

n/(cm? day)

PMF Pollen mass filter, a passive pollen
sampler standardised according to
VDI 4330-3 and CEN-TS 16817-1 for
integrated measurement of pollen
flow and deposition in the air over
a measurement period of up to
several weeks during flowering

PMO Pollen monitor, a continuously
recording, high-volume aerosol
particle sampler with an omni-
directional inlet for standardised
measurements of aerial pollen
concentration (n/m?); (see “mean
daily concentration’,“integrated
concentration over flowering
period’, "deposition’, “daily deposi-
tion rates”and “integrated deposi-
tion over flowering period”)

Number of pollen grains per air vol-
ume (n/m>) at time t, determined
in this study by standardised,
continuous measurement using
a volumetric pollen monitor
(see "daily mean concentration’,
“integrated concentration”and
"deposition”)

Pollen concentration, C(t)

Pollen count, M Measured pollen density on a leaf,
recorded as the number of pollen

grains per evaluation area

pot Index for potential (see “integrated
potential deposition”)

RA Index for Rumex acetosa

Conversion factor, ¢ Factor describing the relation
between two pollen exposure
parameters, e.g. leaf deposition
on Urtica dioica with standardised

deposition gup—s
RU Index for Rubus sp.

S Index for standardised deposition
(see “standardised deposition”)

Standardised measurement of inte-
grated deposition over flowering
period T obtained by the PMF pas-
sive sampling method according
to VDI 4330-3 and CEN-TS 16817-1

t Index for time/date
Total

Standardised deposition, Dg

Index for integrated concentration
and integrated deposition (see
definitions) over the flowering

period
ub Index for Urtica dioica
Vp Deposition velocity in m/s
M Index for Zea mays

Additional file

Additional file 1. Supplementary information (Appendix). Figures S1-
S11 are available as supplementary material to this article.

Authors’ contributions

All authors made substantial contributions to the study and manuscript. MO
and RV initiated the study and, together with FH, defined the conceptual
framework and tasks. FH designed the study with the assistance of WW and
BS. FH, UK, US and BS contributed to the collection of the deposition data
and WW conducted the statistical analyses. FH, WW and MKP conceptualised
and edited the manuscript, with contributions from all authors. All authors
contributed to the Discussion and Conclusions and read and approved the
final manuscript. All authors read and approved the final manuscript.

Author details

'TIEM Integrated Environmental Monitoring, Dortmund/Bremen, Germany.

2 Okologiebtiro, Bremen, Germany. * Wolsauerhammer, Marktredwitz, Ger-
many. 4 Bliro Kuhn, Bremen, Germany. ° Federal Agency for Nature Conserva-
tion (BfN), Bonn, Germany. ® Sachverstandigenbtiro, Dortmund, Germany.

7 Environmental Systems Analysis, Institute of Geoecology, Technische
Universitat, Brunswick, Germany. ® Berlin-Brandenburg Institute of Advanced
Biodiversity Research (BBIB), Berlin, Germany. ° Agency for Environment, Health
and Consumer Protection, Eberswalde, Brandenburg, Germany. ' Institute

of Statistics, University of Bremen, Bremen, Germany.

Acknowledgements

This study was supported by the Federal Agency for Nature Conservation
(BfN), with funds provided by the Federal Ministry for Environment, Nature
Conservation and Nuclear Safety, the Agency for Environment, Health and
Consumer Protection, State of Brandenburg, and the Walter Hermsen Stiftung,
Bremen. The authors express their gratitude to the following persons for their
assistance with the study: Dr. S. Ober and Dr. C. Unseld, Nature & Biodiversity
Conservation Union NABU, Berlin; PD Dr. W. Kratz, FU Berlin; BSc B. Boessen-
kool, BSc S. Haase, BSc E. Niemann, BSc L. Schiebel and BSc R. Schitz, all from
University of Potsdam; Dr. U. Janicke, Dr. L. Janicke, Ingenieurbiiro Janicke; Prof.
Dr. W. Koch, Fraunhofer ITEM, Hannover; Dr. K.-P. Wittich, M. Meyer, W. Mller,
A.MeRling, R. Hennings, T. Vogt, H. Salinski, all from DWD, Braunschweig;
Dipl.-Geogr. C. Mante, Dresden; Mrs. A. Schrade, Naturwacht Angerminde;


http://dx.doi.org/10.1186/s12302-016-0082-9

Hofmann et al. Environ Sci Eur (2016) 28:14

Dipl.-Agr.Oek. J. Niedeggen (28.2.20137) and his team from Gut Kerkow; Mr.
J. Janicke, Welsow; Mr. Winkler, Kerkow; and Mr. J. Kienast and Mr. G. Beyer
and their team from NABU Station Blumberger Mihle, Angermiinde; Dr. B.
Goodson.

Competing interests
The authors declare that they have no competing interests.

Received: 20 November 2015 Accepted: 1 April 2016
Published online: 26 April 2016

References

1. Emberlin J, Adams-Groom B, Tidmarsh J (1999) A report on the dispersal
of maize pollen. Research paper commissioned by the Soil Association

2. European Food Safety Authority, EFSA (2009) Applications (EFSA-GMO-
RX-MON810) for renewal of authorisation for the continued marketing
of (1) existing food and food ingredients produced from genetically
modified insect resistant maize MON810; (2) feed consisting of and/or
containing maize MON810, including the use of seed for cultivation; and
of (3) food and feed additives, and feed materials produced from maize
MONS10, all under Regulation (EC) No 1829/2003 from Monsanto. EFSA J
1149:1-85

3. European Food Safety Authority, EFSA (2011) Scientific Opinion on appli-
cation (EFSA-GMO-CZ-2008-54) for placing on the market of genetically
modified insect resistant and herbicide tolerant maize MON 88017 for
cultivation under Regulation (EC) No 1829/2003 from Monsanto. EFSA J
9(11):2428. doi:10.903/j.efsa.011

4. European Food Safety Authority, EFSA (2011) Scientific Opinion updating
the evaluation of the environmental risk assessment and risk manage-
ment recommendations on insect resistant genetically modified maize
1507 for cultivation. EFSA J 9(11):2429. doi:10.903/j.efsa.011

5. Lang A, Otto M (2010) A synthesis of laboratory and field stud-
ies on the effects of transgenic Bacillus thuringiensis (Bt) maize
on non-target Lepidoptera. Entomol Exp Appl 135(2):121-134.
doi:10.1111/j.1570-7458.2010.00981.x

6. HolstN, Lang A, Lovei G, Otto M (2013) Increased mortality is predicted
of Inachis io larvae caused by Bt-maize pollen in European farmland. Ecol
Model 250:126-133. doi:10.1016/j.ecolmodel.2012.11.006

7. Perry JN, Devos Y, Arpaia S, Bartsch D, Ehlert C, Gathmann A et al (2012)
Estimating the effects of Cry1F Bt-maize pollen on non-target Lepidop-
tera using a mathematical model of exposure. J Appl Ecol 49(1):29-37.
doi:10.1111/).1365-2664.2011.02083.x

8. Perry N, Arpaia S, Bartsch D, Birch ANE, Devos Y, Gathmann A et al (2013)
No evidence requiring change in the risk assess-ment of Inachis io larvae.
Ecol Model 268:103-122

9. Hofmann F, Otto M, Wosniok W (2014) Maize pollen deposition in relation
to distance from the nearest pollen source under common cultivation—
results of 10 years of monitoring (2001-2010). Environ Sci Eur 26(1):24.
doi:10.1186/512302-014-0024-3

10. Hofmann F, Schlechtriemen U, Kuhn U, Wittich K-P, Koch W, Ober S et al
(2013) Variation of maize pollen shedding in North Germany and its
relevance for GMO-monitoring. Theorie in der Okologie 17:19-25

11. Perry JN, Devos 'Y, Arpaia S, Bartsch D, Gathmann A, Hails RS et al (2010)
A mathematical model of exposure of non-target Lepidoptera to
Bt-maize pollen expressing Cry1Ab within Europe. Proc R Soc Biol Sci
277(1686):1417-1425. doi:10.1098/rspb.2009.2091

12. Perry JN, Devos 'Y, Arpaia S, Bartsch D, Gathmann A, Hails RS et al (2011)
The usefulness of a mathematical model of exposure for environmental
risk assessment. Proc R Soc Biol Sci Ser B 278:982-984

13. Holst N, Lang A, Lovei G, Otto M. Corrigendum to “Increased mortality
is predicted of Inachis io larvae caused by Bt-maize pollen in European
farmland” [Ecol. Model. 250 (2013) 126-133]. Ecological Modelling.
2013;265:250. doi:10.1016/j.ecolmodel.2013.06.023

14. European Food Safety Authority, EFSA (2015) Updating risk management
recommendations to limit exposure of non-target Lepidoptera of conser-
vation concern in protected habitats to Bt-maize pollen. EFSA J 13:4127.
doi:10.2903/j.efsa.2015.4127

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

Page 18 of 19

Hofmann F, Otto M, Kuhn U, Ober S, Schlechtriemen U, Vogel R (2011) A
new method for in Situ measurement of Bt-maize pollen deposition on
host-plant leaves. Insect. 2(4):12-21. doi:10.3390/insects2010012

Durham OC (1946) The volumetric incidence of airborne allergens. IV. A
proposed standard method of gravity sampling, counting and volumetric
interpretation of results. Allergy 17:79-86

. Gregory PH (1973) The microbiology of the atmosphere. A plant science

monograph. Hill Books, Aylesbury

Edmonds RL (1979) Aerobiology: the ecological systems approach. Dow-
den, Hutchinson & Ross, Stroudsburg

Association of German Engineers (2007) VDI-Standard: 4330 Blatt 3—
Monitoring the effects of genetically modified organisms (GMO)—Pollen
monitoring—Technical pollen sampling using pollen mass filter (PMF)
and Sigma-2 sampler. Beuth, Berlin

Hirst JM (1952) An automatic volumetric spore trap. Ann Appl Biol
39:257-265

. Stanley-Horn DE, Dively GP, Hellmich RL, Mattila HR, Sears MK, Rose R et al

(2001) Assessing the impact of Cry1Ab-expressing corn pollen on mon-
arch butterfly larvae in field studies. Proc Natl Acad Sci USA 98(21):11931-
11936.doi:10.1073/pnas.211277798

Pleasants JM, Hellmich RL, Dively GP, Sears MK, Stanley-Horn DE, Mat-

tila HR et al (2001) Corn pollen deposition on milkweeds in and near
cornfields. Proc Natl Acad Sci USA 98(21):11919-11924. doi:10.1073/
pnas.211287498

Dively GP, Stanley-Horn DE, Rose R, Sears MK, Calvin DD, Anderson PL

et al (2004) Effects on monarch butterfly larvae (Lepidoptera: Danaidae)
after continuous exposure to Cry1Ab-expressing corn during anthesis.
Environ Entomol 33(4):1116-1125

Lang A, Ludy CV (2004) E. Dispersion and deposition of Bt maize pollen in
field margins. J Plant Dis Prot 111:417-428

Schuppener M, Muhlhause J, Muller AK, Rauschen S (2012) Environmental
risk assessment for the small tortoiseshell Aglais urticae and a stacked Bt-
maize with combined resistances against Lepidoptera and Chrysomeli-
dae in central European agrarian landscapes. Mol Ecol 21(18):4646-4662.
doi:10.1111/j.1365-294X.2012.05716.X

Zangerl AR, McKenna D, Wraight CL, Carroll M, Ficarello P, Warner R et al
(2001) Effects of exposure to event 176 Bacillus thuringiensis corn pollen
on monarch and black swallowtail caterpillars under field conditions.
Proc Natl Acad Sci USA 98(21):11908-11912. doi:10.1073/pnas. 171315698
Aylor DE (2005) Quantifying maize pollen movement in a maize

canopy. Agric For Meteorol 131(3-4):247-256. doi:10.1016/j.
agrformet.2005.06.009

Raynor GS, Hayes JV, Ogden EC (1970) Experimental data on disper-

sion and deposition of timothy and corn pollen from known sources.
Brookhaven National Laboratory, New York, pp 1-32

Raynor GS, Ogden EC, Hayes JV (1972) Dispersion and deposition of corn
pollen from experimental sources. Agron J 64:420-427

Kawashima S, Matsuo K, Du Ming Y, TakahashiY, Inoue S, Yonemura S
(2004) An algorithm for estimating potential deposition of corn pollen for
environmental assessment. Environ Biosaf Res 3(4):197-207

. Raynor G, Ogden E, Hayes J (1970) Experimental data on ragweed pollen

dispersion and deposition from known sources. Brookhaven National
Laboratory. Report, New York

European Food Safety Authority, EFSA (2011) Statement supplementing
the evaluation of the environmental risk assessment and risk manage-
ment recommendations on insect resistant genetically modified maize
Bt11 for cultivation. EFSA J 9(12):3018. doi:10.2903/j.efsa.3018

European Food Safety Authority, EFSA (2011) Panel on Genetically Modi-
fied Organisms (GMO). Statement supplementing the evaluation of the
environmental risk assessment and risk management recommendations
on insect resistant genetically modified maize Bt11 for cultivation. EFSA J
9(12):2478. doi:10.2903/j.efsa.2478

European Food Safety Authority, EFSA (2012) Panel on Genetically Modi-
fied Organisms (GMOQ). Scientific Opinion supplementing the conclusions
of the environmental risk assessment and risk management recommen-
dations for the cultivation of the genetically modified insect resistant
maize Bt11 and MON 810. EFSA J 10(12):3016. doi:10.2903/j.efsa.3016
Wraight CL, Zangerl AR, Carroll MJ, Berenbaum MR (2000) Absence of
toxicity of Bacillus thuringiensis pollen to black swallowtails under field
conditions. Proc Natl Acad Sci USA 97(14):7700-7703. doi:10.1073/
pnas.130202097


http://dx.doi.org/10.903/j.efsa.011
http://dx.doi.org/10.903/j.efsa.011
http://dx.doi.org/10.1111/j.1570-7458.2010.00981.x
http://dx.doi.org/10.1016/j.ecolmodel.2012.11.006
http://dx.doi.org/10.1111/j.1365-2664.2011.02083.x
http://dx.doi.org/10.1186/s12302-014-0024-3
http://dx.doi.org/10.1098/rspb.2009.2091
http://dx.doi.org/10.2903/j.efsa.2015.4127
http://dx.doi.org/10.3390/insects2010012
http://dx.doi.org/10.1073/pnas.211277798
http://dx.doi.org/10.1073/pnas.211287498
http://dx.doi.org/10.1073/pnas.211287498
http://dx.doi.org/10.1111/j.1365-294X.2012.05716.x
http://dx.doi.org/10.1073/pnas.171315698
http://dx.doi.org/10.1016/j.agrformet.2005.06.009
http://dx.doi.org/10.1016/j.agrformet.2005.06.009
http://dx.doi.org/10.2903/j.efsa.3018
http://dx.doi.org/10.2903/j.efsa.2478
http://dx.doi.org/10.2903/j.efsa.3016
http://dx.doi.org/10.1073/pnas.130202097
http://dx.doi.org/10.1073/pnas.130202097

Hofmann et al. Environ Sci Eur (2016) 28:14

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Felke M, Langenbruch GA. Auswirkungen des Pollens von transgenem
Bt-Mais auf ausgewahlte Schmetterlingslarven. Bonn: Bundesamt fur
Naturschutz; 2005. BfN-Skripten 157. https://www.bfn.de/0502_gentech-
nik.html. Accessed 22 Jul 2015

Hofmann F, Ober S, Janicke L, Janicke U, Kuhn U, Schlechtriemen U

et al. Eintrag von Maispflanzenteilen in die Umwelt: Abschatzung der
Umweltexposition fur die Risikobewertung transgener Pflanzen. Bonn:
Bundesamt flr Naturschutz (BfN); 2013. Report No.: Final report on the
R&D Projekt (FKZ 3509 89 0300); BfN-Skripten 353. https://www.bfn.
de/0502_gentechnik.html. Accessed 22 Jul 2015

Hansen Jesse LC, Obrycki JJ (2000) Field deposition of Bt transgenic corn
pollen: lethal effects on the monarch butterfly. Oecologia 125(2):241-
248. doi:10.1007/5004420000502

Vogel R, Ober S, Hofmann F, Unseld C. Agrogentechnik und Natur-
schutz—Wie kdnnen Schutzgebiete und aquatische Systeme wirk-

sam vor dem Eintrag von Bt-Toxin geschitzt werden? Fachbeitrdge

des Landesamtes fUr Gesundheit, Umwelt und Verbraucherschutz
(LUGV). (133) (2013) http//www.lugv.brandenburg.de/cms/detail.php/
bb1.c310761.de. Accessed 20 Jul 2015

Lang A, Beck R, Bauchhen(3 J (2005) Monitoring der Umweltwirkungen
des Bt-Gens. Bayerische Landesanstalt fur Landwirtschaft (LfL). Report
No.: 7/2005:1-115

Gathmann A, Wirooks L, Hothorn LA, Bartsch D, Schuphan |

(2006) Impact of Bt maize pollen (MON810) on lepidopteran lar-

vae living on accompanying weeds. Mol Ecol 15(9):2677-2685.
doi:10.1111/).1365-294X.2006.02962 x

Shirai Y, Takahashi M (2004) Effects of transgenic Bt corn pollen on a
non-target lycaenid butterfly, Pseudozizeeria maha. Appl Entomol Zool
40(1):151-159

Oberhauser KS, Prysby MD, Mattila HR, Stanley-Horn DE, Sears MK, Dively
G et al (2001) Temporal and spatial overlap between monarch larvae and
corn pollen. Proc Natl Acad Sci USA 98(21):11913-11918. doi:10.1073/
pnas.211234298

Lang A, Otto M (2015) Feeding behaviour on host plants may influence
potential exposure to Bt-maize pollen of Aglais Urticae larvae (Lepidop-
tera, Nymphalidae). Insect. 6:760. doi:10.3390/insects60x000x

Hofmann F, Epp R, Kalchschmid A, Kratz W, Kruse L, Kuhn U et al

(2010) Monitoring of Bt-Maize pollen exposure in the vicinity of the
nature reserve Ruhlsdorfer Bruch in northeast Germany 2007-2008.
UmweltwissSchadst Forsch 22:229-251

46.

47.

48.

49.
50.
. XLSTAT. Addinsoft, New York.
52.
53.
54.

55.

56.

57.

Page 19 of 19

Hofmann F, Schlechtriemen U, Kuhn U, v.d.Ohe W, v.d.Ohe K, Kruse L et al
(2009) Durchfuhrung eines GVO-Pollenmonitorings an Kulturmais in
FFH-Lebensraumen. Landesumweltamt Brandenburg. http://www.lugv.
brandenburg.de/cms/media.php/lbm1.a.3310.de/fb_110.pdf. Accessed
20 Jul 2015

CEN (2015) European Committee for Standardization. Ambient air—
Monitoring the effects of genetically modified organisms (GMO)——Pollen
monitoring. Part 1: Technical pollen sampling using pollen mass filter
(PMF) and Sigma-2-sampler. Brussels; CEN-TS 16817-1

Hofmann F (2007) Kurzgutachten zur Abschatzung der Maispollendepo-
sition in Relation zur Entfernung von Maispollenquellen mittels tech-
nischem Pollensammler PMF. Bundesamt fir Naturschutz. http://www.
bfn.de/fileadmin/MDB/documents/themen/agrogentechnik/07-05-31_
Gutachten_Pollendeposition_end.pdf. Accessed 28 Aug 2015

Lauber E (2011) Cry1 toxin content of MON810 Bt-corn and the effect of
its pollen on protected butterfly species in Hungary. PhD Thesis. Univer-
sity of Budapest

Microsoft Corporation M: Microsoft Office Excel®. 2010
http://www.xlIstat.com/. Accessed 13 Dec
2014

R Core Team (2013) R: a language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Vienna

Silverman BW (1990) Density Estimation for Statistics and Data Analysis.
Chapman & Hall, London

Di-Giovanni F, Kevan PG, Nasr MR (1995) The variability in settling veloci-
ties of some pollen and spares. Grana 34:39-44

Chamecki M, Gleicher SC, Dufault NS, Isard SA (2011) Diurnal variation

in settling velocity of pollen released from maize and consequences

for atmospheric dispersion and cross-pollination. Agric For Meteorol
151(8):1055-1065. doi:10.1016/j.agrformet.2011.03.009

Aylor DE, Schultes NP, Shields EJ (2003) An aerobiological framework for
assessing cross-pollination in maize. Agric For Meteorol 119(3-4):111-129
Hofmann F, Janicke L, Janicke U, Wachter R, Kuhn U (2009) Modellrech-
nungen zur Ausbreitung von Maispollen unter Worst-Case-Annahmen
mit Vergleich von Freilandmessdaten. Bonn: Bundesamt fur Naturschutz
(BfN), p 1-47. http://www.bfn.de/fileadmin/MDB/documents/service/
Hofmann_et_al_2009_Maispollen_WorstCase_Modell.pdf. Accessed 28
Aug 2015

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://www.bfn.de/0502_gentechnik.html
https://www.bfn.de/0502_gentechnik.html
https://www.bfn.de/0502_gentechnik.html
https://www.bfn.de/0502_gentechnik.html
http://dx.doi.org/10.1007/s004420000502
http://www.lugv.brandenburg.de/cms/detail.php/bb1.c.310761.de
http://www.lugv.brandenburg.de/cms/detail.php/bb1.c.310761.de
http://dx.doi.org/10.1111/j.1365-294X.2006.02962.x
http://dx.doi.org/10.1073/pnas.211234298
http://dx.doi.org/10.1073/pnas.211234298
http://dx.doi.org/10.3390/insects60x000x
http://www.lugv.brandenburg.de/cms/media.php/lbm1.a.3310.de/fb_110.pdf
http://www.lugv.brandenburg.de/cms/media.php/lbm1.a.3310.de/fb_110.pdf
http://www.bfn.de/fileadmin/MDB/documents/themen/agrogentechnik/07-05-31_Gutachten_Pollendeposition_end.pdf
http://www.bfn.de/fileadmin/MDB/documents/themen/agrogentechnik/07-05-31_Gutachten_Pollendeposition_end.pdf
http://www.bfn.de/fileadmin/MDB/documents/themen/agrogentechnik/07-05-31_Gutachten_Pollendeposition_end.pdf
http://www.xlstat.com/
http://dx.doi.org/10.1016/j.agrformet.2011.03.009
http://www.bfn.de/fileadmin/MDB/documents/service/Hofmann_et_al_2009_Maispollen_WorstCase_Modell.pdf
http://www.bfn.de/fileadmin/MDB/documents/service/Hofmann_et_al_2009_Maispollen_WorstCase_Modell.pdf

	Accumulation and variability of maize pollen deposition on leaves of European Lepidoptera host plants and relation to release rates and deposition determined by standardised technical sampling
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results and discussion
	Leaf deposition data
	Statistical description of leaf deposition data
	Relationship between plant-specific pollen deposition onto leaves versus pollen concentration and deposition measured by standardised technical methods
	Pollen release and deposition

	Comparison of leaf deposition with daily deposition rates, cumulative deposition and standardised integrated deposition
	Combining leaf deposition data with standardised technical measurements for comparable assessment
	Expected variability of leaf deposition under commercial cultivation

	Conclusions
	Methods
	In situ measurement of pollen deposition on leaves
	Measurement of pollen concentration and deposition by standardised technical sampling methods
	Sampling design
	Data compilation and statistical analysis
	Leaf deposition
	Standardisation of leaf deposition data to the same distance from the pollen source
	Statistical distribution of leaf deposition data
	Empirical distribution
	CML estimation
	Relation of concentration and deposition
	Deposition rates and total and standardised deposition
	Relationship of plant-specific leaf deposition to standardised technical measurements
	Expected variability of leaf deposition data over sites and years inferred by combining site-to-site and within-site variation

	Abbreviations and definitions
	Authors’ contributions
	References




