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Abstract Horseweed (Conyza canadensis (L.)
Crong.) with evolved herbicide resistance has become
an especially problematic weed in crop production
across the USA and on four continents (North
America, South America, Asia, and Europe). Spread
of herbicide resistance can occur through pollen-
mediated gene flow between resistant and susceptible
horseweed populations. However, there are little
knowledge, preventive guidelines, and mechanism
modeling for pollen transport in this system. We need
to better understand pollen dispersion and deposition
in the context of atmospheric conditions, herbicide-
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resistant horseweed patch size, and buffer crop type,
height, and field size. A mechanistic model is needed
to account for these. A pollen dispersion and deposi-
tion model was calibrated and validated using 2013
experimental field data. The validated model was run
for various combinations of atmospheric conditions,
horseweed characteristics (source strength), and
buffer species and size (pollen can be intercepted by
crop plants). Large fields with crops with a high leaf
area density and tall plants can effectively prevent
pollen dispersion. The information will help provide
guidelines for preventing herbicide resistance spread
from herbicide-resistant weeds and genetically mod-
ified plants in general.

Keywords Herbicide resistance - Horseweed -
Modeling - Pollen dispersion

1 Introduction

Horseweed (Conyza canadensis (L.) Crong.) with
evolved glyphosate resistance (GR) has become an
especially problematic weed in crop production across
the USA. This plant is considered a significant
agricultural weed because it can reduce agricultural
yields by 90% at high densities and becomes prob-
lematic under low-tillage agriculture (Bruce and Kells
1990; Shields et al. 2006). The spread of GR
horseweed has been rapid (through seed dispersion
and pollination), with resistant populations covering
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millions of hectares in maize, soybean, and cotton
fields in the USA (Heap 2014). Horseweed is self-
compatible, with 96% of florets being self-pollinated
(Smisek 1995; Shields et al. 2006). Major horseweed
spread is through seed dispersion. Therefore, horse-
weed gene flow studies have been largely focused on
seed spread (Regehr and Bazzaz 1979; Bruce and
Kells 1990; Dauer et al. 2006a, b, 2009; Henry et al.
2008; Shields et al. 2006; Weaver 2001) instead of
pollen transport, pollination, and outcrossing. Com-
pared to gene flow from pollen outcrossing, GR
horseweed seed dispersion in the air has more GR
spread because each horseweed plant can have
200,000 seeds which can be dispersed to far distances.
For example, horseweed seeds have been found in the
altitude of 68—120 m from horseweed fields (Huang
et al. 2015; Dauer et al. 2009). The seeds will
potentially be carried for hours before descending
(Dauer et al. 2009) and therefore will be transferred
long distances.

Gene flow via the transfer of GR via pollen, in
addition to long-distance seed movement, is troubling
because it could aid in the evolution of multiple
resistance (Henry et al. 2008). For example, USA
(Delaware, California, Mississippi) and other coun-
tries (e.g., Brazil, Canada) found multiple resistance
horseweed (resistance to chlorimuron-ethyl, glypho-
sate, tribenuron-methyl, and/or paraquat) (Heap
2014). Further, a single outcrossed plant can produce
more than 200,000 seeds (Smisek 1995; Weaver
2001). Therefore, even with 4% outcrossing (96%
self-pollinated), 8000 outcrossed seeds per plant may
be produced. Consequently, it is important to study
horseweed gene flow through pollen dispersion and
outcrossing.

Before outcrossing can occur from GR plants to
species-compatible plants, pollen should be dispersed
from GR plants to species-compatible plants (to
fertilize ovules). Only if there is viable GR pollen
dispersed, potential outcrossing may occur. The
outcrossing ratio is calculated as the total outcrossed
seed number divided by the total seed number of a
plant (Wang et al. 2006). Suppose the outcrossed seeds
matured; a percentage of matured seeds can be viable
and can germinate. Part of the germinated plants will
survive and finally mature. Therefore, from pollina-
tion to a new outcrossed mature plant involves several
steps: pollen dispersion, outcrossing, seed survival,
germination, and plant survival. To estimate the final
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number of surviving plants, researchers will need the
information of the seed number per plant, dispersed
and deposited pollen amount, outcrossing ratio, seed
survival ratio, germinating ratio, and plant survival
ratio. This paper will focus on the research of pollen
dispersion and deposition.

Previous gene flow studies have been mainly
focused on six major annual crop species. They are
oilseed rape (Brassica napus), sugar beet (Beta
vulguris), potato (Solanum tuberosum), maize (Zea
mays), wheat (Triticum aestivum), and barley (Hor-
deum vulgare) (Becker et al. 1992; Lavigne et al.
1998; Kausch et al. 2010). Gene flow studies have also
been conducted with transgenic perennial grasses,
weeds, trees, and other plants (Loveless and Hamrick
1984; Motten and Antonovics 1992; Wipff and Fricker
2001; Belanger et al. 2003; Austerlitz et al. 2004;
Watrud et al. 2004; Reichman et al. 2006; Bae et al.
2008; Huang et al., 2015; Ye et al. 2016).

However, there are little knowledge, preventive
guidelines, and mechanism modeling with regard to
dynamic pollen dispersion, deposition (especially on
flowers), and outcrossing for GR horseweed. In
particular, little information is available on the rela-
tionship of pollen movement with atmospheric condi-
tions (wind speed, direction, wind variability, and
atmospheric stability), buffer plant type, height, size,
pollen size, and GR horseweed patch size.

Spatial and temporal extrapolation of pollen move-
ment measurements is most efficient using numerical
models (Wang and Yang 2010). The most useful
models for pollen movement will be those that can be
used to dynamically predict pollen transport from
individual locations and ultimately the proportion of
the source plant pollen that fertilizes ovules at a given
distance, which can then be scaled up to landscapes
and regions.

Various empirical models have been used to depict
pollen dispersal in horizontal or vertical planes
(Wright 1943; Haldane 1948; Levin and Kerster
1974; Fitt et al. 1987; McCartney 1994; Kareiva
et al. 2008). Yet these descriptive models do not have
the power to analyze the effects of controlling factors,
should not be extrapolated outside the observation
range, and cannot simulate or predict the dynamics of
the dispersal process (Emberlin et al. 1999).

Some mechanic models of atmospheric transport
are quite well developed for simulating transport
processes in and above vegetation canopies (Aylor
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1982; Aylor and Ferrandino 1989; Okubo and Levin
1989; Yang et al. 1991; Raupach 1993; Tufto et al.
1997; Raupach and Briggs 1998; Aylor and Flesch
2001; Klein et al. 2003; Wang and Yang 2010).
Transport models can be broadly classified as
Lagrangian or Eulerian based on the type of reference
frame used for formulation (Shirolkar et al. 1996). The
application of Eulerian models for estimating scalar
transfer by turbulence within and above plant canopies
has been limited by the inability to treat the dispersion
of material from nearby sources well. Lagrangian
models do not suffer from this deficiency since they
can consider the diffusion of materials from both
nearby and far away sources explicitly (Van den Hurk
and Baldocchi 1990). There were researchers who
used Lagrangian models to simulate weed seed
dispersion (e.g., Tackenberg 2003). These Lagrangian
models provided reasonable simulations. These mod-
els simulated better with a seed settling
speed > 0.15 m/s than that with a settling speed
<0.15 m/s (settling speed is the downward motion
speed of a particle in still air; Aylor 2002). Because the
settling speed of horseweed pollen is 0.019 m/s
(<0.15 m/s) of a 21 um diameter, these models are
not good choices for horseweed pollen dispersion.
Settling speed was calculated based on Stokes law (De
Visscher 2013), pollen density (1218 kg/m®) (Sos-
noskie et al. 2009), and density and viscosity of air
(0.00001511 kg/ms and 1.205 kg/m*). The Lagran-
gian model in Wang and Yang (2010) simulated corn
pollen dispersion with acceptable accuracy. This
model can be adapted for horseweed pollen dispersion
by changing the corn pollen settling speed to horse-
weed’s and changing other parameters.

After the simulation of the pollen transport, the
outcrossing ratio should be calculated based on the
transported pollen amount. Researchers (Henry et al.
2008) found that the GR to glyphosate-susceptible
(GS) horseweed outcrossing ratio was 4% when paired
plants were grown next to one another. Outcrossing
ratio is linearly related to a total pollen vertical flux
(pollen grains/mz) (Wang et al. 2006). Therefore, the
relationship of outcrossing ratio to the pollen flux can
be deduced if both data sets (outcrossing ratio and
flux) are known.

The objectives of our study were to modify,
calibrate, and validate a Lagrangian model developed
by Wang and Yang (2010) for GR horseweed. The
model will be used for GR horseweed pollen transport

simulation and then run the model to determine pollen
transport under different atmospheric conditions,
buffer plant type, height and size, pollen size, and
GR horseweed patch size. This paper is not a genetic
study and thus is attempting to provide the pollen
dispersal modeling component that could aid in a
genetic analysis of gene flow.

2 Materials and methods

Field experiments of horseweed pollen (Huang et al.
2015; Ye et al. 2016) and seed emission and dispersion
have been conducted. The Lagrangian model and
online tool for pollen dispersion and the model for
seed dispersion have been developed.

2.1 Experiments

To calibrate and validate the Lagrangian model,
experiments of GR horseweed pollen emission and
dispersion were conducted at the University of Ten-
nessee, Knoxville (latitude: 35°53'46.57"N; longi-
tude: 83°57’35.99"W; elevation: 250 m). The
sampling time period was during horseweed pollina-
tion season from August 5, 2013, to September 27,
2013 (Fig. 1a,b). Source plants were GR horseweed in
a circular field with a diameter of 6 m. The density was
4 plants/m*. The mean plant height was 1.3 m. The
atmospheric conditions for model inputs were mea-
sured using an anemometer at the height of 2.6 m in
the center of the field (CSAT3, Campbell Sci, Utah,
USA). The atmospheric conditions were measured at a
frequency of 10 Hz and were processed to 15-min
intervals following Wang and Yang (2010). During
the sampling periods, the average (all the 15-min data)
u* (friction velocity) was 0.15 £ 0.05 m/s (ranged
from 0.04 to 0.44 m/s); mean wind direction was
223 4+ 55° (ranged from 1° to 346°); and mean L
(Monin—Obukhov length) was —0.1 & 15 m (ranged
from —55 to 317 m).

In pollen dispersal experiments, pollen concentra-
tion (pollen grains/m®) was measured using columns
of Rotorod samplers (Model 20, Sampling Technolo-
gies, Inc., MN, USA) in the downwind sampling line.
One column of Rotorod samplers was located in the
center of the source to measure pollen concentration at
different heights (Fig. la). Combining with wind
speed measurements, the horizontal flux (pollen
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grains/m?/s) profiles of source production and release
can be obtained. There were five Rotorod samplers on
the center column. They were at 0.8 m height within
the canopy, 1.3 m at the canopy height, and 2.05, 2.8,
and 3.55 m above the canopy. Other two columns of
Rotorod samplers were set up in the prevailing wind

(a)

direction at 1 and 4 m from the source edge. Four
Rotorod samplers on each of the two columns were at
0.8, 1.3, 2.05, and 3.05 m heights. A total of 15
Rotorod samplers were used in the experiments.
Microscope slides (2.5 cm x 7.5 cm) covered with
silicon grease (Sampling Technologies, Inc., MN,

-T- 1
0.75m
—— Y T 7
0.75m 1.0m T- 5
T+ -+
0.75m 0.75m
—— —— 2.6m e
0.5m 0.5m !
__7%8 __95 . ! 1.3m
.8m 0.8m | I |
o e 0.5m e oV
O Rotorod pole O Rotorod pole A Slide pole @ Anemometer Horseweed

(3.55m) (3.05m)

plant

Fig. 1 a Schematic sketch of experimental setup. Locations of the sampling poles in the field (top) and vertical positions of the
samplers on the poles (bottom). b. Windrose during the sampling periods
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Fig. 1 continued (b)

USA) were used to measure the deposition flux density
(pollen grains/m%/s) at 0.5 m heights along the
Rotorod sampling line direction. The details of the
experimental setup are provided in Fig. la. A total of
15 slide sampling points were used in the experiments.

Pollen concentration and deposition sampling were
conducted throughout the pollination season. Each
sampling period for the collectors was 2—3-h intervals
during each day from 9:00 to 19:30, i.e., each sampling
was conducted continuously 2-3 h. Timers on the
Rotorod samplers were used to provide different
intermittent samplings, as determined by the capacity
of the Rotorod samplers to avoid being overloaded.
New, fresh sampling rods and slides were placed for
each new sampling period.

Pollen concentration, deposition, source strength,
and atmospheric parameters during each experimental
period were obtained following Wang and Yang
(2010).

There were a total of 34 sampling periods with
greater than O pollen grains/plant/s source strength.
The concentration at the 0.8 m height and deposition
flux density at the 0.5 m height at the Rotorod pole
locations during the first 17 periods were used to

............

NORTH ™ ™">~-_

60

Deposition (grains/m?2/s)

0 50 100 150 200 250

Concentration (grains/m?3)

Fig. 2 Deposition velocity calibration (ratio of deposition
divided by concentration) using half of the experimental data
(first 17 sets of 34 experimental periods). r is the correlation
coefficient of the simulated and the measured data (P < 0.001)

calibrate the deposition velocity (0.26 m/s, the slope)
(Fig. 2). Because there were multiple sampling points
during each period, the number of data points in Fig. 2
is more than 17. Deposition velocity is defined as the
ratio of deposition flux density at a height to the
corresponding concentration. The term is used to
calculate deposition flux density if concentration is
given (Lin et al. 1994). The remaining data were used
to validate the model.
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2.2 Lagrangian model

The Lagrangian model in Wang and Yang (2010) was
used to simulate horseweed pollen dispersion. The
random flight of each pollen particle is simulated in a
sequence of short time steps, during each of which the
particle moves:

dx = [iz + u]dt, dy = vdr,dz = (w — vy)dt

where # is the mean alongwind velocity at the present
height of the particle; u, v, and w are the alongwind,
crosswind, and vertical turbulent velocities; and vg is
the settling velocity of the pollen grain (0.019 m/s for
horseweed pollen of a 21 um diameter, settling speed
was calculated based on Stokes law (De Visscher
2013) and pollen density (Aylor 2002). The velocity
fluctuations have been formulated in a Markov chain
approach based on inputs of u* (the friction velocity,
m/s), wind direction (degree), and L (the Monin—
Obukhov length, m). The pollen release height was
evenly distributed from 0.5 to 1.3 m. The simulated
instantaneous concentration (pollen grain/m’) at a
location is calculated as the number of pollen grains in
a unit air volume at that location and time. The
instantaneous concentration is the concentration at a
time, and the time interval is 0.1 s or shorter (when
dr < 0.1 s). Timing for meteorological and biological
simulations was matched during each time step,
dr. The average concentration during an averaging
time period is the average of all the instantaneous
concentrations over that time period.

Pollen grains intercepted by plants (horseweed and
coexisting crop plants) were determined by the
probability that a pollen grain was intercepted by
aerial, vegetative organs of plants (stems and leaves)
during a time step based on the canopy horizontal and
vertical projection of element area density and pollen
grain speed, as described in Wang and Yang (2010).
Table 1 lists the plant characteristics used in this

paper.
2.3 Outcrossing

Because the outcrossing ratio is linearly related to a
total pollen vertical flux (pollen grains/m?) (Wang
et al. 2006), the outcrossing ratio of source GR
horseweed to a GS horseweed was estimated to be the
product of 4% (Henry et al. 2008), and the ratio of
seasonal total pollen deposition (pollen grains/m?) at
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Table 1 Canopy characteristics of horseweed, corn, and
soybean

Level Height (cm) Horseweed

LAD (m*m? Fx Fz Lv(m)

8 114-130 0.000 0.59 0.51 0.003
7 98-114 0.000 0.59 0.51 0.003
6 81-98 0.044 0.59 0.51 0.005
5 65-81 0.044 0.59 0.51 0.005
4 49-65 0.044 0.59 0.51 0.004
3 3349 0.044 0.00 1.00 0.004
2 16-33 0.032 0.00 1.00 0.002
1 0-16 0.032 0.00 1.00 0.002
Level Height (cm)  Soybean

LAD Fx Fz LAD

(m*/m?) (m*/m?)
8 79-90 0.14 091 042 0.000
7 68-79 7.11 091 042 0.000
6 56-68 7.11 091 042  0.000
5 45-56 7.11 0.71  0.71  0.003
4 34-45 5.9 0.71  0.71  0.003
3 23-34 5.9 0.71  0.71  0.003
2 11-23 5.9 0.50 0.87 0.003
1 0-11 1.13 0.50 0.87 0.003
Level  Height (cm)  Grain corn

LAD Fx Fz LAD

(m*/m?) (m*/m?)
8 248-283 0.18 0.14 098 0.011
7 212-248 1.15 0.68 0.60 0.038
6 177-212 2.30 0.55 0.69 0.055
5 142-177 2.40 0.75 059 0.046
4 106-142 2.74 0.60 0.65 0.054
3 71-106 1.87 0.52 076  0.052
2 35-71 1.38 0.58 0.69 0.047
1 0-35 0.30 0.58 052 0.037
Level  Height (cm)  Sweet corn

LAD Fx Fz LAD

(m*/m?) (m*/m?)
8 150-171 0.10 0.04 099 0.038
7 128-150 0.82 0.60 0.75 0.075
6 107-128 1.42 0.68 0.70  0.087
5 86-107 1.47 0.78 0.55 0.065
4 64-86 1.30 0.76 056 0.073
3 43-64 1.56 0.71  0.65 0.051
2 21-43 1.20 0.63 0.66 0.046
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Table 1 continued

Level Height (cm) Sweet corn
LAD Fx Fz LAD
(m*/m?) (m*/m?)
1 0-21 0.35 0.59 0.69 0.042

Corn data were from Wang and Yang (2010). Horseweed and
soybean data were measured in this study by sampling four
plants

LAD leaf area density, Fx the proportion of leaf area projection
on horizontal ground, Fz the proportion of leaf area projection
in the vertical direction, Lv the stem average diameter

the GS horseweed to total pollen production (inte-
grated source strength with time over the whole
season, pollen grains/m?: unit converted from pollen
grains/plant based on plant density 4 plants/m?). The
outcrossed seed number at a location (seed/plant) was
estimated to be the product of 200,000 seeds/plant and
the corresponding outcrossing ratio.

2.3.1 Model calibration and validation

The model inputs include the atmospheric and plant
parameters. The atmospheric parameters are friction
velocity, wind direction, and Monin—Obukhov length.
Plant data include leaf area index with height. For
model calibration and validation, the inputs were
measured in the described experiments for each
measurement period.

The parameters of pollen settling speed and deposi-
tion velocity should be determined. The pollen settling
speed was determined as 0.019 m/s from Stokes law (De
Visscher 2013) and pollen density (Sosnoskie et al.
2009), as aforementioned. The deposition velocity was
calibrated by experimental data (Fig. 2).

2.4 Model application

After validation, the model was applied to predict
effects of source strength, horseweed patch size, buffer

plant type and size, and the atmospheric parameters on
pollen dispersion and outcrossing from GR horseweeds.

The default parameters are listed in Table 2.
Typical noon-time atmospheric parameters (u* and
L) were used for atmospheric inputs. Measured
average source strength was used as the default source
strength. The default patch size of the horseweed was
I-m-radius circle area that contained 13 horseweed
plants (4 plants/m?). The default buffer (surrounding
crop field) was uncultivated ground with various
herbaceous plants which was periodically mowed.

The model was also used to simulate potential gene
flow with various horseweed patch sizes (0.2-100 m),
source strengths (0.2-83.3 pollen grains/plant/s), buffer
plants, buffer sizes (0-200 m), wind strengths (u* from
0.05 to 1.5 m/s), and atmospheric stabilities (L from
—1000 to 1000 m). When the patch size increased, it
affected the wind field. The method in the research
(Wang and Yang 2010) was used to account for the
interference, i.e., to consider the plant height and the
transition change from the source field to other fields.

The domain of the simulations was set by the
distance where the deposition flux density was reduced
to 0.1% of source strength. The total simulation period
for each scenario ranged from 15 to 120 min corre-
sponding to the set domain and aligned pollen survival
period in each simulation.

The model outputs 3-D concentration (pollen
grains/m>), 2-D deposition flux density (pollen
grains/m*/s) at 0.5 m height, and 2-D outcrossing
ratio from the source plant. The deposition output was
accumulated over time for the whole pollination
season. The 1 and 0.1% distances (at which the
predicted pollen deposition flux density was 1 and
0.1% of the source strength, respectively) were
determined along the prevailing wind direction.

For all simulations except for different source sizes,
the total deposition flux (TDF, pollen grains/m?)
during the pollen viable period (2 h, van Hout et al.
2008) was estimated at each prediction location by
multiplying the deposition flux density by 2 h.

Table 2 Default conditions used for simulations of different source field sizes, source strengths, buffer heights, buffer field sizes,

atmospheric conditions, and pollen sizes

u* (m/s) L (m) Source strength (pollen Horseweed patch size: Buffer Pollen settling speed
grains/plant/s) radius (m) (m/s)
0.2 —15 2 Grass land 0.019
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In simulations for different source sizes, the grand
total pollen deposition flux for the whole pollination
season was estimated by multiplying the deposition
flux density by the daily shedding time of 12.5 h
(7:00-19:30) and the pollination season. The daily
shedding time was observed in the pollen dispersion
experiments.

The 1 and 0.1% distances for total deposition flux in
the prevailing wind direction were used as the distance
where the deposition flux density was 1 and 0.1% of
the source strength. Similarly, the 1 and 0.1%
distances in the prevailing wind direction for outcross-
ing ratio are the distances where the outcrossing ratio
was 1 and 0.1%.

3 Results
3.1 Model validation
The model reasonably simulated pollen plumes.

Figure 3 shows a sample output from the model with
u* = 0.1 m/sand L = —1 m. As expected, the pollen

concentration plume height increased with distance,
and pollen concentration decreased with height and
distance; deposition decreased with downwind and
crosswind distances.

Compared with experimental data, the ratio of
simulated to the measured pollen concentration was
0.99 and the correlation coefficient was 0.6 (Fig. 4)
(the intercept was forced to be 0). If the intercept was
not forced to be 0, the intercept was 9.1 grains/m3
representing the model bias and the slope was 0.74
representing the model consistency. The ratio of
simulated to the measured deposition flux density
was 1.29 and the correlation coefficient was 0.4
(Fig. 5) (if the intercept was not forced to be 0, the
intercept was 4.0 grains/m’ representing the model
bias and the slope was 0.81 representing the model
consistency).

3.2 Model application
The model was run to simulate pollen dispersion under

different environmental conditions. With increased
horseweed patch size, the 1 and 0.1% distances

521.08

Mean Hind(E;;?g;}gg)Concentration ?gg:gg

198.22

iz

i:

18 m %zégs
13 3.78
1.84
3 0.68
6 0.00

3

[ 12 24 36 48 60 m

Deposition
(Grains/m2/s)

Fig. 3 One sample output from the model during a noon-time
15-min simulation period, when u* = 0.1 m/s, wind direc-
tion = 0, L = —1 m. The source had a radius of 6 m. The buffer
was grass (0.2 m height). The arrow in the deposition graph
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Model concentration
(grains/m3)

1000

0.1
Measured concentration (grains/m3)

Fig. 4 Simulated versus measured pollen concentration. ris the

correlation coefficient of the simulated and the measured data
(P < 0.001)

100

Simulated deposition
o (grains/m?/s)

0.1
Measured deposition (grains/m?2/s)

Fig. 5 Simulated versus measured pollen deposition flux. r is
the correlation coefficient of the simulated and the measured
data (P < 0.001)

increased (Table 3). If there is only one GR horseweed
plant in a field, it may have 1 and 0.1% deposition
distances at 1 m and 7 m, respectively, which can
potentially produce 80 seeds/plant at 7 m seasonally if
GS horseweed plants there have been outcrossed by
the GR pollen (80 = 4% x 0.1% x 200,000 seeds/-
plant, the calculation method is in Outcrossing section
in Materials and Methods). We therefore conclude that
one horseweed plant is sufficient to enable GR gene
flow. However, because the few GR horseweed plants
have a large amount of GR seeds (200,000 seeds/plant)
and the seeds can be dispersed to far distances (Dauer
et al. 2006b, 2009), the seed dispersal seems to totally
swamp the pollen flow in terms of importance to GR
spread.

The total deposition flux during any period is
linearly related to source strength as shown in Table 4.
When the release rate of pollen is the average source
strength (two pollen grains/plant/s), the total

deposition flux at the 1 and 0.1% distances can be
high (187,200 and 18,720 pollen grains/mz).

With increased wind speed, the average pollen
travel distance increased (Table 5), while the 1 and
0.1% distance decreased. This implies that although
large wind speed can disperse pollen to further
distances, it can dilute pollen concentration and then
decrease deposition density. Large wind speed can
cause large mechanical turbulence (turbulence is
produced by the interference of ground vegetation
and ground surface features), and the large mechanical
turbulence can dilute the pollen concentration and
decrease the deposition also.

The 1 and 0.1% distances of pollen transport
reached a maximum under neutral atmospheric stabil-
ity conditions and generally decreased with distance
from neutral, either from neutral to very unstable or
from neutral to very stable conditions (Table 6).
Under unstable conditions, strong turbulence might
dilute the pollen concentration and then the deposition
by increasing the spread of pollen. Under stable con-
ditions, the pollen can be transported further with little
downward mixing in the more laminar air than under a
neutral condition (with vertical mixing air) and
therefore pollen concentration and deposition are
diluted.

Because there was not much vegetation to intercept
the pollen on relatively open ground with native
grasses, the 1 and 0.1% distances were highest on this
buffer land compared with other buffer plants (soy-
bean, sweet, and grain corn) (Table 7). Although
soybean has shorter stature than corn, its leaf area
density was much larger than corn (Table 1). There-
fore, the 1 and 0.1% distances were smaller in the
soybean buffer field than in the corn field. Although
grain corn was taller (2.83 m) than sweet corn
(1.71 m), the 1 and 0.1% distances were similar in
the two buffer fields. The reason may be that although
taller plants can intercept more pollen, they can
decrease the wind speed more than shorter ones,
resulting in less dilution of the pollen concentration
and deposition. The vertical wind profile is a function
of the distance above the displacement height (dis-
placement height is 65% of the plant height, Wang and
Yang 2010), and the higher the distance, the stronger
the wind speed. Because the lower corn plant has a
lower displacement height, at the same altitude above
the ground surface, the distance is longer at the shorter
corn field than at the taller corn field. Therefore, the
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Table 3 For 1 and 0.1% deposition flux distances simulated
from different size source fields (where the grand total
deposition fluxes were 200,000 and 20,000 pollen grains/m?,

outcrossing ratios were 0.004 and 0.0004, and outcrossed seed
numbers were 800 and 80 seeds/plant, respectively)

Source radius (m) Plant number

1% distance (m) 0.1% distance (m)

0.28 1
1 13
5 314
10 1256
20 5024
56 39,388
100 125,600

1 7

13 55
89 255
167 481
300 756
627 1609
891 2057

See Table 2 for the default atmospheric and plant conditions

Table 4 Predicted total deposition flux (TDF, pollen grains/m?) during 2-h period at 1 and 0.1% distances from 3.14 m? (I m radius,
13 plants) herbicide-resistant horseweed plants in different source strengths under normal atmospheric conditions

Source strength (pollen

TDF at 1% distance of

TDF at 1% distance of

grains/plant/s) 13 m (pollen grains/mz) 55 m (pollen grains/mz)
0.2 18,720 1872
2 187,200 18,720
8.3 776,880 77,688
16.7 1,563,120 156,312
333 3,116,880 311,688
83.3 7,796,880 779,688

See Table 2 for the default weather and plant conditions

Table 5 Predicted 1 and 0.1% distances and pollen average flight distances during 2-h simulation period from 3.14 m? (I m radius)
herbicide-resistant horseweed plants for different u*

u* (m/s) Wind speed at 1 m 1% distance 0.1% distance Average horizontal
above canopy (m/s) (TDF = 187,200) (m) (TDF = 18,720) (m) flight distance (m)

0.05 0.32 30 90 2687

0.1 0.63 22 75 6628

0.2 1.27 13 57 8264

0.3 1.90 9 49 8821

0.8 5.07 3 27 9467

1.5 9.51 2 16 9638

See Table 2 for the default weather and plant conditions

wind is stronger at the same altitude at the shorter corn
field than at the taller corn field.

As expected, if the buffer field size increased, it
decreased the 1 and 0.1% distances (Table 8). If the
buffer size increased to 50 m (grain corn), all the
pollen can be blocked by the buffer and there were no
pollen grains deposited after the buffer. To block the
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same percentage amount of pollen, the buffer size is
longer for blocking horseweed pollen than for block-
ing corn pollen dispersion (Wang and Yang 2010). In
Wang and Yang (2010), the deposition of source
pollen from genetically modified corn plants with a
1 m radius (same radius as for the horseweed simu-
lation) with the same default atmospheric conditions
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Table 6 Predicted 1 and 0.1% distances with total deposition flux (TDF, pollen grains/m?) during 2-h period from 3.14 m? (1 m
radius) herbicide-resistant horseweed plants for different atmospheric stabilities

L (m) Atmospheric state 1% distance (TDF = 187,200) (m) 0.1% distance (TDF = 18,720) (m)
-5 Very unstable 9 39
—15 Moderate unstable 13 59
—-50 Unstable 17 72
—1000 Neutral 24 87
1000 Slightly stable 18 56
50 Stable 17 61

See Table 2 for the default weather and plant conditions

Table 7 Predicted 1 and 0.1% distances with total deposition flux (TDF, pollen grains/m?) during a 2-h simulation period from
3.14 m? (1 m radius) herbicide-resistant plants for different buffer plants under normal atmospheric condition

Buffer height/m Buffer plant

1% Distance (TDF = 187,200) (m)

0.1% Distance (TDF = 18,720) (m)

0.2 Grass ground 13
0.9 Soybean 8
1.71 Sweet corn 11
2.83 Grain corn 13

59
20
26
23

See Table 2 for the default weather and plant conditions

Table 8 Predicted 1 and 0.1% distances with total deposition flux (TDF, pollen grains/m?) during 2-h simulation period from
3.14 m? herbicide-resistant plants for different buffer sizes (buffer plant characteristics used grain corn data

1% Distance
(TDF = 187,200) (m)

Buffer size (m)

0.1% Distance
(TDF = 18,720) (m)

% Deposition at buffer
downwind boundary

12
5 2
10 1
20 0
30 0
50 0
100 0
200 0

54 29
32 7
16 2
1 0.2
0 0.01
0 0
0 0
0 0

See Table 2 for the default weather and plant conditions

was blocked to <0.1% after 3.5 m from regular grain
corn buffer.

4 Discussion

The model performance is comparable to those found
in the literature. The model in this study had r = 0.6
for a pollen concentration simulation (slope = 0.99)
and r = 0.4 for the pollen deposition simulation

(slope = 1.29). The model used for corn pollen in
Raupach and Briggs (1998) had a similar accuracy
(r = 0.7, slope = 0.82 for concentration, and r = 0.7,
slope = 0.85 for deposition). Aylor et al. (2006) used
a Lagrangian statistical model to simulate pollen
dispersion from near the ground to a 95 m height from
a 23-ha corn field, and the predicted concentration was
1.4 times of the measured concentration (40% higher
prediction). Therefore, the model accuracy (18%
lower concentration prediction) in this study is

@ Springer



Aerobiologia

comparable to the model in Aylor et al. (2006). In
addition, observing the 1:1 plots of predictions versus
measurements in Klein et al. (2003) for corn pollen
dispersion simulations using a quasi-mechanistic
model, the model accuracy in this study is comparable.

The evaluation of the model accuracy was affected
by the accuracy of the measured source strength,
concentration and deposition data, measured atmo-
spheric data, and the model algorithm. The atmo-
spheric data were point measurements that were
assumed spatially horizontally homogenous and
extrapolated vertically using an empirical equation.
Multiple point measurements of the data may improve
the model accuracy. The turbulence simulation in the
model assumed that the wind velocity distribution
followed a Gaussian distribution. However, the dis-
tribution may not be Gaussian and may have different
skewness and kurtosis. Therefore, the simulations of
the wind velocities may deviate from the actual data
and produce errors. All of the above factors affected
the evaluation of the model. Future model improve-
ment will determine whether wind velocities follow
Gaussian and improve the algorithm accordingly. The
improvement will need to have multiple spatial
measurements of the atmospheric data.

The horseweed pollen diameter ranged from 16 to
22 pum in Huang et al. (2015). Further, the diameter of
the pollen might change during flight because of
dehydration (Aylor 2003) which will affect pollen
settling velocity (up to 30%) (Chamecki et al. 2011).
However, the transport distance does not decrease
much with pollen diameter (based on model simula-
tions, the distance change is <4% if horseweed pollen
size decreases 30% or <5% if pollen size changes from
16 to 22 um). Pollen dispersion is affected by wind
speed, atmospheric stability, horseweed patch size,
source strength, and buffer plant type and size. While
the atmospheric factors and horseweed characteristics
cannot be controlled, buffer crop type and field size
can be chosen to better prevent pollen dispersion. In
this study, the buffer plants with a higher leaf area
density and larger field size can better prevent pollen
dispersion.

5 Conclusion

Compared to the horseweed experimental data, the
accuracy of the Lagrangian Stochastic model is

@ Springer

acceptable. Model simulations indicated that while
atmospheric conditions cannot be controlled, large
fields of crops with high leaf area density and tall
plants can effectively prevent pollen dispersion.
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