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Background: Information on pollen dispersal is essential for the risk assessment and management of genetically
modified organisms (GMOs) such as Bt maize. We analyzed data on maize pollen deposition at 216 sites in
Germany, Switzerland, and Belgium from 2001 to 2010. All data were collected using the same standardized
sampling method. The distances between sampling site and the nearest maize field ranged from within the

Results: Maize pollen deposition was negatively correlated with distance from the nearest pollen source. The
highest pollen deposition was within the field, but depositions of several thousand pollen grains per square

meter were recorded over the kilometer range. A power function model most accurately described the relationship
between deposition and distance from the nearest pollen source, rather than the exponential model currently
used in EU risk assessment and management, which underestimates exposure for distances greater than 10 m.
Regression analysis confirmed the high significance of the power relationship. The large variation in pollen
deposition at a given distance reflected the influences of wind direction and other meteorological and site
conditions. Plausible variations of single values and the predicted mean pollen count at a given distance were

Conclusions: The model described here allows estimations of pollen deposition in relation to distance from
the nearest field; therefore, it will be valuable for the risk assessment and management of GMOs. Our results
indicate that buffer zones in the kilometer range are required to prevent harmful exposure of non-target

Keywords: Zea mays; Pollen; Deposition; Dispersal; Buffer zone; PMF; Bt; Genetically modified organisms;

Background

Wind pollination is a successful strategy for many plants,
and pollen can be transported over long distances. Many
agricultural or biological questions relate to gene flow me-
diated by pollen, and information on gene flow is crucial
to understand introgression and seed purity. However, it is
important to distinguish between work carried out on
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gene flow (including cross pollination) and that carried
out on pollen deposition itself. This is also true for
assessing genetically modified (GM) crops. With GM
crops, gene flow may lead either to introgression into
wild relatives [1-3] or to the presence of GM material in
seeds, harvested materials, feed, or foodstuffs. Because
there is a legal obligation for GM and GM-free agriculture
to co-exist in Europe [4,5], much research has been
carried out to understand and manage gene flow from
GM crops to other crops of the same or closely related
species [6-13].
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Pollen dispersal, independent of its ability to facilitate
vertical gene flow, has been addressed in many studies
related to human health, especially pollinosis. Conse-
quently, many aerobiological studies have focused on
airborne pollen. Most countries have networks to sys-
tematically monitor for the presence and prevalence of
allergenic airborne pollen. However, the samplers used
in this type of monitoring are commonly located on the
tops of buildings in cities or villages, and the analysis
focuses on those types of pollen that trigger allergies.
For this reason, such data are of limited value to assess
pollen deposition from agronomic crops like maize.

Information on pollen deposition is indispensable for
the risk assessment of GM crops containing novel and/
or toxic proteins. Because pollen grains are carried by
wind into the surrounding landscape, quantitative data
on pollen deposition are needed to estimate the expos-
ure of non-target organisms that may consume the
pollen deposited on their host plants. To date, almost all
insect-resistant GM crops contain insecticidal proteins
derived from the soil bacterium Bacillus thuringiensis
(Bt). Different toxins may be produced against pest
species in the Lepidoptera or Coleoptera.

Despite the assumption that Bt toxins are highly
specific, many of these toxins actually show cross-order
activity [14,15]. Several Bt toxins have been reported to
affect non-target taxa [16-21], especially non-target
Lepidoptera [22-28].

There are increasing numbers of Bt crops that express
more than one Bt toxin. Stacking of Bt genes results in
increased environmental exposure to Bt toxins and, thus,
in increased risks of effects on non-target organisms.
Second- and third-generation GM crops, which may
produce pharmaceutical or industrial compounds, are
expected to add to this problem. Because of the increas-
ing abundance and range of GM crops, it is even more
important to collect background data on pollen depos-
ition and exposure for appropriate risk assessments of
genetically modified organism (GMOs).

Maize belongs to the anemophilous (wind-pollinated)
grass family and produces vast amounts of pollen. Depen-
ding on the variety and growing conditions, each plant
releases from approximately 5 million to 50 million pollen
grains per season. Assuming an average density of 7 to 12
plants/m?, a 1-ha maize field sheds approximately 10! to
10" pollen grains over the flowering season [29-32].

Maize pollen is relatively large and heavy with a diam-
eter ranging between 80 and 125 pm. Its settling velocity
in calm air ranges from 0.15 to 0.4 m/s, with an average
of approximately 0.2 m/s [33,34]. Assuming a mean height
of 2.5 to 3.5 m for a maize plant with its tassel at the top,
maize pollen would settle on the ground after approxi-
mately 10 to 20 s in calm air. Considering this time, and
an average wind speed of 2 m/s (e.g., that in Germany in
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summer), maize pollen should be deposited in the range
of 20 to 40 m on average. This may be one reason why
some researchers focused on short distances of a few
meters from the field edge when measuring maize pollen
dispersal [28,35-38].

However, data from field measurements have led us to
question these assumptions. Several studies have shown
that maize pollen grains are dispersed over larger distances
and in larger amounts following a power function of
distance with a long tail, indicating long-distance pollen
transport [29,32,39-43]. Also, certain factors that had been
overlooked in earlier studies were reconsidered. For ex-
ample, turbulence, heat-induced up-drifts, and the stron-
ger winds that typically occur during the maize flowering
period in summer can enhance the release and dispersal
of maize pollen. These factors correlate with the warm,
windy, dry weather conditions during the daytime that
trigger the maize pollen release [29,31,32,39,40,44,45].

A major difficulty when assessing pollen dispersal and
deposition from data in the literature is that different
and/or non-standardized methods have been used in
various studies. This makes it difficult, if not impossible,
to compare the results.

In this study, we analyzed data on maize pollen depos-
ition obtained using the pollen mass filter (PMF) passive
aerosol particle sampler over 10 years of field measure-
ments at 216 sites in Germany, Switzerland, and Belgium.
The methodology used has been standardized according
to the VDI standard 4330-3 (which gives the general norm
for all pollen types) [46] with the specifications for maize
pollen described in [47]. This guarantees comparable data.
The aim of the study was to analyze the data on maize
pollen deposition in relation to distance from the nearest
maize field. This reflects the basic rule applied in regula-
tions based on minimum distance requirements (i.e., isola-
tion buffer zones). The variability of data represents maize
pollen deposition under common cultivation conditions in
Central Europe. The information presented here substan-
tially extends the database and conclusions of an earlier
report [47].

Methods

Standardized pollen sampling

There are many methods for pollen sampling, ranging
from simple sticky traps such as slides or Petri dishes cov-
ered with an adhesive like Vaseline to more sophisticated
devices such as high volume samplers with automatic
pollen detectors [48]. The methods are usually tailored to
meet the specific requirements of the research area. Sim-
ple methods like sticky microscope slides or Petri dishes
are cheap, simple, and widely used [36,49], but they are
limited to semi-quantitative measurements of pollen de-
position [50,51]. For quantitative assessments, more so-
phisticated methods are required. Aerobiological sampling
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methods, their applications, and their advantages and dis-
advantages have been systematically reviewed by Gregory
[50] and Edmonds [51], and sampling methods for pollen
monitoring have been reviewed by Giesecke et al. [52].
For general aspects of aerosol measurement, we refer to
Baron and Willeke [53], while the relevant methods have
been reviewed by McMurry [54].

In this study, maize pollen sampling was performed
using the PMF passive aerosol sampler. This method
was developed in 2000 to trap airborne pollen for GMO
monitoring [55]. The complete method from sampling
to analysis has been validated and standardized for the
measurement of pollen deposition by the Association of
German Engineers [46]. Being a passive sampler, the
PMF needs no power supply and can be exposed con-
tinuously for more than 4 weeks. The method generates
a single number that quantifies total pollen influx over
the whole exposure time (flowering period). Because this
method is standardized, pollen depositions can be com-
pared directly among different locations or years. The
method is suitable for many agricultural crops.

In the standard version, the passive sampling system
consists of two passive sampling units: the PMF and the
Sigma-2 (Figure 1). The Sigma-2 consists of a sheltered
vessel that contains an adhesive slide or foil, which is
protected from rain. This slide/foil is used for direct
quantitative microscopic analysis of the deposited pollen
grains. The PMF has a higher sampling efficiency than
the Sigma-2 and collects larger quantities of pollen that
can be used for additional analyses; for example, molecu-
lar analyses such as polymerase chain reaction (PCR) of
pollen DNA or enzyme-linked immunosorbent assay
(ELISA) for proteins and toxins [41,55,56]. The PMF sam-
pler contains a filter unit consisting of eight stratified
polypropylene filter ronds, which have low aerodynamic
resistance to the ambient air passing through them.
Aerosol particles larger than 10 pum, such as pollen,
are retained in the filter. Pollen grains washed off by
rain are collected in a 1.5-L PET flask connected to
the body of the PMF sampling unit. While the Sigma-2 is
restricted to particle sizes with an aerodynamic equivalent
diameter of smaller than 60 um [57], the PMF unit is well
suited to capturing larger pollen grains (e.g., maize pollen,
80 to 125 pm). Therefore, it has been used for the quan-
titative microscopic pollen analyses and assessment of
maize pollen deposition in the studies that produced the
data reported here [41,47]. The standard exposure height
of the PMF sampling unit is 1.8 m above the ground.

Sampling sites and exposure time

We analyzed data on maize pollen deposition collected
from 2001 to 2010, at 216 sampling sites in Germany,
Switzerland, and Belgium (Table 1, Figure 2). The sam-
pling sites used in this study relate to different research
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Figure 1 Passive pollen sampler PMF/Sigma-2, standardized
using VDI-standard [46] for assessment of maize pollen

deposition [47].

and monitoring projects and reflect the heterogeneity of
common maize cultivation (different field sizes, field
arrangements, varieties). They also reflect variations in
environmental conditions (regional, topographical, and
meteorological conditions), as well as different positions
relative to the nearest maize field and different wind
directions. For all sampling sites, the distance to the
nearest maize field was recorded.

Daily pollen shedding values and, consequently, the
pollen deposition values vary greatly depending on
meteorological and growing conditions. Therefore, to
characterize the intensity of pollen deposition for any
season and site in a comparable way in a single figure, the
total accumulated deposition over the maize flowering
period must be taken as an appropriate parameter
[52,60-62]. Because pollen production and maize pollen
release vary considerably over time, the accumulated
pollen deposition over the whole flowering period is the
best measure of the overall intensity of pollen deposition
at each site. This parameter is more reliable when based
on the whole flowering period, rather than on shorter time
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Table 1 Data used in the study: sampling locations, sampling year, and number of sample points per location

Locality (state/region) Sites Year (period) Distance (m) Reference

Lower Saxonia (Sickte) 7 2001 (20.7 to 16.8) 14 to 550 BBA [55]

Bavaria (Schwarzenau) 8 2001 (25.7 to 21.8) 75 to 570 LVFZ [55]

North Rhine-Westphalia (NRW) (Aachen) 8 2001 (19.6 to 9.8) 35 to 325 RWTH [55]

Baden-Wirttemberg (Freiburg) 2 2001 (13.7 to 27.7) 1,600 SSP [55]

Bavaria (Puch) 14 2002 (19.7 to 9.8) In field to 980 TUM [58]

Bavaria (Region of Furstenfeldbruck) 60 2003 (4.7 to 31.7) In field to 1,200 TUM [58]

Lower Saxonia (Ganderkesee) 2 2003 (12.7 to 8.8) 30 to 33 Pollenflug Nord (R. Wachter), TIEM
North Rhine-Westphalia (Essen, Duisburg, Langenfeld) 3 2004 (9.6 to 29.9) 300 to 2,600 LUA NRW (C. Fiebig)

Lower Saxonia (Ganderkesee) 1 2005 (184 to 15.9) 30 Pollenflug Nord (R. Wachter), TIEM
North Rhine-Westphalia (Duisburg, Soest, Wesseling) 3 2005 (54 to 18.10) 500 to 3,300 LUA NRW

Bavaria (Puch) 4 2006 (17.7 t0 9.8) In field to 23 TUM [58]

Lower Saxonia (Ganderkesee) 1 2006 (304 to 18.9) 30 Pollenflug Nord (R. Wachter), TIEM
North Rhine-Westphalia (Aachen) 6 2006 (18.7 to 10.8) 1 to 180 LUA NRW (C. Fiebig)

Switzerland, Aargau (Frick Valley) 3 2006 (12.7 to 28.9) 2to 15 FIBL (B. Oehen)

Number of sites (N) 122 2001 to 2006

Lower Saxonia (Ganderkesee) 4 2007 (253 to 13.8) 08to 10 Pollenflug Nord (R. Wachter)
Bremen 1 2007 (25.7 to 13.8) 4250 Okologiebiro (F. Hofmann)
Bavaria (Braunersgrin) 1 2007 (19.7 to 18.8) 87 M. Kruse-Plal3, TIEM

Brandenburg (Ruhlsdorfer Bruch) 9 2007 (11.7 to 4.8) 5to0 120 LUGV BBG [41]

Lower Saxonia (Ganderkesee) 2 2008 (204 to 10.8) 0.8 to 10 Pollenflug Nord (R. Wachter), TIEM
Bremen 1 2008 (204 to 13.8) 4,450 Okologiebtiro (F. Hofmann)
Brandenburg (Ruhlsdorfer Bruch) 8 2008 (17.7 to 9.8) 5 to 250 LUGV BBG [41]

Lower Saxonia (Ganderkesee, Delmenhorst) 3 2009 (10.7 to 8.8) 40 to 1,320 Pollenflug Nord (R. Wachter), TIEM
Lower Saxonia (Norten-Hardenberg) 2 2009 (13.7 to 26.8) 820 to 1,250 TIEM (U. Schlechtriemen)

Bremen 2 2009 (10.7 to 8.8) 4450 Okologiebro (F. Hofmann)
Bavaria (Braunersgriin) 1 2009 (29.7 to 26.8) 120 M. Kruse-PlaB3, TIEM
Mecklenburg-Vorpommern (Breege, Isle of Rigen) 1 2009 (204 to 13.8) 60 W. Kumpfer, TIEM

Brandenburg (Region of Angerminde) 18 2009 (13.7 to 11.8) In field to 620 BfN/LUGV BBG [59]

Bavaria (Heimberg, Fischach) 6 2009 (10.7 to 3.8) 50 to 240 LfU BAY (A. Wilk; L. Peichl)

Lower Saxonia (Ganderkesee, Delmenhorst) 2 010 (10.7 to 8.8) 40 to 1,320 Pollenflug Nord (R. Wachter), TIEM
Bremen 1 010 (17.7 to 20.8) 4450 Okologiebro (F. Hofmann)
Bavaria (Braunersgriin) 1 010 (29.7 to 23.8) 120 M. Kruse-Plal3, TIEM

Brandenburg (Region of Angermiinde) 23 010 (21.7 to0 22.8) In field to 1,600 BfN/LUGV BBG [59]

Belgium, Flanders (Gent) 8 010 (12.7 to 19.8) In field to 1 JRC Ispra [56]

Total number of sites (N) 216 2001 to 2010

Exposure time includes main flowering period of maize at each site.

intervals. For all data presented here, the exposure time of
the PMF samplers covered the main maize pollen flower-
ing period in each particular area (3 to 5 weeks and some-
times longer). Whereas any calculated mean deposition
rate based on a fixed time span (daily, weekly, or other)
would depend on the number of days of exposure, the
total accumulated deposition covering the whole flowering

period is a more stable and comparable quantity.

Sample preparation
All deposition data analyzed in this study were obtained
in the same way according to the VDI standard 4330-3
[46] specific for maize [47] as follows: the pollen samples
were removed from the filter pads of the PMF and
from the liquid in the 1.5-L attached flask by using
an ultrasonic bath (Sonorex Bandelin Super RK 102,

BANDELIN electronic GmbH & Co. KG, Berlin, Germany)
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Figure 2 Location of 216 sample sites in Germany, Switzerland,
and Belgium. Dot size indicates sample size (see Table 1).

and vacuum filtration (Sartorius, Goéttingen, Germany).
These procedures sedimented the aerosol particle sample
as a filter cake on an acetyl-ethylene membrane filter
(12 pm pore size, 50 mm diameter, Whatman, Maidstone,
UK), after pre-filtering the liquid through a 125-um metal
mesh test sieve (100 mm diameter, Fritsch, Idar-Oberstein,
Germany). Sample quality was checked by examining the
filter cakes under a binocular microscope. A sample from
each filter cake was transferred into a 15-ml tube. After
centrifugation (500 x g for 5 min), the volume was reduced
to 2 ml. Then, 2 ml glycerol was added to give 4 ml 50%
glycerol pollen suspension (density 1.1 g/cm®). The pollen
suspension was mixed with a shaker and stored at —20°C
until subsequent analysis.

Quantitative microscopic pollen analysis

The pollen suspensions were carefully mixed, and
subsamples were taken to determine the number of
maize pollen grains per PMF sample microscopically.
Pollen was quantitatively analyzed using the dynamic
counting method [41,46,47] under x 400 magnification
using a Nikon Eclipse E200 microscope (Nikon,
Tokyo, Japan).

The absolute detection limit for maize pollen count-
ing is determined by the discrete number of one de-
tected pollen grain in the sub-sample for counting.
The relative detection limit of maize pollen depends
on the total number of pollen grains counted. The
dynamic counting method ensures comparable results
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of maize pollen counting; the detection limit remains
in the range of <0.1% of the total pollen count, rela-
tively and absolutely, until the maize pollen count is
greater than 3 at least. This is achieved by adjusting
the volume of the sub-sample to be analyzed until
approx. 3,000 total pollen grains were counted and
maize pollen grains were detected. Using a micropip-
ette, sub-samples (volume, 10 to 50 pl) were taken
from the glycerol pollen suspension and the maize
pollen grains and total pollen grains were counted.
Several subsamples with corresponding volumes were
subsequently taken and quantified. The cumulated pollen
counts of the sub-samples were then extrapolated to the
total sample, giving the maize pollen count per PMF sam-
ple (V).

Determination of maize pollen deposition

From the maize pollen counts in the sample (N;), the
pollen flow (F;,) and deposition (D;) of maize pollen were
determined as described by Hofmann [47] based on VDI
4330-3 [46]. The PMF measurement represents the
horizontal pollen flow [62]*. Horizontal pollen flow is
defined as the number of pollen grains transported by
wind through a given cross-sectional area of 1 m> during
the entire exposure time (in this case, the maize flowering
period). Pollen deposition is defined as the number of
pollen grains deposited on an acceptor surface of 1 m?
during the exposure period, here obtained using a
standardized deposition measurement method. Be-
cause deposition depends on the acceptor's surface
conditions, standardized measurements must be used
for data to be comparable. The relevant cross-sectional
area of the filter is 8 x 10 cm (80 cm?). The horizontal
maize pollen flow in the air was calculated using Equation 1
below, taking the PMF sampling efficiency into account:

F_ N;-10° {n}

= 1
El‘ﬁpMF~8~103 m? ()

where:

F; is the horizontal flow for pollen of species i in air
(n/m?), N; is the number of pollen grains in the sample,
i is the pollen from species i; here, maize pollen, E; pyr
is the sampling efficiency of the PMF (0.35) for maize
pollen compared with the volumetric standard pollen
trap (Hirst type/Burkard).

The sampling efficiency depends on both the collector
type and the characteristics and behavior of the aerosol
particle, in this case, the pollen type. The average sampling
efficiency of the PMF for maize pollen was estimated to be
0.35 by calibration to a Hirst-type volumetric pollen trap
[63], the standard trap used by the European and German
Aerobiology Networks.
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The deposition of aerosol particles depends on the
physical behavior of the particles in the atmosphere
and the interaction with the surface of the acceptor
[50,51,64]. For data to be comparable, the acceptor must
be standardized [50,51,65]. For large aerosol particles such
as maize pollen, gravitational sedimentation is the main
factor in deposition when the receptor is an inert horizon-
tal surface [50,51]. The standardized deposition of maize
pollen on a planar inert surface of 1 m? is calculated from
horizontal pollen flow, taking into account the mean wind
speed and the deposition velocity of maize pollen [50] as
expressed below:

Fivg; ., [n
D =20 in | 2] (2)
where:

D; is the accumulated total deposition of pollen species
i over the flowering period, u is the mean wind speed,
and vg; is the mean deposition velocity for maize pollen
(ml/s).

The values for deposition velocity of maize pollen
reported in the literature range between 0.15 and 0.4 m/s,
with mean values around 0.2 m/s [33,34]. In this study, we
assumed an average deposition velocity for maize pollen
of 0.2 m/s and an average wind speed of 2 m/s, which is

typical for July/August in Germany.

Statistical analysis

For the statistical analyses of the data, we used Microsoft
Excel® [66], the statistic tool XLSTAT-Pro 2011 [67],
SegReg [68], and R software [69], specifically the mcgv
package [70].

A necessary property of an adequate statistical model
for the relationship between distance from the pollen
source (X) and pollen deposition (Y) is that the model
produces predictions that are non-negative and that tend
towards zero for large distances. Simple models with these
properties include the exponential model Y = e?*¥, ¢ <0,
used for risk analysis in the EU [71-75], and the power
model Y=a- X" with m <0, used by Aylor et al. [29], Arrit
et al. [39], and Boehm et al. [44]. Both models can be line-
arized to facilitate calculations. If the data follows a power
model, then log;o Y and log;g X are linearly related (log;o
Y=logyy a+m-logyy X), with the corresponding plot
showing points scattered around a straight line. If the data
follows an exponential model, then log;, ¥ and X are
linearly related (logyo Y'=5-log;o e+ c-logg e-X), and a
plot of log;o Y versus X shows a linear relationship. Stand-
ard linear regression techniques were applied to (logio ¥,
log1o X) and (log;o ¥, X) to obtain optimal (least squares)
estimates for the regression parameters (a, m) and (b, ¢),
respectively, together with confidence intervals for the pa-
rameters and predicted values. Residual plots were used to
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check the homoscedasticity of the error variance. Loga-
rithms with base 10 were used in all cases. The goodness
of fit of the models was expressed by the coefficient of
determination, R?, which was also used as the criterion to
select the optimal model. The consistency of the optimal
model, with regard to a potential change in the model
characteristics over distance, was checked by fitting a seg-
mented linear regression (the ‘hockey stick approach’),
using the open source statistical program SegReg [68]. To
detect a nonlinear component in the deposition-distance
relationship beyond one that might be identified by a
segmented linear regression, a smooth curve based on a
regression spline approach was fitted to the residuals of
the optimal model using the ‘gam’ model of the mgcv
package in R [69,70]. This type of curve would uncover
any reasonably smooth nonlinear component in the rela-
tionship. Because the complete dataset was obtained over
a long period (2001 to 2010), a test for a change in the
deposition-distance relationship over time was performed
by comparing the regression line from data collected in
2001 to 2006 (122 samples) [47] with that for deposition
data collected in 2007 to 2010 (94 samples). In Figure 3,
the data values from these two periods are shown in
different colors. The hypotheses tested were Hy: ‘common
regression line for both sampling periods’ against the alter-
native Hy: ‘specific regression line per sampling period’. An
F test was used for the comparison. For illustrative pur-
poses, a linear and a cubic polynomial were fitted to the un-
transformed data, although these approaches do not meet
the above requirements of generating non-negative predic-
tions that tend towards zero for large distance.

Results and discussion

Pollen deposition and distance relationship

Pollen deposition was measured at 216 sites with distances
to the nearest pollen source ranging from 0.2 m (within
the field) to 4.45 km away from the nearest edge of the
maize field. The values of maize pollen deposition varied
from 23.3 million pollen grains/m* (2,330 pollen/cm?)
within the field to 2,857 pollen grains/m* at further dis-
tances from the field.

The amount of maize pollen deposition over the main
flowering period decreased markedly with increasing dis-
tance. Nevertheless, the spatial distribution exhibited a
long-tailed shape, with pollen detected as far as 4.45 km
away from the nearest field. Comparing the fits of the
power model and the exponential model, the relation-
ship between maize pollen deposition and distance to
the next maize field was fitted best by the following
power function:

Y =1.271.10° . X 0585 j | = (3)
m2
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Figure 3 Maize pollen deposition versus distance to the next maize field. Data points from field measurements 2001 to 2010 (gray/dark,
data from 2001 to 2006; light blue/light, data from 2007 to 2010; N =216) and results of regression analysis (linearized power regression equation
logoY = —0.585 - log;oX + 6.104, R>=0.709, p <0.001; power regression equation, ¥ = 1.271 - 10°- X %% v, deposition in n/m? X, distance to
nearest maize field in m). Central bold blue line, expected deposition; dashed lines, confidence interval for expected deposition; red solid lines (outer
lines), 95% confidence intervals for single predictions. Deposition values in n/cm? were obtained by multiplying displayed deposition values by 0.0001.

where:

Y is the deposition of maize pollen (n/m?), X is the
distance to the nearest maize pollen source/field edge
[m], and 7 is the number of pollen grains.

The above power function was highly significant
(p <0.001) with distance accounting for 70.9% of the
total variation in deposition (R* = 0.709).

Figure 3 shows the data and the fitted curve with con-
fidence intervals on log-log transformed axes. This

presentation turns the power relationship between the X
and Y variable into a linear relationship. The scale on
the left vertical axis denotes pollen deposition in the
standard unit (n/m?). The horizontal axis shows the dis-
tance to the next maize field, ranging from within the
same field (0.2 m) to 4,450 m. Table 2 shows the esti-
mated regression parameters.

Figure 3 shows the good fit over the data range. It
also shows that data points are scattered around the

Table 2 Results of linear regression analysis for the linearized power model

Source DF Sum of squares Mean square F Pr>F

Model 1 98411 98411 521415 <0.0001

Error 214 40.390 0.189

Total adjusted 215 138.802

R 0.709

Parameter Value Standard error t Pr> |t Lower boundary (95%) Upper boundary (95%)
a 6.104 0.047 130.501 <0.0001 6.012 6.196

m -0.585 0.026 —22.835 <0.0001 -0.635 -0534

logqo Y=-0.585-logqo X + 6.104; Y, deposition in n/m?; X, distance to nearest maize field in m, N = 216 observations. Field data are shown in Table 1.
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regression line with nearly constant variation over the
distance range, as required by the assumptions for
standard regression analysis. This finding is confirmed
by the standardized residuals plot (Figure 4).

Fitting an exponential model to the data resulted in
a much weaker determination coefficient of R* = 0.222
(p <0.001) compared with the R*=0.709 for the power
model. The corresponding equation is as follows:

— . : n
Y = 65,418 0.0005049 - X in |— (4.)
m2

A fitted purely linear regression line has the following
equation:
Y = 964,347 - 403.8 - X in [iz} (5)
m
with a coefficient of determination R* = 0.021 (p =0.035).
The least-squares fitted cubic polynomial has the follow-
ing equation:

Y = 1,305,760-4, 380 - X + 2.695 - X>-0.0004024 - X® in [12]
m

(6)

with a coefficient of determination R? = 0.078 (p <0.001).
The cubic polynomial shows a slightly better, but never-
theless poor, quality of fit with 7.8% of the variation in ¥’
explained by X. For the linear function, all predictions
for distances greater than approximately 2,400 m are
negative. For the cubic polynomial, distances between
380 and 1,900 m and greater than 4,400 m generate
negative predictions for pollen deposition, interrupted
by positive predictions for distances between 1,900 and
4,400 m, with a local maximum at about 3,200 m. The
polynomial model for the relation between deposition
and distance previously published by Lang et al. [36]
(equation: Y = 74.75 - 9.71 - X + 1.32 - X* - 0.08 - X®) was
similarly inacceptable, predicting negative deposition for
all distances greater than 13 m. These model fits are
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Figure 4 Standardized residuals for regression line shown in
Figure 3. X, distance from nearest maize field in m.
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numerical examples of the fact that (non-constant) poly-
nomials tend to plus or minus infinity for large distances
instead of converging to zero, as is required for a reason-
able model. Even worse, as demonstrated by the third-
order polynomial, high-order polynomials can exhibit
erratic behavior outside the X data range and even in the
observed X range.

Consistency of the power regression over the distance
range and sampling periods
A segmented linear regression showed no improve-
ment of fit compared with that of a single linear
regression line on a log-log scale over the whole dis-
tance range, from within the same field to 4 km
(p >0.050). The improvement in the goodness of
fit after adding a nonlinear smooth component to the
power model was practically zero (p =1), and the R*
value was increased by only 0.00014. For this reason,
and because neither the graphical check of the regres-
sion line (Figure 3) nor the residual plot (Figure 4)
suggested deviations from linearity, the power model
was accepted and no further nonlinear models for the
distance effect were investigated.

The regression equations were not significantly dif-
ferent between the two sampling periods of 2001 to 2007
and 2008 to 2010 (F test; p =0.107).

Summary of model selection

The results from the goodness of fit calculations and the
consistency checks confirmed the superiority of the
power model (Equation 3) over the exponential model
(Equation 4) and confirmed the validity of the power
model for pollen deposition over the whole distance
range examined.

Several previous studies [29,39,42,44] have arrived
at the same conclusion, namely, that the decrease in
pollen deposition with increasing distance follows a
power function. The exponential model used in some
studies [37,76,77] and the polynomial model used in
others [36] are not appropriate in the light of the
present dataset because of their poor fit and their im-
plausible predictions of pollen behavior over large
distances.

The difference between the power function and the
exponential function fitted to our data lies markedly
in the curve tail, where the exponential curve under-
estimates pollen deposition, especially at long dis-
tances. This raises questions about the accuracy of
some risk assessments of genetically modified plants
in the EU based on an exponential relationship
[71-75].

The reason why different authors proposed different
curve shapes for the relationship between deposition
and distance may be explained by the different distance
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ranges of the data used in the analyses. Looking at the
data from a narrow distance range, a power function, an
exponential function, a polynomial, or even a straight
line may fit the data quite well. However, a model de-
rived from short distance range data of a few meters
cannot reasonably be extrapolated and expected to fit
long-distance data. The exponential curve for pollen de-
position used in the EU risk assessment is given in Perry
et al. [71, page 4, equation 2.3, 2.4, and related text],
based on the data of Wraight et al. [76]. Amending the
stated factors, the equation for the exponential curve
of maize pollen deposition on slides (n/cm?) versus
distance (m) is logjp Y= 2.368 - 0.145- X. The dataset
used was limited to a distance range of 7 m from the
field edge. In this range, both the exponential model
of Perry et al. and the power function derived here
produce acceptable predictions. However, as illustra-
ted in Figure 5, extrapolating the exponential curve
to distances greater than 10 m leads to a rapidly de-
scending curve with increasing discrepancies from
field measurement data and from the respective power
regression line.

Mean regression and confidence intervals
The power regression line (Equation 3) provides estimates
for the mean expected pollen deposition at given distances

100,000,000

10,000,000

1,000,000

100,000

Deposition [n/m

10,000

1,000

1T T

100
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Distance [m]
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10,000

Figure 5 Exponential model of EU risk assessment compared
with power model described in this study. For maize pollen
deposition versus distance to nearest maize field. Circles, data points
from field measurements 2001 to 2010 (N =216). Blue solid line,
expected mean deposition calculated using power regression
equation Y =1271-10°- X8y deposition in n/m? X, distance
from nearest maize field in m; dashed lines, confidence interval for
expected deposition; dotted lines, 95% confidence intervals for
single predictions; red line, exponential model used in EU risk
assessment (Perry et al. [71], deposition values on slides used in
equation 2.3 corrected for stated factor 3); solid, predictions within
database up to 7 m from field edge; dashed line, extrapolation of
exponential model over distance >7 m.
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from the pollen source. The mean values predicted from
the regression equation range from 3.26 million pollen
grains/m” (326 pollen/cm?) close to the pollen source to
9,340 pollen grains/m> (0.934 pollen/cm?) at 4,450 m away
from the next field margin (see also Table 3). The uncer-
tainty of this prediction is expressed by the 95% confi-
dence interval (CI) of the mean regression line (Figure 3,
fine dotted lines).

Also shown in Figure 3 is the 95% CI for single obser-
vations (solid red lines). This interval describes the range
in which a single observation is expected to lie with a
probability of 95%. The upper boundary of a single value
CI at a given distance indicates the deposition, which is
exceeded by a single observation with a probability of no
more than 2.5%. Vice versa, to find the distance at which
the exposure can be expected to lie below a defined level,
while accounting for variations in the data, the intersec-
tion between the upper confidence limit and a horizontal
line at the defined level must be determined. Table 3
shows predicted values for maize pollen deposition and
their confidence intervals for selected distances on the
usual linear scale. The standard deviations of the confi-
dence intervals were originally calculated on the logarith-
mic scale (sd_log), but are shown in Table 3 as 10%H8 5o
that they are on the same scale as the pollen counts. It
must be emphasized, however, that 10°%-'°¢ is not the
standard deviation of a Y prediction, neither for mean
nor for single values. In both cases, for a given X, the
relationship between 10°%°¢ and the confidence interval
(Cliows Clpign) on the linear scale is expressed as follows:

(Clin, Clgn) = 1.271-10° X 0% (1041%) i [ -] (7)
where the constant ¢ depends on the number of obser-
vations and the coverage probability of the confidence
interval. In contrast to the usual form of a confidence
interval (‘mean value + constant ¢’), here, the multiplica-
tive forms ‘mean value/factor ¢’ and ‘mean value - factor
¢’ apply. For the present data, with n =216 and a cover-
age probability of 95%, ¢ = 1.97 holds for mean and sin-
gle value predictions. The way to calculate sd_log differs
for mean and single value predictions. Details are
given in standard texts on linear regression, e.g. Neter
et al. [78 chapter 2].

As an example, Table 3 shows that at the closest
distance (within the maize field), the mean value for
maize pollen deposition is expected to be 3,258,000
pollen grains/m®> with a confidence interval of
(2,462,000; 4,311,000) pollen grains/m> This confidence
interval can be described as (mean prediction/1.32;
mean prediction x 1.32). While this consideration is for
mean values, the numbers for single observations are
quite different. The factor for the confidence interval of
a predicted single observation is 7.33, indicating large
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Table 3 Predicted maize pollen deposition with confidence intervals

Distance to next field  Predicted 95% Confidence intervals

deposition For mean values For single observations

10°9-'°9  Lower boundary  Upper boundary  10°°9  Lower boundary  Upper boundary

(m) (n/m?) (n/m?) (n/m?) (n/m?) (n/m?)
In field 3,258,000 1.15 2,462,000 4,311,000 2.75 444,000 23,876,000
1 1,271,000 111 1,028,000 1,571,000 2.73 174,000 9,236,000
10 330,000 1.08 286,000 381,000 2.73 45,700 2,387,000
100 85,900 1.08 73,900 99,900 273 11,900 621,000
200 56,800 1.09 47,900 67,300 273 7,850 411,000
300 45,200 1.10 37,600 54,200 2.73 6,240 327,000
500 33,500 1.11 27,400 41,000 273 4,620 243,000
800 25,100 1.12 20,100 31,200 274 3,450 182,000
1,000 22,500 112 17,900 28,300 2.74 3,100 164,000
2,000 14,700 1.14 11,300 19,000 2.74 2,010 107,000
4,450 9,340 1.16 6,970 12,500 275 1,270 68,500

Obtained from the regression model in Table 2 for various distances to the next maize field. Database, 216 sites (see Table 1). Prediction for means and single
observations are identical but their confidence intervals differ, essentially depending on 10°9-'°9 (see Equation 7 in the text).

variations among single values. This means that overall,
95% of maize pollen deposition values from single meas-
urement sites within the field vary between the lower
boundary (444,000 n/m? and the upper boundary
(23,876,000 n/m?). Half of the remaining 5% (2.5%)
will be above the upper boundary, so the probability of
values not exceeding the upper boundary will be 97.5%.
At 1,000-m distance, single observations of maize pollen
deposition are expected to be between 3,100 and
164,000 n/m? with a mean of 22,500 n/m? (2.25 n/cm?).
Consequently, a distance of 1,000 m would be neces-
sary to exclude a maize pollen deposition higher than
164,000 n/m?* (16 n/cm?) with a probability of 97.5%
for distinct sites.

Dispersal range

In Germany, maize flowers in summer (July to August)
and pollen release is favored by warm and windy (i.e., dry-
ing and turbulent) weather conditions during the daytime
[29,45,59,79,80]. In turbulent wind conditions, pollen
grains are transported higher above the ground and are
dispersed over further distances than they are under non-
turbulent conditions [29,32,39,40,42,44,59,80]. Pollen dis-
persal itself varies according to wind speed and direction,
other climatic conditions, topography, and factors that
affect the settling velocity of maize pollen, for example,
dehydration of the pollen grain [33].

A considerable portion of our dataset represents the
longer distance range (>100 m), which has been under-
represented in the literature so far. Compared with that
stated in our earlier report [47], the maximum distance
for which pollen data is reported is extended from 3.3 to

445 km with a total of 81 data points representing
distances greater than 100 m.

The results shown in Figure 3 illustrate that maize pollen
dispersal is not restricted to close distances (<100 m), but
extends well beyond to longer distances up to the kilo-
meter range. This is consistent with the findings of other
studies [29,39-42,44].

Maize is a wind-pollinated plant and produces enor-
mous amounts of pollen (10" to 10" pollen grains/ha).
Maize pollen is relatively large (80 to 125 um diameter;
1.25 g/cm?®; approx. 500 pg) and its settling velocity in
air is approximately 0.2 m/s. Assuming that the average
height of the maize tassel is 2 to 3.5 m above the ground,
we can estimate that maize pollen settles in the range of
20 to 40 m from the field margin on average. However,
this assumption would be only true under still air condi-
tions. In the field, still air conditions are practically non-
existent. As our data from real environmental conditions
(Figure 3) show, maize pollen was deposited even at the
farthest distance measured (4.45 km). In fact, considerable
amounts of maize pollen drift on the wind over longer
distances (>100 m) and even further than 1,000 m, with
deposition values of 3,000 to 164,000 maize pollen grains
per square meter (Figure 3). This is consistent with obser-
vations of long-distance maize pollen dispersal in other
studies [29,39,42]. Brunet et al. [40] observed that maize
pollen was dispersed at even higher altitudes of several km
and was transported over distances as far as 70 km.

The database includes distances up to 4.45 km, which
covers a distance range relevant to questions related
to Bt maize dispersal. The respective power function for
the distance relationship expressed in Equation 3 is highly
significant within the distance range of the database. We
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recommend not to extrapolate to distances far beyond
without specific validation. One possible estimation method
would be to combine the use of the deposition database
with an appropriate dispersal model. The standardized
PMF deposition data serve to calibrate the model within
the data range, while model predictions may be used to ex-
trapolate over larger distances [32,80]. These predictions
are open to validation based on further standardized
measurements.

Pollen deposition under common cultivation

Under common agricultural practice, maize is rarely
grown in isolated fields. The pollen deposition of several
fields is expected to overlap, and more than one pollen
source contributes to exposure at any single site. The
potential overlap with other surrounding fields, even if
they are distant, should be considered as a factor affecting
the distance relationship to the nearest maize field, espe-
cially for distances greater than 100 m. This assumption
has been supported in various scenarios using a dispersal
model [32,59,80]. The relative proportion of overlap will
depend on several factors, such as distance, the relative
position of other maize fields, wind direction, other me-
teorological conditions, and the flowering behavior in each
field. Therefore, it is difficult or not feasible to extrapolate
from single field experiments to the complex situations
that exist in common cultivation, that is, those situa-
tions relevant for the risk assessment and management
of GMOs.

The large number of locations and years represented
in our dataset covers a broad range of environmental
and agricultural conditions. In fact, the data used in our
analyses reflect the variable conditions of common maize
cultivation in central European countries such as Germany.
The data cover small, single-field settings as well as com-
plex field arrangements with no preferences for field size
or shape, variety, topography, nor for the relative location
of the pollen trap to the main wind direction nor to
other maize fields. The distance relationship expressed
in Equation 3, therefore, represents the expected values
of maize pollen deposition under common agricultural
practice in the studied countries.

The reference to common agricultural practice is import-
ant when interpreting the variability in deposition under
real field conditions. As described before, the results of the
regression analysis show a relatively wide confidence inter-
val for individual values (see Figure 3, Table 3). This can be
expected, as our data include variability in pollen produc-
tion, release, and dispersal resulting from different relative
positions of the traps to the main wind direction, and
other factors such as field size, plant density, maize
variety, growing conditions, agricultural management, and
weather conditions [29,45].
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Consequences for risk assessment and management of

Bt maize

The power curves and exponential curves fitted to
our data showed different shapes over the distance
range. Our results indicate that the exponential model
previously used by some authors and currently used
for risk assessment and management of Bt maize
[37,71-77] is inferior to the power function in terms
of goodness of fit. It underestimates deposition, and
thus underestimates the exposure of non-target organisms
to GMO maize pollen for distance ranges greater than
10 m, with increasing inaccuracy over longer distances
(see Figure 5).

The toxin concentration varies among different Bt
maize varieties [81,82], and the various target insect
species and their different larval instars show variations
in their sensitivity to the toxin [83]. Therefore, in risk
assessment, event and species-specific variations should
be considered when establishing dose-effect relationships
between Bt maize pollen and sensitive species. Never-
theless, it is not practical to implement specific legal
regulations for any single event. Therefore, more gen-
eral measures based on the precautionary principle
are required for risk management of Bt maize cultivation.

Bt maize pollen, even at low pollen densities, ad-
versely affects sensitive Lepidoptera species. For ex-
ample, Felke et al. reported that the LDs, value of Bt
maize pollen (Bt-176) for the fourth larval instar of
Plutella xystostella could be as low as nine Bt maize
pollen grains/cm2 (92,000 n/m?) [24], and that a single
uptake of four or more Bt pollen grains was sufficient
to kill larvae, with earlier instars being even more
sensitive [83,84].

The current recommendation of the event-specific EU
risk assessment for Bt maize states, for example, buffer
distances of 20 to 30 m between Bt maize and protected
habitats of extremely sensitive butterfly species [73-75].
These recommendations have been based on an expo-
nential curve for exposure assessment (see Figure 5
and related discussion above). The results of the
present study indicate that these buffer zones may be
inappropriately small. Instead, conclusions on risk as-
sessment and risk management should be updated
based on the model described here for the distance
relationship of maize pollen deposition under common
cultivation.

With respect to a general risk management of Bt maize
cultivation, and based on the precautionary principle,
the upper boundary of the confidence interval of the
regression for single value predictions indicates that
buffer distances in the kilometer range are required
to prevent exposure of protected and/or sensitive species
to Bt pollen, rather than ranges of tens of meters as pro-
posed in the actual EU risk management.
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Conclusions

To our knowledge, the results presented here represent
the largest dataset on maize pollen deposition under
complex common cultivation conditions published to
date. The data cover variations in pollen deposition re-
lated to the use of different crop varieties, field sizes,
field arrangements, wind directions, regional environ-
ments, and years. A considerable proportion of the data
represents a longer distance range (>100 m), which has
been lacking in the literature so far. This dataset has a
high informative value because all data were collected
using the same standardized sampling method, the pas-
sive sampling system PMEF, according to VDI standard
4330-3 [46] specific for maize pollen [47]. Therefore, the
pollen deposition data are comparable among different
locations and years.

The results show that under common cultivation, maize
pollen is deposited in substantial quantities (thousands of
grains per m?) over a range of up to several kilometers
away from the next maize field. The distance relationship
significantly fits to a power function, reflecting the long
tail of pollen deposition over larger distances.

Our results indicate that the exponential model previ-
ously used by some authors and currently used for risk
assessment in the EU [37,71-77] is inferior to the power
function in terms of goodness of fit. The power and the
exponential curves fitted to our data have different shapes
over the distance range. The exponential curve used in
the EU risk assessment underestimates deposition and,
thus, underestimates exposure of non-target organisms,
especially over a longer distance range. Consequently,
previous risk assessments and conclusions regarding
distances, potential exposure, and effects on non-target
organisms should be revised in the light of these findings.

The regression model presented here allows us to pre-
dict expected deposition at a given distance. Its confidence
intervals for mean and single observations provide infor-
mation about the variation that can be expected to result
from different site/field positions and various meteoro-
logical and growing conditions. Therefore, the results are
particularly useful to optimize sample size and position
when designing field studies and monitoring programs
[41,59,80]. The standardized sampling method and its
results can be used to validate models of maize pollen
dispersal and exposure on local and larger scales.

Finally, the results of this study are valuable for risk
assessment, risk management, and environmental moni-
toring of GM maize. These findings will be especially
useful for exposure assessments, for example, for tasks
related to pollen dispersal and exposure such as co-
existence and seed purity [11,56,85,86], and to define
buffer zones between GM maize fields and ecologically
sensitive areas [41,59,80]. These results will be also valu-
able to estimate the exposure of non-target organisms to
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Bt maize [59]. In general, these results emphasize the need
to collect exposure data using standardized methods
for environmental risk assessments and monitoring of
GMO [65,87,88].

Endnote

“The equivalent physical term would be ‘accumulated
horizontal flux density (rate)’ [62]. We used the term ‘flow’
in this study for simplicity.

Abbreviations
GMO: genetically modified organism; GM: genetically modified; PMF: pollen
mass filter, a passive aerosol sampler according to VDI standard 4330-3.
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