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Abstract In order to help establish a basis for the
assessment of gene flow associated with the large-scale
release of transgenic oilseed rape, we previously de-
signed a method which makes it possible to retrieve the
average pollen dispersal of a single plant from that of
a large source plot. The ‘individual’ pollen distribution
thus obtained is less dependent on the experimental
design than pollen distributions usually published and
could therefore be used to model the possible escape of
a transgene from commercial transgenic crops. In this
study we report on a field experiment set up to study
the pollen dispersal from an herbicide-resistant trans-
genic variety of oilseed rape and to test the applicability
of the method on the experimental data. Two tech-
niques were used to determine the individual pollen
dispersal, and their outcomes are compared. The re-
sults suggest that approximately half of the pollen
produced by an individual plant fell within 3 m and
that the probability of fertilisation afterwards de-
creased slowly along a negative exponential of the

distance. Comparison with the global pollen distribu-
tion from the source plot indicates that pollen-dispersal
distributions based on dispersal from whole plots in-
stead of individual plants would have underestimated
the proportion of pollen that was dispersed over aver-
age or long distances.
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Introduction

Advances in biotechnology now make it possible to
transfer genes from various classes of organisms into
crop plants, thus resulting in the production of geneti-
cally modified varieties expressing new traits of ag-
ronomic, technological or medical interest. Most of
these lines are still at the stage of greenhouse or small-
scale experimental field trials, but some of them have
already been released on a commercial scale. Because
gene technology expands the range of genes available
to plant breeders well beyond the gene pools available
by sexual crosses, it is usually considered as a technolo-
gical novelty and, therefore, as requiring specific risk
assessment studies. The primary concern in these
studies is to limit the uncontrolled escape of the intro-
duced genes from the modified crop.

More specifically, the main agronomic and ecologi-
cal concerns are (1) that the crop itself becomes a weed
in subsequent crops or in ‘‘natural’’ populations outside
the fields, (2) that the transgene is transferred to other
fields of the same species in which it is undesirable,
(3) that the transgene is transferred to a wild relative of
the crop, thus creating weeding problems, (4) that the
introduced trait exerts an undesirable selective pressure
on populations of micro-organisms or insects interacting
with the crop and (5) that a dangerous trait (such as
antibiotic resistance) is transmitted to micro-organisms.



Of these concerns, two (nos. 2 and 3) will directly
depend on the dispersal capacity of pollen grains,
which has thus been identified a key process to investi-
gate in studies assessing the ecological risks associated
with the release of transgenic crops.

Pollen, whether air- or pollinator-borne, has long
been considered to fertilise mainly neighbour plants
(Levin and Kerster 1974) and thus to be a limited
means of gene dispersal (Ehrlich and Raven 1969).
More recent studies, however, focusing on pollen carry-
over (Waser and Price 1982) or using genetic markers
for paternity analyses (Ellstrand et al. 1989; Godt and
Hamrick 1993) demonstrated that gene dispersal by
pollen might often have been underestimated. Disper-
sal over distances greater than 100 m have, for example,
been reported in a number of species such as maize
(Bateman 1947), loblolly pine (Friedman and Adams
1985), Cucurbita sp. (Kirkpatrick and Wilson 1988),
radish (Klinger et al. 1991), sugar-beet (BRIDGE 1995),
milkweeds (Broyles et al. 1994) and potato [Skogsmyr
(1994) but see Conner and Dale (1996) for a contradic-
tory analysis of the data]. As part of risk assessment
studies, pollen dispersal from crop plants has been
more recently specifically investigated. Pollen-dispersal
experiments directly performed with transgenic plants
were carried out with potato (Tynan et al. 1990;
McPartlan and Dae 1994; Skogsmyr 1994), oilseed rape
(Scheffler et al. 1993), cotton (Llewellyn and Fitt 1996),
tobacco (Paul et al. 1995) and sugar beet (BRIDGE
1995). Furthermore, studies directly addressing the
question of risks, although not using transgenic plants,
were carried out on oilseed rape (Timmons et al. 1995),
raspberry (Luby and McNicol 1995) and ¸olium
perenne (Giddings et al. 1997a, b).

The view that small-scale release experiments are
sufficient to predict the fate of a transgene once the
transgenic crop is grown on a commercial scale has
been, however, questioned (Morris et al. 1994; Stone
1994). Such experiments are, indeed, spatially and tem-
porarily limited and do not allow for the detection of
rare, but potentially important, events. This view is
further supported by past experiences with disease epi-
demics, the release of biological control agents and the
invasion by plants or animals, which suggest that the
scale and frequency of introduction highly determine
the ability of a new organism to establish (Tiedje et al.
1989). When the escape of the transgene via the pollen
is considered, low-frequency long-distance dispersal
might prove particularly difficult to assess but be highly
relevant since a small number of migrants per genera-
tion is sufficient to modify the genetic structure of
a population (Wright 1931). Such dispersal is, in par-
ticular, expected to have important consequences when
the migrant is at a selective advantage compared to the
residents, which would be the case if the transgene
coded for pest or stress resistance.

A problem faced by pollen-dispersal experiments is
that a large source of pollen is necessary for these rare

events to become detectable, and the distribution of
pollen observed is therefore not that of a single plant
but depends on the shape of the source plot. It is
therefore highly dependent on the experimental design.
To deal, at least partly, with this problem, we designed
a method which makes it possible to retrieve the aver-
age pollen distribution of a single plant from that of
a large pollen source (Lavigne et al. 1996). The distribu-
tion thus obtained could be used in models that simu-
late the commercial use of transgenic crops in order to
expand, both in time and space, the results of small-
scale releases and therefore to assess the importance of
rare events. It could more generally be used to model
pollen-mediated gene dispersal in any situation where
different individuals are genetically different. Among
fields, it could be interesting to assess the impact of
pollen dispersal on the quality of seeds when varieties
which differ for oil or meal composition (double-low,
high erucic acid, low linolenic acid, pharmaceutical
peptides) are produced in the same area. Within a field,
this would also, for example, allow simulation of the
modification of seed quality resulting from the pollen
production of a few undesirable individuals. Such indi-
viduals could result from the regrowth of volunteer
plants with different genetic background, whether the
difference is due to a transgene or not, or from the
presence of a few pollen-producing hermaphrodites
within a supposedly male-sterile variety. More in-
formation on pollen dispersal would also be needed to
optimise the alternated design used to produce F

1
hybrid seeds or the percentage of pollen donors in-
cluded in varietal associations (varieties obtained by
mixing seeds of a male-sterile F

1
hybrid with seeds of

male-fertile lines) to ensure efficient cross pollination.
Here we present the results from a pollen-dispersal

experiment performed with an herbicide-resistant
transgenic line of oilseed rape. We measure the pollen
dispersal from the whole source plot and thereafter,
using these data, determine the pollen distribution of
a single average plant of the source plot by two differ-
ent methods. Comparisons of these distributions with
the one that could have been deduced directly from
experimental data provide insight on the systematic
error introduced in models by using the global pollen
distribution instead of the individual one.

Materials and methods

The pollen dispersal experiment

Experimental design

The experiment was performed near Rennes in Brittany (France).
The male-fertile (MF) transgenic winter oilseed rape line ‘BOO4.oxy’
homozygous for a gene coding for a nitrilase and conferring resist-
ance to oxynil herbicides was used as the pollen source. This herbi-
cide-resistant line was selected through three backcrosses (B

3
F

3generation) from a cross to a ‘Westar’ transgenic line (Freyssinet
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Fig. 1 Schematic representation of the experimental setup. Trans-
genic herbicide resistant plants were grown in the central area and
susceptible plants in the rest of the field. The whole field was covered
by a 29]29 matrix of male-sterile recipient individuals

et al. 1995). The plants were sown in October 1994 in a 10-by 10-m
square in the middle of a 90-by 90-m field. The area surrounding this
central plot was sown with the near-isogenic MF line ‘BOO4’
susceptible to oxynil herbicides. Distance between rows was 0.5 m.
In addition, in order to maximise the detection of pollen and to
determine the selfing rate of the male-fertile plants, we sowed ten
seeds of the alloplasmic non-transgenic male-sterile (MS) line
‘Fu58.BOO4’ (ogu-INRA cytoplasmic male sterility) on every nod of
a 29 by 29 grid (distance between nodes: 3 m) throughout the entire
field (Fig. 1). Five weeks after sowing, the transgenic plants of the
central plot were treated with the herbicide Buctryl (3 l/ha) to
confirm the resistance of the transgenic plants and eliminate poten-
tial pollution by susceptible seeds.

Progeny resistance scores

In July 1995, seeds of the male-sterile plants and six fertile plants
were harvested separately on each of the 841 nodes of the grid. Out
of the 1682 sets of seeds (841 from male-sterile and 841 on male-
fertile recipient plots) thus harvested, 14 were unavailable (6 from
male-sterile and 8 from male-fertile individuals). Available seeds
were sown 2 months later on 1668 1.5-m by 9.6-m plots set at
random in a field with a maximum of 50 g seeds per plot to avoid
very high densities. A correlation between the mass of seeds sown in
a given plot and the number of seedlings in that plot was established
from 29 plots (14 from male-fertile plants and 15 from male-sterile
ones) in order to estimate the number of seedlings in each plot. All
plots were afterwards treated at the one- to two-leaf stage with the
herbicide Oxytril (1.5 l/ha), and the number of resistant seedlings per
plot was scored. A seedling was considered resistant when it exhib-
ited no sign of chemical burn. A second herbicide treatment was
performed 1 month later to confirm the resistance of the plants.

¹est of isotropy of pollen dispersal

This was done both for the MF and MS recipient plants. The
proportions of resistant progeny were first mapped onto the 29]29
matrix representing the recipient plots of the field. This matrix was
afterwards split in four symmetrical quarters which were super-
imposed by rotation around the plot situated in the centre of the
field. In this way, each plot of a given quarter was superimposed with
a plot of a second quarter. These two plots were situated at the same
distance from the transgenic plants but in a different direction. All

pairwise comparisons of these quarters were made with a sign test
(Sprent 1989) based on the differences in the proportion of resistant
progeny of superimposed plots.

To see if there was a dominant wind direction during the experi-
ment or if insects tended to follow the rows more than they tended to
move from row to row while carrying pollen, we split the 29]29
matrix into quarters in two ways: (1) along the diagonals, thus
distinguishing the four directions north, east, south and west, and
(2) along the lines going through the middle of each side of the field
thus distinguishing NW, NE, SE and SW.

Determination of the average individual dispersal function

The principle of the method used and the test of the method on
simulated data can be found in Lavigne et al. (1996), and only a short
description will be given here.

The total amount of pollen received by a plant can be written as
the sum of pollen it receives from every plant in the field. Assuming
that all plants have the same pollen distribution and that all pollen
grains are equally competitive, the amount of marked pollen from
the source plants falling on a given target plant depends on (1) the
location and proportion of source plants in every plot of the field,
(2) the pollen dispersal distribution, f, from each of the plants
and (3) the distance between each source plant and this target plant.
More specifically,

(g * f ) (x, y)"P
`=

~= P
`=

~=

f (x!x@, y!y@ )g (x@, y@ )dx@ dy@ ,

where g (x@, y@) is the proportion of marked pollen produced by
a plant of coordinates (x@, y@), f (x!x@, y!y@) is the probability that
a pollen grain from plant (x@, y@) falls on a plant of coordinates (x, y)
and (g* f ) (x, y) is the proportion of resistant pollen falling on plant
of coordinates (x, y). Here g only takes the values 0 and 1 since the
plants are homozygous and the plots homogeneous.

Here the amount of marked pollen falling from the source plants
on the recipient plots was given by the proportion of resistant
individuals in the progeny of these recipient plots since the resistance
is dominant. The distribution thus obtained is g*f, the convolution
of f and g defined above. The localisation of all resistant plants on
the experimental plot (and therefore g) was also known. Assuming
that all plants produced the same amount of pollen, all the necessary
information was available to determine the average pollen distribu-
tion from each plant ( f ).

This was done in two ways:

Non-parametric method

A two-dimensional matrix representing individual pollen distribu-
tion was obtained directly from the data points by the use of discrete
Fourier transforms as described previously (Lavigne et al. 1996).
This method uses the fact that the Fourier transform of the convolu-
tion of two functions is the product of their Fourier transforms, so
that:

f"F~1A
F(g * f )

F(g) B ,

where F represents the Fourier transform and F~1 the inverse
Fourier transform. Fourier transforms were implemented following
Press et al. (1992).

As in Lavigne et al. (1996), the individual distribution obtained
presented an oscillation due to the design of the experiment. These
oscillations arise from the fact that the Fourier transform of the
g function has very small values for periods 2 and 3 due to the fact
that it takes a value of 1 on 3]3 square and a value of 0 elsewhere.
Indeed, the observations described by g * f are noisy and could be
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written as g * f#e where e is a traditional sampling noise. As
a consequence, f should be written as:

f"F~1A
F(g* f )

F(g)
#

F(e)
F(g)B .

Since g * f is also expected to have small values at these frequencies,
f is dominated by the second term at frequencies where F(g) is small.
As a result, the components of the noise that have the same periods
have a large magnitude (Rosenfeld and Kak 1982). We again re-
moved the oscillations by averaging each value with that of its
neighbours. However, contrarily to what was done previously, we
did not simply calculate an even average over the nearest neigh-
bours: the new value was obtained by multiplying the Fourier
transform of the individual distribution with two filter functions of
the form:

filt(x, y)"A
sin(x%/¹

1
)

x%/¹
1 BA

sin(x%/¹
2
)

x%/¹
2 B .

The two combinations of parameters were ¹
1
"10 and ¹

2
"10 or

14.5 in order to remove oscillations of periods equal to two or three.
This is equivalent to averaging each value with that of its two nearest
neighbours in every direction, giving a larger weight to the closest
values.

Parametric method

We calculated the convolution of the g function with four different
parametric families of putative fh functions and kept parameters for
the fh function which minimised the distance between the g*fh thus
obtained and the data points. The distance chosen was the sum of
squares of differences. This analysis was performed using the soft-
ware MATHEMATICA (Wolfram Research).

The families of f functions tested were (1) negative exponential
functions of parameter a, (2) Gaussian functions of mean 0 and
standard deviation s, (3) a weighed average of a negative exponential
and a function for which pollen simply fell on the plot of origin, and
(4) a weighed average of a Gaussian and a function for which pollen
simply fell on the plot of origin. For each of these functions, we
forced the integral over the (x, y) plane to be equal to one. This is the
reason why we did not test the classical inverse power law function
which does not have a convergent integral (Peart 1985). For func-
tions 3 and 4 the proportions of the two components of the sum were
also optimised. Contrarily to the non-parametric method, this
second method can only result in an isotropic distribution of
pollen dispersal.

The two methods were compared by calculating the discrepancy
(as a sum of squares of the differences) between the experimental
data and the two global distributions obtained with the filtered
individual dispersal (non-parametric method) and with the best
function provided by the parametric method.

Comparison of the global and the individual distributions

The global and the individual pollen dispersal distributions were
compared in two ways. First, we computed the proportion of all
pollen dispersed that fell within each distance from the source,
whether the source was a plot (global distribution) or an individual
plant (individual distribution). This enabled us to assess what pro-
portion of the total pollen produced by a source fell at a long
distance. Second, by convolving it with g, we calculated the propor-
tions of resistant progeny predicted by the experimental distribution
if it had been considered as an individual one and compared these
proportions to those obtained by the individual distributions, and to
the data.

Results

Test of harvested seeds

On average, the mass of seeds sown per plot to test for
the resistance at each distance was smaller for male-
sterile (MS) than for male-fertile (MF) plants (25.9$
0.48 g and 27.3$0.40 g, respectively, P(0.05). This
might suggest that MS plants did not establish as well
as MF ones (later emergence due to hand sowing or
effects of competition by male-fertile plants), that they
were less fertile or that pollen was a limiting factor for
male-sterile plants.

There was a very strong positive correlation
(r2"0.957, P(0.001, n"29) between the mass of
seeds sown in a plot and the number of seedlings that
emerged. This enabled us to estimate the number of
seedlings that emerged from each of the 1668 plots. By
counting the seedlings that resisted the two herbicide
treatments, we could thus estimate the proportion of
resistant seedlings in the progenies of the MS and MF
recipient plants.

The ratio of resistant over susceptible MF parental
plants before pollen dispersal was 0.0125, and it was
0.0090 in the progeny of the MS plants. This means
that, on average, a susceptible plant fathered 1.389
times more progeny than a resistant one on MS plants.

Selfing rate

By comparing the proportion of resistant seedlings in
the progenies of male-fertile and male-sterile plants, it
was possible to compute the selfing rate of the MF
plants. Assuming that differences were only due to
partial selfing of the male-fertile plants, the average
selfing rate at a given distance could be computed as
1!(P

MF
/P

MS
) where P

MF
is the proportion of resistant

individuals in the progenies of male-fertile recipient
plants and P

MS
that of the progenies of male-sterile

recipient plants. The average selfing rate thus obtained
is 0.589$0.065.

The global pollen dispersal

The pollen dispersal from the whole transgenic source
plot can be visualised by the proportion of resistant
individuals observed in the progenies of MS and MF
recipient plants as a function of their situation in the
field. As expected, the higher proportions were found in
the source plot and in its vicinity, but some resistant
individuals were still found in the progenies of plants
growing on the edge of the field (Figs. 2 and 3).

The distributions were not isotropic. On male-sterile
recipient plots, more resistant progenies were observed
in plots situated SW of the source plants than in any
other direction. The differences were significant when
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Fig. 2 Proportion of resistant individuals in the progeny of male-
sterile recipient plants as a function of their position in the field

Fig. 3 Proportion of resistant individuals in the progeny of male-
fertile recipient plants as a function of their position in the field

comparing SW to NW and NE (P"0.034 and
P"0.007, respectively) but not when comparing SW
to SE (P"0.13). No other differences were significant.
When N, E, W and S were compared, significantly
fewer resistant progenies were observed north and east
of the source plants than west of the source plants
(P"0.002 and P"0.026, respectively) and signifi-
cantly more south than north (P"0.01). Other com-
parisons were not significant. This suggests that pollen
was preferentially dispersed toward the southwest. The
same analysis on progenies of MF plants gave some-
what different results. When NE, NW, SE and SW
directions were compared, no significant differences
were observed. When N, S, W and E were compared we
observed no significant differences between opposite
directions (i.e. north against south or east against west)

but significantly more pollen towards west than north
or south (P"0.022 and P"0.029, respectively) and
marginally more towards east than north or south
(P"0.08 and P"0.14, respectively). This suggests
that west was again a preferential direction for pollen
dispersal, but that contrarily to what was observed on
the progenies of MS plants, more pollen dispersal oc-
curred along the rows than between rows.

Although the distributions were not isotropic, we
averaged the proportions of resistant progenies at each
distance to have an overview of the decrease in these
proportions with distance. For the MS and MF recipi-
ent plants, the decrease was well-described by equa-
tions

P"68.76 d~1.281 e~0.0736d

and
P"32.95d~1.993 e~0.01133d,

respectively (d is the distance to the source plot, P is the
proportion of resistance expressed in per 1000, sum of
squares of differences of 2.27 and 2.66, respectively).

By summing the proportion of resistant individuals
within each distance from the source plants, and nor-
malising them, we obtained the proportion of all resis-
tant pollen that fell within each distance from the centre
of the grid (Fig. 4). This assumes no differences in
pollen production or competitivity.

Individual pollen dispersal

Non parametric method:
deconvolution of the data points

Only data from the male-sterile recipient plants were
analysed. The average pollen distribution from 1 plant
of the field f is given in Fig. 5. It represents the prob-
ability that a pollen grain from a plant situated on the
centre of the grid fell on each node of the grid. Because
the individual distribution is strongly peaked, and fil-
tering was equivalent to averaging each value with its
neighbours, filtering reduced the skew of the individual
distribution (maximum value around 0.6 on the central
point before filtering, and 0.1 after filtering). In order to
lose a minimum of information we also did not attempt
to remove the parasitic oscillations on two of the sides
of the grid by more filtering.

To avoid taking the bias due to these oscillations
into consideration we, however, excluded the 2 most
exterior rows on each of the four sides when testing
for the isotropy of the distribution. The individual
distribution was not isotropic. More pollen was being
dispersed towards the west and southwest, which is
consistent with data from the global distribution
(NW'NE, P"0.016; SW'SE, P"0.045; SW'NE,
P"0.025; other differences not significant).
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Fig. 4 Proportion of total pollen emitted by the source that fell
within each distance from the source. The three distributions repre-
sented are the distribution estimated by the proportion of resistance
in the progeny of male-sterile recipient plants (‘Global MS’), and the
best individual distribution obtained by each of two deconvolution
methods

Fig. 5 Individual pollen distribution obtained by method 1 after
removing the oscillations of period two and three. Each value is the
probability of receiving a pollen grain released by a central plant

Fig. 6 The individual distribution that best fitted the data for each
of the four families of the functions tested. A one-dimensional
representation is given since the distributions are isotropic (see text
for details). Among the four, the function of family 3 gave the best fit

Fig. 7 Individual pollen distribution obtained by method 2. Each
value is the probability of receiving a pollen grain released by
a central plant

The resulting proportion of pollen falling within each
distance from the source is presented in Fig. 4.

Parametric method:
test of putative individual functions

For each of the four putative f family functions, we
obtained parameter values that minimised the distance
(measured as the sum of squares of the differences, SS)

between g*f and the data points (Fig. 6). Larger sum of
squares of differences were expected for family 1 than
for 3 and for 2 than for 4 because they only included
one parameter. The best fit to the data was a function
(Fig. 7) of family 3. For this function, a proportion
0.5465 of the pollen falls on the central plot and, the rest
of the pollen (i.e. a proportion of 0.4535) falls along
a negative exponential of equation:

f (d)"
(0.375)2

2%
e~0.375d ,
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Fig. 8 Proportion of resistant
progeny as a function of distance
from the source. The four
distributions are for the
experimental data on male-sterile
recipient plants, the distributions
obtained after convolution of the
individual dispersals obtained by
the two deconvolution methods
(non-parametric and parametric,
respectively) and after
convolution of the dispersal
distribution directly obtained
from the data (no-deconvolution)

where d is the distance between the pollen donor and
the pollen recipient (the unit for d is the distance
between two adjacent nodes of the grid, i.e. 3 m)
(SS"0.0836). Worse fits were obtained for the negative
exponential (family 1) and the Gaussian (family 2),
which both resulted in a very marked peak on the
central recipient plot for the g * f function.

Comparisons of individual distributions
and that directly derived from the data

Figure 4 presents the estimated proportion of pollen
that fell within each distance of the source, whether the
source was the central plot or an individual plant. In
the pollen distribution that could have been deduced
directly by considering the source plot as a punctual
source, 80% of the pollen fell within the source and
12% within 3 m. When parametric and non-parametric
individual distributions are considered, there is a dis-
crepancy between them for the amount of pollen falling
within 3 m due to the filtering of the peak of the
distribution obtained for the non-parametric method.
They are, however, consistent when considering larger
distances: for both of them, about 60% of the pollen
emitted by an individual plant fell within 6 m, which
means that 40% of the pollen emitted travelled more
than 6 m, a much larger proportion than that observed
for the distribution directly deduced from the experi-
mental data.

The difference between the global distribution result-
ing from the convolution of the individual distribution
obtained by the non-parametric method and the data
points is not null since this individual distribution was
filtered. The sum of squares of differences is 0.987. It is
therefore larger than that calculated for the convolu-
tion of the individual distribution obtained by the

parametric method (SS"0.0836). The proportions of
resistance obtained by the two methods and from the
experimental data are presented on Fig. 8. Whereas the
parametric distribution best fitted short-distance data,
it resulted in excessive rates of resistance at long dis-
tance. Conversely, the non-parametric method resulted
in a better estimate of long-distance resistance rates. To
assess the consequences of considering directly the ex-
perimental distribution with (‘Global MS’ on Fig. 4) as
an individual distribution, we considered the propor-
tions of resistant progeny predicted by this distribution
after convolution with g. The discrepancy with the data
was intermediate between that obtained with the two
individual distributions (SS"0.774). The shape of the
proportion of resistance with distance is clearly differ-
ent from the data since short-distance proportions are
greatly overestimated, although long-distance propor-
tions are well-estimated.

Discussion

Efficient pollen dispersal, i.e. pollen dispersal that can
potentially lead to fertilisations, is a major issue when
considering the escape of a transgene from genetically
modified plants, in particular for crops that can hybrid-
ise with wild relatives growing around the fields. Most
studies dealing with pollen dispersal of crop plants had,
until recently, been more focused on determining isola-
tion distances for seed production and contamination
of seed crops than on the contamination of wild species
by pollen from crops. However, since the transgene
might be at a selective advantage when outside the
field, even very low levels of long-distance pollen
dispersal have become a subject of attention. In con-
firmation with the leptokurtic, or negative exponential
distribution of pollen that had been reported by earlier
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authors (Levin and Kerster 1974; Tonsor 1985), most
experiments with transgenic crops report that most of
the pollen fertilises plants growing within a few metres
around the source plot and that some rare long-dis-
tance dispersal results in the fertilisation of plants
growing away from the source (Tynan et al. 1990;
Umbeck et al. 1991; Scheffler et al. 1993; McPartlan
and Dale 1994; Timmons et al. 1995; Conner and Dale
1996; Llewellyn and Fitt 1996).

These experiments, in addition to providing quantit-
ative data about pollen dispersal, generate an interest-
ing discussion about the design of pollen-dispersal
experiments. One main conclusion arising from this
discussion is that two types of experimental designs can
be considered: continuous designs, such as the one de-
scribed here, where the recipient plants are evenly
spaced around the source plot, and discontinuous de-
signs, where recipient plants form patches situated at
various distances from the source. When pollen is at
least partly carried by insects, the second kind of design
seems to favour long-distance dispersal [e.g. Skogsmyr
(1994), but see Conner and Dale (1996) for potato, and
Manasse (1992) and Morris et al. (1994) for oilseed
rape] because pollinators fly over non-recipient plants.
The second conclusion is that it appears to be very
difficult to compare quantitatively different experi-
ments even when the same crop is used (see, for example,
the discussion of Scheffler (1993) for oilseed rape).

The experiment described in this study (of the con-
tinuous type) first aimed at estimating pollen dispersal
from transgenic oilseed rape. It was furthermore spe-
cifically designed to compare a parametric and a
non-parametric method which allows retrieval of the
average pollen dispersal of a single plant growing with-
in a large source plot. Because recipient patches were
situated 3 meters from each other, no precision on the
shape of the distribution within 3 m was achievable.
Another field study of pollen dispersal of transgenic
oilseed rape was performed previously by Scheffler
et al. (1993). Their source plot was a ring 9 m wide that
surrounded a circle of central recipient plants 1 m in
diameter. This source plot was set in the centre of
a 1-ha field grown with non-transgenic male-fertile
recipient plants. The authors report that the frequency
of recipient plants fertilised by pollen originating from
the source decreased sharply with distance from the
source plot. In the experiment presented here, we ob-
tained similar results: the frequency of resistant indi-
viduals in the progeny of MF plants decreased sharply
with distance around the source plot, but some resis-
tant progeny were still observed at the edge of the field.
More resistant progeny were observed on the
west/south west part of the field, which is consistent
with the fact that the winds were mainly from the north,
north east and north west from March 15th to May
15th on the experimental unit of Le Rheu in 1995.

The use of both MS and MF recipient plants in this
experiment provided additional information. First, be-

cause they did not self, MS recipient plants better
reflected the composition of the pollen cloud and there-
fore gave better insight into gene dispersal than did the
surrounding MF recipient plants that had much lower
frequencies of resistant individuals in their progeny.
Using MS recipient plants also provided us with values
for the proportion of resistant individuals in the pro-
genies that did not depend on the selfing rate of the
recipient plants. These values can therefore be used for
comparisons across experiments. The MF plants
around the source plot were, however, necessary be-
cause had only MS plants been used as recipients the
plants growing near the source would have been
saturated with transgenic pollen and would have given
no information on the shape of the pollen distribution.
Only farther from the source, when pollen would have
become limiting, would seed set have decreased and,
thus, given information on the shape of the distribu-
tion. A platikurtic distribution would then have been
observed, even if the pollen distribution had been
leptokurtic [see Tonsor (1985) for such an experimental
design].

The comparison of the progenies of MS and MF
recipient plants also enabled us to derive the average
selfing rate of the MF plants. The value we obtained
(58.9%) is very consistent with values reported in the
literature, which vary between 45% and 95% under
field conditions (Olsson 1960; Rakow and Woods
1987).

All pollen-dispersal experiments are faced with the
difficulty that, in order to track rare events of long-
distance dispersal, they need to use a large number of
plants as source plants. As a result, the function de-
scribing the proportion of transgenic individuals in the
progeny of recipient plants grown at different distances
from the field depends on the shape and the size of the
source plot. When different experiments are compared,
it is therefore difficult to disentangle differences in pol-
len distributions that are due to the size or shape of the
source plot with actual differences in the pollen disper-
sal of each plant.

However, such a comparison becomes possible when
the individual dispersal retrieved by the deconvolution
method is considered. Indeed, the pollen distribution
obtained after the deconvolution no longer represents
a sum of pollen distributions from a number of source
plants but rather the average distribution of 1 plant. As
a result, if differences are observed among experiments
for this new distribution, they will reflect actual biolo-
gical differences in the pollen dispersal of each plant.
This would allow testing for the effect of environmental
conditions (climatic conditions, plant density etc.) on
pollen dispersal.

Other methods are being used in field studies inves-
tigating the effect of environmental conditions on
pollen-mediated gene dispersal. They include marking
the pollen with microtags (Nilsson et al. 1992), radioac-
tive tracers (Schlising and Turpin 1971; Massaux et al.
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1976) or polymorphism (Thomson and Thomson 1989).
More indirect measurements of pollen movement have
also been inferred from pollinator flight distances
(Cresswel 1997) and the movement of fluorescent dyes
(Linhart et al. 1987; Campbell and Waser 1989;
Cresswell et al. 1995). Results from genetic markers,
however, tend to show that such methods underesti-
mate the actual movement of genes (Chapbell 1991;
Godt and Hamrick 1993). The deconvolution method
also relies on the use of genetic markers, but contrarily
to methods such as paternity analyses, which rely on
the existence of individuals all differing for polymor-
phic genetic markers, it is based on the existence of
numerous individuals that all share a similar marker.
This makes it particularly suited for the study of pollen
dispersal by crop plants for which it is easy to find
genetically similar individuals.

In the present study, our first goal was to compare
two different methods (the parametric and the non-
parametric one) based on the deconvolution principle
to retrieve the average pollen distribution of a single
source plant from that of a whole plot. We then wanted
to assess whether these distributions would be different
from the distribution of the whole plot when the latter
was considered as a point source. An earlier study on
dispersal data generated by computer (Lavigne et al.
1996) had validated the non-parametric method and
shown that considering the source plot to be a
point resulted in an underestimation of long-distance
dispersal.

The main problem with the first method used, i.e. the
non-parametric method, is that the regular distribution
of the recipient and source plants on a grid creates an
oscillation which results in large oscillations for the
individual pollen distribution, particularly at long dis-
tances from the source. To remove these oscillations of
period two and three, we had to average each value
with its closest neighbours. Instead of doing a plain
average among neighbour values as before (Lavigne
et al. 1996), we chose here to filter the Fourier trans-
forms with a function that was equivalent to a weighted
average, thereby giving more weight to closer values
(Rosenfeld and Kak 1982). This appeared to us as the
function which would least modify the global shape of
the distribution. This filtering still strongly diminished
the peak value of the proportion of pollen that fell
within 3 m and increased that which fell between 3 m
and 9 m. The resulting individual distribution had
a lower skew than if values had not been averaged,
which made it more similar to the distribution directly
deduced by considering the plot as a point source.
Consequently, it did not correctly reflect short-distance
dispersal. This method had the advantage, however,
that it correctly took into account the lack of isotropy
of the pollen dispersal. The parametric method was
more satisfactory concerning the skew of the distribu-
tion and the fit to experimental data (measured as
a sum of squares of differences) but had the drawback

that it was necessary to choose (1) a priori functions to
describe the individual pollen distribution and (2) a cri-
terion to quantify the fit to the data. As in this study, it
would, however, be possible to test different families of
putative individual functions and, if necessary, to intro-
duce some asymmetry into the pollen distribution.
Other criteria than the sum of squares of differences
could also be tested.

Although the two methods gave somewhat different
results, a similar picture emerged when the individual
distributions were compared with the distribution dir-
ectly retrieved from the experimental data. As had been
observed on simulated data (Lavigne et al. 1996), in
both cases the proportion of pollen that fell long dis-
tances was greater for individual pollen dispersal than
for that deduced from the dispersal of the whole plot, in
particular for the individual distribution obtained by
the parametric method. In contrast to the study on
simulated data, however, pollen production, time of
release or competitive abilities of the transgenic and
non-transgenic individuals were probably different
since the total number of resistant progeny was 1.389
times smaller than expected. This difference is respon-
sible for the fact that, although considering the source
plot as a point source was probably similar to largely
overestimating the proportion of pollen that fell short
distances, and therefore underestimating long-distance
dispersal, the fit to the proportion of resistant progeny
was rather satisfactory at distances which exceeded
6 m. Indeed, less pollen was, in total, dispersed in the
experiment than what was assumed in the convolution
of any distribution. Consequently, overestimating
short-distance proportions of resistant progeny did not
result in an underestimation of long-distance propor-
tions (when considering the distribution directly de-
rived from the data). Similarly, a good estimation of the
short-distance proportions of resistant progeny would
necessarily result in an overestimation of these propor-
tions at long distance. These results thus suggest that
the average plant in this experiment had a pollen distri-
bution with a larger proportion of short-distance dis-
persal than that which is found with the parametric
method, but a much smaller one than that which is
found when the source plot is considered as a point
source. To assess more precisely the shape of this distri-
bution, we need, more information on the quality and
quantity of pollen produced by all plants.

Until more information is obtained on the pollen
dispersal of individual plants growing within a field
and, in particular, differences in pollen production and
competitive ability can be better estimated and taken
into consideration, our results suggest that pollen dis-
persal from an individual plant might be viewed as
resulting from a combination of two phenomena.
A proportion of the pollen would fall around the source
plant at a rate decreasing very rapidly with distance as
a result of insect movements among neighbour plants
and weak winds. The rest would be distributed almost
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uniformly over the field as a result of long-distance
insect flights or of strong winds and associated turbu-
lence. In the present study, individual dispersal was
best-described by a large quantity (around 50%) of
pollen falling within 3 m and the remaining 50% falling
at larger distances with a probability that decreased
very slowly with distance (Fig. 7). This type of pollen
distribution was different from the pollen distribution
directly deduced from dispersal of the source plot, since
the latter underestimated the proportions of long-dis-
tance dispersal. Such individual distributions could be
used for a number of simulations of pollen dispersal,
such as, for example, models trying to predict the effect
of different continuous containment designs on the
dispersal of a transgene from a field of oilseed rape, the
consequences of the regrowth of volunteer plants with
different seed quality in a later crop, the efficiency of
pollination in mixtures containing male-sterile indi-
viduals or, on a longer term, the ecological conse-
quences of the release of transgenic crops.
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Franiois Rodolphe for their statistical advice and Jacqui Shykoff for
helpful comments on an earlier version of the manuscript. This work
was partly supported by the EU BRIDGE program.

References

Bateman AJ (1947) Contamination in seed crops. II. Wind pollina-
tion. Heredity 1 : 235—246

BRIDGE (1995) Safety assessment of the deliberate release of two
model transgenic crop plants, oilseed rape and sugar beet. In:
Vassarotti A, Kalbe-Bournonville L, Baselga de Elonz J, de Taxis
du Poët Ph (eds) Final Report. European Commission, Luxem-
bourg, 469—474

Broyles SB, Schnabel A, Wyatt R (1994) Evidence for long-distance
dispersal in milkweeds (Asclepia exalta). Evolution 48 :
1032—1040

Campbell DR (1991) Comparing pollen dispersal and gene flow in
a natural population. Evolution 45 : 1965—1968

Campbell DR, Waser NM (1989) Variation in pollen flow within
and among populations of Ipomopsis aggregata. Evolution
43 : 1444—1455

Conner AJ, Dale PJ (1996) Reconsideration of pollen dispersal data
from field trials of transgenic potatoes. Theor Appl Genet
92 : 505—508

Cresswell JE (1997) Spatial heterogeneity, pollinator behaviour and
pollinator mediated gene flow: bumble-bee movements in vari-
ously aggregated rows of oil-seed rape. Oikos 78 : 546—556

Cresswell JE, Bassom AP, Bell SA, Collins SJ, Kelly TB (1995)
Predicted pollen dispersal by honey-bees and three species of
bumble-bees foraging on oil-seed rape: a comparison of three
models. Func Ecol 9 : 829—841

Ehrlich PR, Raven PH (1969) Differentiation of populations. Science
165 : 1228—1232

Ellstrand NC, Devlin B, Marshall DL (1989) Gene flow by pollen
into small populations: data from experimental and natural
stands of wild radish. Proc Natl Acad Sci USA 86 : 9044—9047
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