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The safety and impact on the environment of transgenic crops are important issues, and studies have shown
that pollen from transgenic Bt (Bacillus thuringiensis) corn (Zea mays L.) may kill nontarget insects. To develop
an algorithm for assessing the environmental effect of transgenic crops, we arranged a field experiment in
Tsukuba, Japan. Pollen dispersal and deposition were measured inside and outside a cornfield throughout the
flowering period. Weather conditions such as wind speed and direction were measured at the same time. Pollen
dispersal peaked 1 week after the start of flowering and continued for 12 days thereafter. The variation in daily
pollen dispersal was similar at all observation points. Both pollen dispersal and deposition decreased
exponentially with distance from the cornfield on all days. We estimated potential pollen deposition with a quasi-
mechanistic model that incorporates the effects of wind direction, wind speed, and flowering intensity. The daily
potential deposition was summed over the flowering period, and then the relationship between distance from
the cornfield and the integrated potential deposition was estimated. It was possible to show the effective area
of the environmental risk zone posed by genetically modified pollen by combining the distance/deposition
relationship with the dose/response relationship derived from a laboratory assay. The algorithm described here
can be applied to various wind-pollinated plants to estimate both potential and integrated pollen deposition.
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INTRODUCTION

The safety and impact on the environment of transgenic
crops are important issues. Losey et al. (1999) first sug-
gested that pollen from transgenic Bt (Bacillus thuring-
iensis) corn (Zea mays L.) might kill nontarget insects, a
potentially significant problem. For example, Hellmich
et al. (2001) conducted laboratory tests to establish the
relative toxicity of Bt toxins and pollen from Bt corn to
monarch butterfly larvae and showed that transgenic corn
pollen from event 176 hybrids affected monarch larvae
consistently. Zangerl et al. (2001) clarified that event
selection was important for reducing the environmental
impact of transgenic plants. Much research on pollen dis-
persal has been undertaken from many biological per-
spectives: genetic purity and pollination biology (e.g.,
Morris et al., 1994; Young and Schmitt, 1995), pale-
oecology and phytopathology (e.g., Jackson and Lyford,
1999; Roche et al., 1995), and allergology (e.g., Asero,

2002; Kawashima and Takahashi, 1995, 2000). Gene
flow in wind-pollinated crops has been studied in corn
(Tufto et al., 1997) and oilseed rape (Paul et al., 1995;
Timmons et al., 1995).

There are two ways to measure pollen dispersal, by
direct count of airborne pollen (e.g., McCartney and Lacey,
1991; Raynor et al., 1972a, 1972b) and by gene flow
(e.g., Manasse, 1992; Nurminiemi et al., 1998; Paul et al.,
1995). Similarly, pollen dispersal can be modeled in two
ways. The empirical approach determines mathematical
functions and parameters by fitting observed pollen data.
The second approach estimates pollen dispersal by using
a mechanistic dispersal model. Because mechanistic mod-
els require that many parameters be measured, and because
they are hard to fit to observed results, quasi-mechanistic
models using dispersal kernels have been proposed
(Klein et al., 2003; Tufto et al., 1997). The simple model
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for estimating pollen deposition presented here merges
wind effects and flowering phenology by using quasi-
mechanistic equations.

Raynor et al. (1972a) compared the dispersal of corn
pollen, which has a large grain size, with that of pollens
with a smaller grain size. Because of its large grain size,
corn pollen falls faster than other types of pollen and
lands predominantly near the source. In their study, the
concentration of pollen on the ground 60 m leeward from
the source dropped to 1% of that 1 m leeward from the
source, and the amount of pollen measured in the air 60 m
leeward from the source was 5% of that 1 m leeward. The
mean deposition speed of the pollen was 33 cm.s–1.
Paterniani and Stort (1974) estimated the pollen dispersal
from cornfields of varying sizes and demonstrated that
50% of the dispersal kernels on an individual plant could
result from pollen sources within 12 m.

Pollen dispersal from plants other than corn has also
been studied. Raynor et al. (1972b) studied dispersal over
relatively short distances by investigating experimentally
the process of dispersal and deposition of pollen from
timothy (Phleum pratense L.) and determining the rela-
tionship between distance from the source and dispersal.
Raynor et al. (1973) also measured pollen dispersal from
point and line sources to demonstrate the relationship
between distance from the source and pollen concentra-
tion or deposition rate. Price and Moore (1984) found that
a large amount of pollen falls at the center of plateaus,
where winds converge, in landscapes where wind from
valleys surrounding the plateaus blows upward. Giddings
et al. (1997) measured pollen dispersion from perennial
ryegrass (Lolium perenne L.) and showed that pollen dis-
persal is greatly affected by wind direction.

Although many studies measure field-scale pollen
dispersion, few have examined pollen dispersal in rela-
tion to both the timing of flowering intensity and wind
conditions. Thus, we measured both deposited pollen and
meteorological conditions simultaneously throughout the
flowering period of a cornfield and tabulated and ana-
lyzed the observed values. The environmental effect of
pollen from plants such as Bt corn depends on the extent
of total deposition leeward of the source. The amount of
pollen deposition is expected be highest when wind speed
is high enough for pollen emission and the wind direction
is constant throughout the flowering period. We call this
hypothetical value, which constitutes the measure of
exposure to possible risk, ‘potential pollen deposition’.
To measure this process, deposition under various wind
directions and wind speeds must be predicted. Therefore,
we developed an assessment method for calculating pol-
len deposition that takes into account both wind condi-

tions and the flowering characteristics of the plants emit-
ting the pollen. This model was then used to predict daily
potential deposition and to determine the relationship
between distance from a cornfield and the amount of pos-
sible pollen deposition.

RESULTS

Pollen dispersal and deposition

The variation in the airborne pollen count over time is
shown in Figure 1. The pollen count was particularly high
at Point C, the closest leeward point of pollen observation.
It peaked 1 week after dispersal began, and then rapidly
dropped over the 4 days that followed. Dispersal
continued to be observed 12 days after the peak despite
the low count during the latter half of the dispersal period.
When the change in dispersed pollen count according to
distance from the cornfield was surveyed, the count was
found to be greatest at C on almost all days, and the next
largest amounts were obtained at A and B, in that order.
At the points outside the cornfield, the counts decreased
rapidly at the points closer to the cornfield and decreased
slowly at the points far from the cornfield.

The variation in the deposited pollen count over time
is shown in Figure 2. Deposited pollen increased and
decreased in a pattern similar to that of the dispersed pol-
len. The daily changes at A and B inside the cornfield and
at C near the cornfield were similar. On the peak day, the
daily deposited pollen count in and near the cornfield
exceeded 1000 grains.cm–2. Subsequently, the count
tended to be greatest at C. We attribute the decrease on
4 August to the precipitation that fell during the previous
night; the deposited count was lower than the dispersed
pollen count because the slide for the former was directly
exposed to the rain (see Materials and methods). When
the change in the deposited pollen count according to dis-
tance from the cornfield was surveyed, we found that par-
ticularly high counts occurred at A, B, and C on most
days.

Meteorological conditions

The variations with time of the wind speed at 4 heights
above the ground are shown in Figure 3A. The mean
wind speed during the observation period was 2.1 m.s–1

at 4 m above the ground. It ranged from 1.5 to 2.0 m.s–1

at the beginning and during the latter half of the period,
but a strong wind of nearly 3.0 m.s–1 prevailed during the
6-day period from 27 July to 1 August. The mean wind
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Figure 1. Variation in airborne pollen between 25 July and 12 August. Pollen dispersal peaked 1 week after the start of flowering
and continued for 12 days thereafter. A and B correspond to the sampler locations within the cornfield. C, N10, N20, N30, N40,
and N50 correspond to the sampler locations outside and leeward of the cornfield (Fig. 7).

Figure 2. Variation in deposited pollen between 25 July and 12 August. Large numbers of pollen grains were recorded within and
near the border of the cornfield. A and B correspond to the sampler locations within the cornfield. C, N10, N20, N30, N40, and
N50 correspond to the sampler locations outside and leeward of the cornfield (Fig. 7).
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speed during the experiment differed little from the mean
wind speed, 2.4 m.s–1, measured during corresponding
periods from 1990 to 1999 by an instrument 6 m above
the ground at Tateno, Tsukuba, near the site of the exper-
iment.

The daily variation of the wind direction at 4 m above
the ground is shown in Figure 3B. The first half of the
observation period was characterized by a very stable
southern wind, which on 3 August began shifting gradu-
ally to become easterly. A southeastern wind prevailed

Figure 3. Daily variation in wind conditions. (A) Wind speed measured at 4 heights above the ground. (B) Wind direction
measured at 4 m above the ground.
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during the latter half of the period. At Tateno during the
same period during 1990–1999, the average wind direc-
tion was southeast. Therefore, as with wind speed, wind
direction during the experiment was similar to average
conditions for recent years. The stable southern wind dur-
ing the first half of the experiment was very favorable in
terms of the positioning the experimental field and pollen
samplers. It was also advantageous to our analysis of the
effect of wind on pollen deposition that the experiment
was performed during a period of stable strong southerly
wind followed by a period with gradually shifting wind
direction.

The mean daily temperature throughout the experi-
ment was about 28 °C, with hot days prevailing. The first
half of the experimental period was slightly warmer than
the latter half, and the temperature on 27 July was partic-
ularly high at 29.6 °C. The temperature on 10 August,
conversely, was particularly low for the period at 26 °C.
The relative humidity ranged from 70% to 80% and
changed inversely over time in relation to the temperature
change. The relative humidity on 10 August was a partic-
ularly high 93%. The amount of solar radiation was
above 18 MJ.m–2 on all days other than 10 August. There
was a particularly high amount of solar radiation, above
26 MJ.m–2, during a sunny 5-day period from 29 July to
2 August. Precipitation was noted on 4 and 10 August.
The precipitation on 4 August was concentrated in the
night and was therefore considered to have little effect on
the pollen dispersal.

Pollen deposition estimation model

When considering the effects of pollen on the environ-
ment, it is important to estimate the total deposition when
wind conditions are favorable to pollen dispersal and
concentrated deposition throughout the flowering period.
High wind speeds favor pollen emission, and a stable
wind direction leads to concentrated deposition leeward
of a field. Actual deposition is affected by the wind speed
and direction. Therefore, we developed a model that fac-
tors in the effects of wind on the deposited pollen counts
leeward of the pollen source. This model allows the user
to predict leeward deposition in the event of changes in
wind speed and direction. The premises and assumptions
for the model for estimating daily pollen deposition on
the leeward side are as follows:
(1) The pollen measurements used were the daily totals of

the deposited pollen counts obtained at the 6 measure-
ment points leeward of the cornfield (1, 10, 20, 30, 40,
and 50 m from the cornfield). The daily total counts
of 6 points were used as the target variable.

(2) The period when the male flowers of any individual
corn plant became elongated and capable of releasing
pollen is about 1 week, but the flowering period of a
cornfield as a whole is longer owing to disparities in
the growth of individual plants. We refer to the num-
ber of flowering plants as the flowering strength of the
cornfield, and we approximate the change in flowe-
ring strength over time by a parabolic curve.

(3) The number of deposited pollen grains is proportional
to the flowering strength.

(4) The number of deposited pollen grains is proportional
to the wind speed.

(5) The number of deposited pollen grains decreases in
proportion to the absolute value of the difference
between the wind direction and the direction of the
center axis connecting the pollen sampling points
with the cornfield. A southerly wind (8 on an azimuth
scale with 16 divisions) blows parallel to the center
axis, and an easterly or westerly wind (4 or 12 on an
azimuth scale with 16 divisions) blows perpendicular
to the center axis.

(6) There were few visibly flowering individuals among
the population on 25 July, the day on which pollen was
observed for the first time. The flowering strength of
the cornfield as a whole on 24 July was therefore taken
to be zero.
These premises and assumptions are represented by

the following equations:

P = a Sp Ws (1 – d Wdd) + e (1)

Sp = b t2 + c t (2)

where P is deposited pollen count (grains.cm–2.day–1),
Sp is the flowering strength of the cornfield as a whole
(number of individual plants), Ws is the wind speed (m.s–1),
and Wdd is the absolute value of difference between the
wind direction and the direction of the center axis
(degree). Wind speed and wind direction are both daily
averaged values, t is the day number, and a, b, c, d, and e
are constants.

Application of the model to observed data

Expanding on and reformulating equations (1) and (2)
gives

P = C1 Wdd Ws t
2 + C2 Wdd Ws t + C3 Ws t

2 + C4 Ws t + C0.
(3)

Multiple regression analysis based on the observed data
was performed with P as the target variable to calculate
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the 5 coefficients (C0, C1, C2, C3, and C4). The target
variable P was the daily total deposited pollen count at
the leeward sampling points (C, N10, N20, N30, N40,
and N50). There were thus 19 cases (19 days), the multi-
ple correlation coefficient R was 0.984, and the coeffi-
cient of determination (contribution ratio) R2 was 0.968.
The coefficient of determination R2 adjusted by the
degrees of freedom was 0.896, and the standard error was
126. In order to assess the adaptability of the model, pol-
len deposition was then estimated using equation (3) with
the observed wind speeds and wind directions and the
calculated coefficients. Figure 4 shows the relationship
between observed and estimated pollen deposition. This
simple model explains about 90% of the variation in the
observed pollen deposition by using the wind conditions.
The daily variation in the number of observed and estima-
ted pollen grains is shown in Figure 5. This model
explains well the general variation over time in pollen
deposition in the leeward direction.

Prediction of potential pollen deposition

During the first half of the observation period, both wind
speed and direction were well suited for pollen emission
and concentrated deposition, but during the latter half, the

wind speed slowed slightly and the wind direction drifted
gradually toward the east. For the environmental assess-
ment of total pollen deposition, it is important to estimate
potential pollen deposition, that is, deposition under ideal
conditions. Potential deposition occurs leeward of the

Figure 5. Daily variation in observed and estimated pollen deposition. Black squares with a solid line show observed pollen
deposition; white squares with a dashed line show estimated pollen deposition using the observed wind conditions; and white
squares with a solid line show the estimated potential deposition under ideal wind conditions.

Figure 4. Relationship between the observed and estimated
pollen deposition. The adjusted contribution ratio, R2, is 0.90.
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pollen source when a strong wind blows continuously
and the wind direction is constant throughout the flower-
ing period of the plant community. The wind speed must
be reasonable in relation to the meteorological statistics
in the area of interest.

A review of past meteorological data for the Kannon-
dai area of Tsukuba city, where the experiment was con-
ducted, revealed that a mean wind speed of 3 m.s–1 or
above for the period from the last third of July to the first
third of August was observed only once in 20 years.
Using the regression equation (3), we estimated the
potential deposition at the 6 leeward points by assuming
a constant south wind and a daily mean wind speed of
3 m.s–1. The obtained values were the daily potential
depositions of pollen on the leeward side of the field. The
estimated potential deposition over the days of the exper-
iment is shown in Figure 5. The shape of the curve
reflects the assumption that the flowering strength of the
cornfield is approximated by a parabolic curve. The max-
imum potential deposition occurs a few days after the
maximum observed deposition. Observed pollen deposi-
tion during the latter half of the field experiment was
greatly reduced by varying wind direction and speed.

Change in integrated potential deposition 
of pollen with distance from the cornfield

The model above is used to study the relationship
between distance from the cornfield and potential deposi-
tion of corn pollen. The integrated potential deposition,
determined at each observation point by integrating the
daily potential deposition over the entire flowering
period, serves as an index for determining exposure to
possible risk when the extent of the pollen effect is con-
sidered. We discuss its change with increasing distance
from the cornfield.

The relationship between the daily pollen deposition
at each leeward point and that at point C was investigated.
The results are shown in Table 1. Each relationship was
linear (P < 0.0001). The regression parameters are statis-
tically constant. Thus, the normalized decreasing pattern
of pollen deposition with distance from the cornfield did
not vary from day to day, and the pattern can be repre-
sented by the integrated deposition at each observation
point.

The ratio of total potential deposition (the sum of
daily potential deposition values over the entire period,
shown in Figure 5) to the total measured deposition (the
sum of the measured deposition values over the entire
period, shown in Figure 5) was 2.0. Thus, the measured
deposition at each measurement point over the entire

flowering period can be doubled to estimate the inte-
grated potential deposition at each measurement point.
Figure 6 shows the change in the integrated potential dep-
osition of pollen with distance from the cornfield. The
relationship between integrated potential deposition (y;
grains.cm–2) and the distance leeward from the cornfield
(x; m) was fitted to an exponential function, which
includes a third-order polynomial, as follows:

  y = 14 791 exp(–0.158x + 0.00275x2 – 0.0000183x3).
(4)

Table 1. Results of the regression analysis of daily pollen
deposition at each point against that at point C. The second
column contains the coefficient of determination, R2, adjusted
by the degrees of freedom. In the third through sixth columns,
the regression coefficients (slopes and intercepts) are listed
with standard errors (SE).

Pollen sampling Adjusted Regression coefficients

point R2 Slope SE Intercepts SE

N10 0.92*** 0.294 ± 0.021 −11.4 ±11.8

N20 0.88*** 0.126 ± 0.011 −7.1 ±6.4

N30 0.89*** 0.073 ± 0.006 −4.0 ±3.6

N40 0.86*** 0.052 ± 0.005 −2.7 ±2.8

N50 0.90*** 0.041 ± 0.003 −2.1 ±1.9

*** P < 0.0001.

Figure 6. Change in the integrated potential pollen deposition
with distance from the cornfield. White squares and error bars
show the estimated values and three times the standard error.
The curve is the fitted exponential function, which includes a
third-order polynomial.
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Although this relation might also be explained by other
similar functions, it is generally preferable to express the
relationship between distance and pollen count by an
equation having as few parameters as possible. In this
case, however, pollen deposition data was given top prio-
rity, and equation (4) was therefore chosen so that such
data could be interpolated with high accuracy. Using this
curve, the integrated potential deposition can be estima-
ted at any given distance from the cornfield.

DISCUSSION AND CONCLUSION

Dispersed and deposited pollen counts were measured
along with meteorological conditions both in and leeward
of a cornfield throughout the flowering period. The corn-
field was 40 m wide × 90 m long, and the prevailing wind
blew perpendicular to the long side. The numbers of dis-
persed and deposited pollen grains decreased exponenti-
ally with increasing distance from the cornfield on every
day of the experiment. A relatively simple quasi-mecha-
nistic model based on the observed data and analysis of
the relationship between wind conditions and the deposi-
ted pollen count was developed to estimate daily total
deposition leeward of the cornfield. The environmental
risk zone near the cornfield was determined by conside-
ring the relationship between distance from the cornfield
and integrated potential deposition determined by using
the model together with pollen deposition concentrations
found to be effective in an insect development experi-
ment (Hellmich et al., 2001; Sears et al., 2001). Taking
the field discussed in this report as an example, the safe
range would begin 10 m away from the field if a total pol-
len deposition value of up to 4000 grains.cm–2 was not
problematic. For values of 2000, 1000, or 500 grains.cm–2,
the safe zone would begin 20, 30, or 55 m from the boun-
dary of the field, respectively.

The algorithm presented here can be used to estimate
the daily potential deposition and integrated potential
deposition of pollen from a variety of plants. A summary
of the procedure to be used follows:
(1) Measure the deposited pollen count throughout the

flowering period at several observation points
leeward of the source field with respect to the pre-
vailing wind. In addition, record meteorological con-
ditions: wind speed, wind direction, air temperature,
and humidity.

(2) Estimate the flowering period for the whole field
from observations of flowering conditions and the
deposited pollen count.

(3) Estimate the model parameters by substituting the
observed data into the model developed in this report.

(4) Determine a reasonable high wind speed from past
wind speed records for the flowering period of the
plant in question in the area under consideration. As
this is a matter of probability, for example, select the
high wind speed that would be expected to blow con-
tinuously during the period only once in 20 years.

(5) Estimate the daily potential deposition by assuming a
reasonable high wind speed with invariant wind
direction.

(6) Calculate the total potential deposition, that is, poten-
tial deposition summed over the entire flowering
period; and the total measured deposition, that is, the
measured deposition summed over the entire flowe-
ring period; and the ratio between the two.

(7) Multiply the ratio determined in the previous step by
the total measured deposition at each measurement
point over the entire flowering period to estimate the
integrated potential deposition at each measurement
point.
Once customized, this model can be used to estimate

the relationship between distance from the field and the
integrated potential deposition of target pollen in the
applicable area in view of the wind characteristics in the
area, as long as the kind of crop and the size of the source
field remain unchanged.

In the algorithm presented here, the effect of field size
is reflected through the measured pollen count values.
We hope to treat that effect as a variable of the model in
the future. Further experiments must be performed and
mechanistic simulations must be used in order to deter-
mine how the deposited pollen count leeward of a field
varies as the size of the field changes. However, research
on contaminant diffusion (Arya, 1999) suggests the fol-
lowing. Airborne pollen concentrations should increase
in areas near the leeward boundary of a field when the
dimension of the field parallel to the wind direction
increases, but a doubling of that dimension does not
cause a doubling of the airborne pollen concentration.
The airborne pollen concentration at a point near the lee-
ward boundary of a field would be little affected by an
increase in the dimension of the field perpendicular to the
direction of the wind. For the first 100 m from the field
boundary, for example, an increase or decrease in the
dimension perpendicular to the wind direction would
result in little increase or decrease in the airborne pollen
concentration in the area under consideration. In the
model, the effect of field size can be incorporated into
parameter Sp. This parameter will also be affected by wet
deposition by precipitation. The algorithm and parame-
ters of our model could be improved by considering fur-
ther the effects of field size and precipitation. In addition,
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to construct a mechanistic model able to predict gene
flow, it would be necessary to determine the actual depo-
sition rate on the surfaces of target plants. Although there
is merit in the present quasi-mechanistic model, it is a
long way from being able to predict the levels of gene
flow that might be expected to result from pollen disper-
sal.

To estimate the maximum possible deposition of the
target pollen, all directions from the source field must be
taken into account. Deposition of pollen to the leeward
will continue as long as the wind continues to blow. In
this report, the relationship between the distance from the
field and deposition of pollen was considered with
respect to the direction of the prevailing wind. However,
in actuality, the spatial distribution of pollen deposition
must be assessed over the area leeward of the field. This
issue must be addressed through simulations and further
field experiments. In addition, large volumes of pollen
count data are needed to construct more accurate models,
but the collection of such data is very labor intensive. The
development of a method capable of easily and quickly
measuring airborne pollen amounts is a key task for the
future.

MATERIALS AND METHODS

Experimental field

We collected meteorological data and biological data
from a field experiment to use for modeling deposition of
pollen from a corn field. The field observations were
made at the National Institute for Agro-Environmental
Sciences at Kannondai, Tsukuba city, Japan. Figure 7
shows the arrangement of the measuring instruments at
the study site. Typical data suitable for the analysis was
obtained during a 19-day period from 25 July to
12 August 1999. White dent corn was sown on 25 May
1999 in the source field, which measured 3600 m2 in
area. The plot was 40 m wide and 90 m long, and the
prevailing wind direction was perpendicular to the length.
The mean plant height over the period of observation was
3.1 m, the density of individual plants with male flower
spikes was 536 plants per 100 m2, and the estimated total
number of corn plants in the plot was 19 460. The density
of plants in the plot was within the range of normal plant
density in corn plots (370–550 plants per 100 m2;
Hoshikawa, 1989). The observations were made during a
period of fine weather with stable southerly prevailing
winds following the Japanese rainy season. The leeward
field (Fig. 7) north of the experimental cornfield was

planted with soybeans, which at the time of the
experiment were in an early stage of development. No
other flowering corn was growing near the experimental
field during the experimental period. White dent corn
pollen is spherical with a grain diameter of approximately
100 µm.

Pollen measurement

Durham pollen samplers (Durham, 1946) were placed in
2 locations (A and B) within the cornfield and in 6 loca-
tions (C, N10, N20, N30, N40, and N50) outside and
leeward of the cornfield (Fig. 7). Microscope slides (76 ×
26 mm2) on which vaseline had been thinly spread were
attached to each sampler at heights of 120 and 125 cm
above the ground. The slides at 120 cm, the height nor-
mally used to measure airborne pollen counts, were pla-
ced between upper and lower metal disks. The pollen
count measured at this height was defined as the airborne
pollen count. The slides positioned 125 cm above the
ground, on the other hand, were placed in the center of the
upper surface of the upper metal disk. Because that posi-
tion is exposed to rain, slides are not generally placed
there, but we chose to obtain measurements at this posi-
tion as well in order to estimate pollen deposition on the

Figure 7. Arrangement of the measuring instruments at the
study site. •: Pollen observation points with Durham samplers.
*: Meteorological observation points.
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leaf surfaces of plants. The pollen count on the exposed
slides was thus defined as the deposited pollen count.
Fortunately, little rain fell during the experimental
period.

The slides were replaced every morning at around
10:00 a.m. The pollen on the slides was stained with
Carberla’s solution and covered with an 18 × 18 mm
cover slip. All pollen under the cover slip was subse-
quently counted under a microscope at 100 to 200×. The
calculated pollen density (grains.cm–2) was used for the
analysis.

The pollen counts obtained from the slides were tab-
ulated on a per-day basis. The pollen data obtained from
the protected slides attached to the Durham samplers at
120 cm height, referred to as the airborne pollen count,
were considered to correspond to the amount of pollen
that would be deposited on the surfaces of the inner
leaves of plants. The pollen data obtained from the
exposed slides attached at 125 cm height, referred to as
deposited pollen count, were considered to correspond to
the amount of pollen settling on the upper leaf surfaces of
plants.

Meteorological measurements

Meteorological measurements were taken at Point M1,
about 10 m leeward of the cornfield, and at Point M2,
about 25 m leeward. At Point M1, wind speed was meas-
ured at 3 heights, 1, 2, and 4 m above the ground, wind
direction was measured 4 m above the ground, and air
temperature and humidity were recorded at 1.5 m above
the ground. At Point M2, wind speed and direction were
measured at 0.4 m above the ground. All wind speed and
direction sensors were photoelectric 3-cup anemometers
and photoelectric wind vanes, respectively (Makino
Applied Instruments Inc., Tokyo, Japan). The tempera-
ture and humidity sensor used was a platinum resistance-
type thermometer installed in a ventilated tube. The
measurement data were recorded by a SOLAC III data
logger (EKO Instruments Trading Co., Ltd, Tokyo,
Japan). Meteorological data collected at a meteorological
tower operated by the National Institute for Agro-Envi-
ronmental Sciences, 300 m east of the cornfield, were
used to determine the weather conditions before and after
the period of field observation.
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