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Abstract – Due to the growing cultivation area of genetically modified (GM) maize and the rising number of GM maize varieties commercially
available to European farmers, the co-existence between GM and non-GM maize is becoming a burning issue in some European regions.
Hence, Member States are imposing or discussing specific co-existence measures to keep the adventitious presence of GM material in non-
GM produces below the established labelling threshold. As maize is a cross-pollinated crop that uses wind for the dispersal of its pollen,
on-farm co-existence measures may rely on the spatial isolation of GM and non-GM maize fields. In this study, we developed an approach
that combines geographic information system (GIS) datasets with Monte Carlo simulations to assess the feasibility of implementing isolation
perimeters around GM maize fields, since its practical implementation is rarely addressed in the co-existence debate. More specifically, five
scenarios differing in shares and spatial distributions of GM maize were tested for various isolation perimeters in two agricultural areas in
Flanders (Belgium). The GIS analyses emphasised the small size of maize fields and their scattered distribution throughout the cropped area.
The feasibility of implementing isolation perimeters was largely affected by the (GM) maize share, the spatial distribution of GM maize, and
the width of isolation perimeters. The higher the (GM) maize share and the wider the isolation perimeter, the higher the proportions of farmers
with non-GM maize fields occurring within the implemented isolation perimeter. Compared with randomly distributed GM maize fields, the
clustering of GM maize fields on a larger scale and at the farm level increased the feasibility of implementing isolation perimeters. The approach
developed proved to be a valuable tool to quantify the feasibility of implementing isolation perimeters under real agricultural conditions.

adventitious mixing / co-existence / cross-fertilisation / genetically modified crops / geographic information system / isolation perimeters
/ pollen flow / regional variation / simulations

1. INTRODUCTION

Since 1996, the worldwide cultivation area of genetically
modified (GM) maize has kept increasing to attain 21.2 mil-
lion ha in 2005, with the highest share being grown in the
United States (ca. 80%). In the European Union (EU), GM
maize was predominantly planted commercially in Spain on a
modest area of approximately 55088 ha. With the registration
of eleven Spanish and six French transgenic MON810 vari-
eties in the common EU catalogue of varieties of agricultural
plant species on 17 September 2004, the area planted with
these maize hybrids increased in France, Germany and Spain,
and their commercial cultivation expanded to the Czech Re-
public and Portugal in 2005. The registration of other, more
regionally adapted MON810 hybrids in the German, Span-
ish and common EU catalogue soon followed. These events
may further increase the adoption of the transgenic insect-
resistant hybrids, especially in regions where the European
and/or Mediterranean corn borer are pests (Tab. I).

* Corresponding author: Yann.Devos@UGent.be

Due to the evolutions mentioned, ensuring the co-existence
between maize cropping systems is becoming a burning issue
in some European regions. Since maize is a cross-pollinated
crop relying on wind for the dispersal of its pollen, pollen
flow between neighbouring maize fields is one of the po-
tential on-farm sources of adventitious mixing (Devos et al.,
2005; Flannery et al., 2005; Sanvido et al., 2005; Bannert,
2006; Van De Wiel and Lotz, 2006). Given the difficulty of
keeping transgenes on a leash (Marvier and Van Acker, 2005;
Demeke et al., 2006), tolerance thresholds were established
for the unintentional or technically unavoidable presence of
GM material in non-GM products in the EU. More specifi-
cally, a tolerance threshold of 0.9% applies for food and feed
(EC, 2003b), whilst no threshold is officially in place for seeds
and organic production yet (Devos et al., accepted). Toler-
ance thresholds refer to maximum impurity levels for GM
content under which co-mingled products do not have to be
labelled as consisting of, containing or being produced from
a genetically modified organism. In the co-existence debate,
these thresholds play a crucial role because the potential in-
curred socio-economic harm resulting from adventitious mix-
ing will only be actionable if a certain threshold is exceeded.
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Table I. Numbers of GM maize varieties registered in or withdrawn from national catalogues and/or the common EU catalogue of varieties of
agricultural plant species (Var), and acreages cropped with GM maize events in the EU (Acr) (data adapted from personal communications of
Bartsch, Carvalho, Cerovska, Fresno Ruiz, Grevet, Hervieu, Köller, Roda Ghisleri and Tencalla, and from the consultation of national and the
common EU catalogue(s) up to January 2007).

EU countries Events
Numbers of registered (+) or withdrawn (–) varieties (Var) // Acreages (ha) of GM maize (Acr)

1997a 1998b 1999 2000 2001 2002

Var Acr Var Acr Var Acr Var Acr Var Acr Var Acr

France
Bt176 0 0 +9 1500 0 0 0 0 0 0 0 0

MON810 0 0 +6 0 0 150 0 34 0 15 0 10

Total 0 0 15 1500 15 150 15 34 15 15 15 10

Germany
Bt176 0 0 0 0 0 0 0 ? 0 ? 0 ?

MON810 0 0 0 0 0 0 0 ? 0 ? 0 ?

Total 0 0 0 0 0 0 0 < 100 0 < 100 0 < 100

Portugal
Bt176 0 0 0 0 +1 280 –1 0 0 0 0 0

MON810 0 0 0 0 +1 1120 –1 0 0 0 0 0

Total 0 0 0 0 2 1400 0 0 0 0 0 0

Spain
Bt176 0 0 +2 22320 0 24950 0 25820 0 11450 0 23280

MON810 0 0 0 0 0 0 0 0 0 0 0 0

Total 0 0 2 22320 2 24950 2 25820 2 11450 2 23280

Netherlands T25 0 0 0 0 +1 0 0 0 0 0 0 0

EU
Bt176 0 0 0 23820 0 25230 0 25820 0 11450 0 23280

MON810 0 0 0 0 0 1270 0 34 0 15 0 10

Total 0 0 0 23820 0 26500 0 25954 0 11565 0 23390

EU countries Events
Numbers of registered (+) or withdrawn (–) varieties (Var) // Acreages (ha) of GM maize (Acr)

2003 2004 2005 2006
Var Acr Var Acr Var Acr Var Acr

Czech Republic MON810 0 0 0 0 0 270 0 1290

France
Bt176 0 0 0 0 0 0 0 0
MON810 0 17 0 15 0 493 0 5028
Total 15 17 15 15 15 493 15 5028

Germany
Bt176 0 ? 0 ? 0 0 0 0
MON810 0 ? 0 ? +3 340 +2 954
Total 0 < 100 0 < 100 3 340 5 954

Portugal
Bt176 0 0 0 0 0 0 0 0
MON810 0 0 0 0 0 760 0 1254
Total 0 0 0 0 0 760 0 1254

Slovakia MON810 0 0 0 0 0 0 0 < 30

Spain
Bt176 +1 26090 +2, –1 21810 –4 0 0 0
MON810 +4 6070 +7 36410 +14 53225 +11 53667
Total 7 32160 15 58220 25 53225 36 53667

Netherlands
T25 0 0 0 0 0 0 0 0
MON810 0 0 0 0 0 0 0 < 10
Total 0 0 0 0 0 0 0 < 10

EU
Bt176 0 26090 0 21810 0 0 0 0
MON810 0 6087 +17 36425 +14 55088 0 62233
Total 0 32277 17 58335 31 55088 31 62233

a 23/01/1997: EU approval for the event Bt176 pursuant to Directive 90/220/EEC (Commission Decision 97/98/EC).
b 22/04/1998: EU approval for the events MON810 and T25 pursuant to Directive 90/220/EEC (Commission Decisions 98/294/EC and 98/293/EC,
respectively).
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Moreover, the thresholds define the required level of contain-
ment (Schiemann, 2003).

To keep the adventitious GM content below labelling
thresholds in the harvests of neighbouring non-GM maize
fields, the guidelines on co-existence of the European Com-
mission (EC) propose the use of various on-farm measures
such as isolation perimeters, pollen barriers, crop varieties
with different sowing and flowering times, and the cluster-
ing of fields with GM crops in production areas (EC, 2003a).
Due to the leptokurtic distribution of cross-fertilisation lev-
els over distance from the pollen source, isolating GM maize
fields from non-GM ones is a robust strategy to reduce the ex-
tent of out-crossing. However, defining the appropriate isola-
tion perimeter width is complicated: various biological, phys-
ical, experimental and analytical factors with varying levels
of importance play a role in the study of cross-fertilisation in
maize (Devos et al., 2005). To take the factors that are rel-
evant for co-existence into account, recent empirical cross-
fertilisation studies mimic worst-case commercial on-farm sit-
uations (Halsey et al., 2005; Della Porta et al., 2006; Goggi
et al., 2006; Pla et al., 2006; Weber et al., 2007; Weekes et al.,
2007). In Spain, out-crossing studies are even performed in
real agricultural situations of co-existence. Fields are planted
with different maize cultivars with different sowing or flower-
ing dates, and mixed with other crops and barriers (Messeguer
et al., 2006). Study approaches also rely on vertical gene flow
modelling at the landscape level to estimate the adventitious
GM content in the harvests of neighbouring non-GM maize
fields (Messéan et al., 2006). Currently, national and/or local
authorities, empowered to develop legal frames coping with
co-existence in the EU, are implementing or discussing isola-
tion perimeters lying between 15 and 800 m (EC, 2006).

Like isolation perimeters, pollen barriers effectively reduce
out-crossing between neighbouring maize fields. After a maize
pollen barrier of 10–20 m, almost none of the remaining maize
contains more than 0.9% GM material (Gustafson et al., 2006;
Messéan et al., 2006; Messeguer et al., 2006; Weber et al.,
2007; Weekes et al., 2007). The distance between the inner
parts of maize fields increases when the outer parts function
as a barrier. Moreover, a maize barrier introduces competing
pollen and/or may serve as a physical barrier to air and con-
sequently pollen flow. As such, a maize barrier reduces cross-
fertilisation much more effectively than an isolation perimeter
of bare ground of the same width (Della Porta et al., 2006;
Pla et al., 2006). In recipient fields, the margins closest to the
pollen donor could be harvested separately, and be discarded
or be classified as ‘GM maize’ when the GM content exceeds
the tolerance threshold.

Temporally isolating GM maize fields from non-GM ones
is another valuable strategy. A difference in sowing dates may
result in a difference in flowering times, hence limiting out-
crossing. This strategy is only realistic in Mediterranean re-
gions where the postponement of the sowing will not induce
yield penalties (Della Porta et al., 2006; Messeguer et al.,
2006). In Germany, Weber et al. (2007) could not avoid over-
lapping flowering periods by choosing different sowing dates
or varieties differing in development. Finally, the EC guide-
lines recommend the clustering of GM maize fields, because it

may favour the management of co-existence (Messéan et al.,
2006).

To test the feasibility of implementing isolation perimeters,
we developed an approach that combines Geographic Informa-
tion System (GIS) datasets with Monte Carlo simulations. In
contrast to previous studies on the same topic (Dolezel et al.,
2005; Sanvido et al., 2005; Messéan et al., 2006), our approach
allowed the testing of a series of scenarios differing in GM
maize shares and spatial distributions (including the clustering
of GM maize) under agricultural conditions in Flanders (Bel-
gium). According to the developed scenarios, it was assessed
how spatial co-existence measures would affect the freedom
of choice of neighbouring farmers to grow non-GM maize on
their fields.

2. MATERIALS AND METHODS

2.1. Spatial analyses

Using the 2004 data of the Belgian Institute for Statistics,
two clusters of adjacent Flemish communes with either a high
or a low maize share in the cropped area were selected. The
two clusters are further identified as HIGH and LOW. A dig-
ital map of agricultural fields of the two selected clusters was
provided by the Flemish Land Agency (VLM): confidentiality
provisions restricted the information of each field to the cul-
tivated crop, the size of the field and its identification number
that corresponds to the farmer who uses the field. The digi-
tal maps resulted from the digitalisation of middle-scale or-
thophotos on a scale of 1/12000. Spatial analyses were per-
formed using the GIS software ArcView 3.1. A square of
25 km2 was delimited within the two clusters. Within these
squares, the size of each maize field and the shortest distance
between maize fields were calculated from edge to edge with a
spatial accuracy of approximately 0.25 m. Distances between
maize fields were arranged in a distance matrix.

2.2. Scenarios

Given that GM maize is not grown commercially in Flan-
ders yet, variable GM maize shares and spatial distributions
were simulated in five different scenarios.

– S1: 10% of the farmers with the largest maize areas grow
GM maize on their largest maize field,

– S2: 10% of the farmers with the largest maize areas grow
GM maize on all their maize fields,

– S3: 10, 30, 50 and 70% of the maize fields are planted
randomly with GM maize,

– S4: 10 and 30% of the maize fields are clustered and
planted with GM maize,

– S5: 10% of the farmers, who are selected randomly, grow
GM maize on all their maize fields.

Scenarios S1 and S2 are expected to correspond to potential
developments in a take-off situation of GM maize plantings.
The first GM maize growers will probably be the farmers with
the largest maize areas, since they will be able to allocate their
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Figure 1. Maps of the selected squares of 25 km2 in HIGH (left) and LOW (right). On top: share of maize fields. Below: concentrically
implemented isolation perimeters of 50, 100 and 200 m around some fields planted with GM maize. Pictures adapted from the VLM.

co-existence costs over a large maize area. The random sce-
nario S3 was used as a baseline against which the effect of
clustering of GM maize fields was compared. Two different
clustering approaches were tested. The selected fields being
planted to GM maize were grouped into one cluster per square
in S4. Scenarios S2 and S5 were used as models for on-farm
clustering: the selected farmers function as islands of on-farm
clustered GM maize fields.

The feasibility of implementing various isolation perime-
ters was assessed in each scenario. Isolation perimeters of
10, 25, 50, 75, 100, 150, 200 and 300 m were chosen based
on the scientific literature, and on the legal proposals of
some neighbouring Member States. According to the Euro-
pean Commission’s report on the implementation of national
co-existence measures (EC, 2006), most national/regional au-
thorities (including Flanders) are in favour of requesting an
isolation perimeter of 200 m between GM and non-GM maize
fields. Based on recent reviews of the scientific literature on
pollen flow and cross-fertilisation in maize (Devos et al., 2005;
Sanvido et al., 2005; Van De Wiel and Lotz, 2006) and on
vertical gene flow modelling at the landscape level (Messéan
et al., 2006), it was concluded that isolation perimeters rang-
ing between 10 and 50 m – depending on field characteristics,
crop types, and differences in sowing and flowering times –
would be sufficient to keep the adventitious GM content re-
sulting from cross-fertilisation below the 0.9% threshold. Iso-

lation perimeters are implemented concentrically around the
GM maize fields and refer to the area inside the boundary, in-
cluding the boundary line (Fig. 1).

2.3. Calculations and statistical analyses

Scenarios S1 and S2 are deterministic: farmers and their
corresponding maize fields to be planted with GM maize were
identified clearly by the scenarios. Using the distance matrix,
it was calculated how many non-GM maize fields and farmers
with at least one non-GM maize field were present within the
chosen isolation perimeters.

In scenarios S3, S4 and S5, maize fields to be planted with
GM maize or farmers that cultivate GM maize on their maize
fields were selected randomly by a Monte Carlo analysis with
10 000 simulation runs, identifying 10 000 different combina-
tions of GM maize field allocation. For each simulation run, it
was calculated how many and which fields fell within a cho-
sen perimeter. After 10 000 simulation runs, the relative fre-
quency that zero, one, two or more non-GM maize fields fell
within the perimeters was calculated. Using the relative fre-
quencies of occurrence of non-GM maize fields as the weight
for each number of non-GM maize fields, a weighted average
of non-GM maize fields occurring within an isolation perime-
ter was calculated. An identical approach was followed for
farmers that have at least one non-GM maize field within the
perimeters.
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Table II. Characteristics of the selected squares of 25 km2 in LOW and HIGH in 2004. Between brackets: means ± standard deviations of
2004, 2005 and 2006.

Squares
(2500 ha)

Cropped
area (ha)

Share of
cropped
area in the
square (%)

Area cropped
with maize
(ha)

Share of
maize in
cropped
area (%)

Share of
maize in
square
(%)

Number of
maize
fields

Average size
of maize
fields (ha)

Number
of farmers

Number of
maize fields
per farmer

LOW 1771
(1729± 54)

71
(69± 2)

264
(280± 16)

15
(16± 1)

11
(11± 1)

231
(247± 18)

1.2
(1.1± 0.0)

97
(103± 7)

2.4
(2.4± 0.0)

HIGH 1631
(1644± 11)

65
(66± 1)

732
(751± 24)

45
(46± 1)

29
(30± 1)

625
(626± 19)

1.2
(1.2± 0.0)

142
(143± 2)

4.4
(4.4± 0.2)

In S4, each simulation run consisted of randomly select-
ing the first maize field to be planted with GM maize in the
square and, subsequently, of selecting the closest neighbour-
ing maize fields, whilst 10% of the maize farmers were se-
lected randomly in S5. Calculations were done as given in
S3. Due to the large number of simulation runs, the maximal
standard deviation (SD) on the estimated probabilities (P) was
0.5% [SD(P)= sqrt(P(1–P)/10 000)].

Similarly, the proportions of non-GM maize fields in the
square (and their corresponding farmers) falling within the
perimeters were calculated in each simulation run. Fields (and
corresponding farmers) occurring within the perimeters of sev-
eral GM maize fields were counted only once. All calculations
were performed in the statistical R 2.3.1 software.

Numbers and proportions of non-GM maize fields and
farmers with at least one non-GM maize field occurring within
an isolation perimeter (Y) were regressed on the isolation
perimeter widths (X) using the cubic regression model (Y =
b0+b1X+b2X2+b3X3). Data were fitted to the model via a non-
linear regression procedure, provided with SPSS14. Regres-
sion formulas allow the interpolation of the numbers and pro-
portions of non-GM maize fields and involved farmers within
the range of the tested isolation perimeters.

3. RESULTS AND DISCUSSION

3.1. Characteristics of the selected squares

The area cropped with maize varied from 11% in LOW to
29% in HIGH. Expressed on the cropped area within these
squares, the maize shares varied from 15% in LOW to 45% in
HIGH. In HIGH, each farmer had on average 4.4 maize fields,
compared with 2.4 in LOW (Tab. II).

The size of maize fields in HIGH and LOW was on aver-
age 1.2 ha, with an unequally distributed leptokurtic pattern.
Most fields (80%) were smaller than 2 ha, whilst larger fields
(> 4 ha) were rare (3%). Fields with a size ranging between
0.5 and 0.9 ha were the most abundant (31%).

The data used refer to the year 2004. These data are very
representative for maize growing in the selected squares as
they are very close to the means of the three most recent years
(Tab. II).

Figure 2. Proportions of non-GM maize fields (fi) and farmers with
at least one non-GM maize field (fa) occurring within an isolation
perimeter, in relation to the width of isolation perimeters. Scenario
S1; situation in HIGH and LOW. Regression formulas are given in
Table VII.

3.2. Scenario S1: 10% of the farmers with the largest
maize areas grow GM maize on their largest maize
field

Both the proportions of non-GM maize fields and farmers
that have at least one non-GM maize field occurring within
an implemented isolation perimeter increased with increas-
ing isolation perimeter widths (Fig. 2). With the implemen-
tation of an isolation perimeter of 10 m, 6.9% of all non-GM
maize fields fell within the isolation perimeter in HIGH. In-
creasing the isolation perimeter width to 50 and 200 m in-
creased the proportions of non-GM maize fields to 10.3 and
25.7%, respectively. The proportions of non-GM maize fields
occurring within the isolation perimeters of 10, 50 and 200 m
involved, respectively, 20.3, 24.2 and 49.2% of all non-GM
maize farmers.

Table VII gives additional data.
As was expected, the higher the maize share in a square,

the higher the proportions of non-GM maize fields that were
present within the perimeters, whatever the imposed isolation
perimeter was, and consequently the higher the proportions of
farmers that were involved.

3.3. Scenario S2: 10% of the farmers with the largest
maize areas grow GM maize on all their maize
fields

Compared with S1, the percentage of maize fields being
planted to GM maize was approximately fourteen times higher
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Table III. Spatial characteristics corresponding to the selected sce-
narios.

Scenarios Squares Percentages of maize GM maize shares (%)

fields planted to GM

maize

S1 HIGH 2 11

LOW 4 13

S2 HIGH 28 40

LOW 26 31

S3 HIGH 10, 30, 50, 70 10, 31, 51, 72

LOW 10, 30, 50, 70 11, 32, 53, 74

S4 HIGH 10, 30 10, 31

LOW 10, 30 11, 32

S5 HIGH 10 10

LOW 10 11

in HIGH and eight times higher in LOW (Tab. III). This in-
crease in GM maize fields and the corresponding GM maize
share resulted in high proportions of non-GM maize fields and
farmers within the isolation perimeters. Given that 10% of the
farmers with the largest maize areas grow GM maize on all
their maize fields, and given an isolation perimeter of 10 m,
43.2% of all non-GM maize fields in HIGH fell within the
perimeter. Increasing the isolation perimeter from 10 m to 50
and 200 m increased the proportions of non-GM maize fields
occurring within the isolation perimeter to 52.8 and 85.8%, re-
spectively. The proportions of non-GM maize fields involved
68.0, 76.6 and 94.5% of all non-GM maize farmers (Fig. 3).

3.4. Scenario S3: 10, 30, 50 and 70% of the maize fields
are planted randomly with GM maize

The lower the percentages of maize fields planted to GM
maize and the wider the isolation perimeter, the higher the
probabilities that many non-GM maize fields and correspond-
ing farmers fell within the perimeter, whatever the width of the
isolation perimeter (Tab. IV).

In the case where 10% of the maize fields were planted
with GM maize, on average, 2.3, 3.4 and 10.5 non-GM maize
fields were present within the isolation perimeter of 10, 50 and
200 m in HIGH, respectively. The numbers of non-GM maize
fields involved 2.0, 2.8 and 7.1 non-GM maize farmers, re-
spectively. If 70% of the maize fields were cropped to GM
maize, the numbers of non-GM maize fields lying within the
10, 50 and 200 m isolation perimeter decreased to 0.8, 1.1 and
3.5 (Fig. 4). These numbers corresponded to 0.7, 1.1 and 3.0
non-GM maize farmers (Tab. VII).

Although the percentages of maize fields cropped with GM
maize were quite similar (Tab. III), the observed proportions
of non-GM maize fields were higher than those obtained in
S2. If the percentage of maize fields being randomly planted
to GM maize was 10%, the proportions of non-GM maize
fields falling within the 10, 50 and 200 m isolation perime-

0
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100

1 25 50 75 100 125 150 175 200 225 250 275 300

Widths of isolation perimeters (m)

Proportions of non-GM maize fields and farmers (%) 

HIGH; fa
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Figure 3. Proportions of non-GM maize fields (fi) and farmers with
at least one non-GM maize field (fa) within an isolation perimeter, in
relation to the width of isolation perimeters. Scenario S2; situation in
HIGH and LOW. Regression formulas are provided in Table VII.

ters were 22.6 ± 1.8, 31.3 ± 2.2 and 65.8 ± 3.3%, involving
38.7 ± 4.8, 47.5 ± 4.8 and 77.0 ± 4.4% of non-GM maize
farmers in HIGH, respectively. Increasing the percentages of
maize fields cropped to GM maize to 70% increased the pro-
portions of non-GM maize fields within the 10, 50 and 200 m
isolation perimeters to 81.3 ± 2.7, 89.3 ± 2.2 and 98.4 ± 0.9%,
respectively (Fig. 5). The proportions of non-GM maize fields
involved 81.8 ± 9.1, 86.5 ± 8.0 and 98.9 ± 2.7% of non-GM
maize farmers (Tab. VII).

3.5. Scenario S4: 10 and 30% of the maize fields are
clustered and planted to GM maize

Compared with a random distribution (Tab. IV), the cluster-
ing of GM maize fields (Tab. V) clearly reduced the probabil-
ities that non-GM maize fields and corresponding farmers fall
within imposed isolation perimeters.

The clustering of GM maize fields reduced the numbers of
non-GM maize fields occurring within the isolation perimeter
by at least a fourth, compared with a similar situation where
GM maize was randomly allocated. Numbers of farmers with
at least one non-GM maize field occurring within the isolation
perimeter were reduced by at least a third. In the case where
10% of the maize fields were clustered and planted with GM
maize, 0.3, 0.5 and 2.1 non-GM maize fields occurred within
the 10, 50 and 200 m isolation perimeters, involving 0.3, 0.4
and 1.6 non-GM maize farmers in HIGH, respectively.

Compared with a situation in which GM maize fields were
randomly distributed, the proportions of non-GM maize fields
and farmers occurring within isolation perimeters were five to
ten times lower when GM maize fields were grouped in one
large cluster. If the 10% GM maize fields were clustered in
HIGH and an isolation perimeter of 10 m was imposed, 2.4 ±
1.1% of all non-GM maize fields were present in the isolation
perimeters, involving 3.7 ± 2.3% of non-GM maize farmers.
Increasing the isolation perimeter width from 10 m to 50 and
200 m increased the proportions of non-GM maize fields to
3.2±1.3 and 7.1 ± 2.4%, respectively (Fig. 6). The proportions
of non-GM maize fields involved 4.8 ± 2.6 and 10.7 ± 4.3%
of all non-GM maize farmers (Tab. VII).
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Table IV. Probabilities (%) that at least 1, 3 or 5 field(s) of non-GM maize (fi) and farmer(s) (fa) fall within a perimeter of 10, 50 and 200 m of
a GM maize field. GM maize is grown at random on 10, 30, 50 and 70% of the maize fields in HIGH and LOW.

Squares Isolation Numbers of Percentages of maize fields randomly cropped with GM maize

perimeters fields or 10 30 50 70

(m) farmers in the fi fa fi fa fi fa fi fa

perimeters

HIGH

10 ≥ 1 87.4 87.4 81.3 81.3 70.6 70.6 52.7 52.7

≥ 3 40.0 31.5 26.7 20.7 14.2 10.8 4.7 3.5

≥ 5 8.9 4.9 4.6 2.2 1.6 0.7 0.3 0.1

50 ≥ 1 92.9 92.9 89.2 89.2 81.5 81.5 65.6 65.6

≥ 3 62.8 54.0 48.3 40.0 29.9 23.8 11.9 8.9

≥ 5 27.0 15.6 14.9 7.8 6.2 2.7 1.2 0.4

200 ≥ 1 98.9 98.9 98.4 98.4 97.1 97.1 92.6 92.6

≥ 3 94.7 92.4 91.5 88.4 83.9 79.3 62.2 56.2

≥ 5 87.1 76.8 79.4 66.7 61.9 47.8 29.7 19.9

LOW

10 ≥ 1 47.4 47.4 40.1 40.1 31.5 31.5 20.8 20.8

≥ 3 4.6 3.1 2.7 1.7 1.2 0.7 0.3 0.2

≥ 5 0.3 0.0 0.1 0.0 0.0 0.0 0.0 0.0

50 ≥ 1 62.3 62.3 54.1 54.1 43.7 43.7 29.7 29.8

≥ 3 10.6 7.0 6.6 4.0 3.1 1.7 0.8 0.4

≥ 5 0.8 0.0 0.2 0.0 0.0 0.0 0.0 0.0

200 ≥ 1 94.0 94.0 88.1 88.1 79.0 79.0 62.7 62.7

≥ 3 54.9 42.7 42.7 31.4 28.1 19.8 11.7 7.8

≥ 5 26.4 12.2 15.7 6.0 6.4 2.1 1.0 0.3

Table V. Probabilities (%) that at least 1, 3 or 5 field(s) of non-GM maize (fi) and farmer(s) (fa) lie within the perimeters of 10, 50 and 200 m
of a GM maize field. GM maize is grown in a cluster of 10 and 30% of the maize fields in HIGH and LOW.

Isolation Numbers Percentages of maize fields cropped with GM maize and

perimeters of fields or organised as clusters

(m) farmers in HIGH LOW

the 10 30 10 30

perimeters fi fa fi fa fi fa fi fa

10 ≥ 1 16.6 16.6 7.5 7.5 6.8 6.8 3.4 3.4

≥ 3 2.9 2.3 1.2 0.9 0.3 0.2 0.2 0.1

≥ 5 0.5 0.2 0.2 0.1 0.0 0.0 0.0 0.0

50 ≥ 1 22.5 22.5 10.2 10.2 9.7 9.7 4.9 4.9

≥ 3 6.2 4.7 2.6 1.9 0.9 0.6 0.3 0.2

≥ 5 1.5 0.6 0.6 0.2 0.0 0.0 0.0 0.0

200 ≥ 1 49.9 49.8 22.8 22.9 28.7 28.7 14.8 14.8

≥ 3 30.2 26.8 12.9 11.2 7.8 5.3 3.4 2.3

≥ 5 18.7 12.9 7.5 5.0 2.1 0.6 0.8 0.3

3.6. Scenario S5: 10% of the farmers, who are selected
randomly, grow GM maize on all their maize fields

The observed probabilities were slightly lower than those
obtained in S3, but much higher than those seen in S4
(Tab. VI).

2.0, 2.9 and 9.4 non-GM maize fields were present in the 10,
50 and 200 m isolation perimeters in HIGH, respectively. This
involved 1.7, 2.4 and 6.4 non-GM maize farmers (Tab. VII).

With the implementation of an isolation perimeter of 10 m,
17.1 ± 4.3% of all non-GM maize fields were present within
the isolation perimeters, involving 40.5 ± 6.7% of all non-
GM maize farmers in HIGH. Increasing the isolation perime-
ter width from 10 m to 50 m and to 200 m increased the propor-
tions to 22.9 ± 5.4% and to 49.3 ± 8.4%, respectively (Fig. 7).
The proportions of non-GM maize fields occurring within the
isolation perimeters of 50 and 200 m, respectively, involved
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Figure 4. Numbers of non-GM maize fields within an isolation
perimeter, related to the width of isolation perimeters. Scenario S3 in
HIGH; 10, 30, 50 and 70% of the maize fields are planted randomly
with GM maize. Regression formulas are given in Table VII.

Figure 5. Proportions of non-GM maize fields occurring within an
isolation perimeter, related to the width of isolation perimeters. Sce-
nario S3 in HIGH; 10, 30, 50 and 70% of the maize fields are planted
randomly with GM maize. Regression formulas are provided in Ta-
ble VII.

Figure 6. Proportions of non-GM maize fields within an isolation
perimeter, in relation to the isolation perimeter widths. Scenario S4
in HIGH; 10 and 30% of GM maize fields are clustered. Regression
formulas are provided in Table VII.

47.7 ± 6.9 and 72.4 ± 6.9% of all non-GM maize farmers. The
observed proportions were slightly lower than those seen in
S3, but higher than those observed in S4 (Tab. VII).

Although the total area planted with GM maize was similar
to that in S1, the fivefold increase in percentage of maize fields
planted with GM maize, approximately, doubled the propor-

Table VI. Probabilities (%) that at least 1, 3 or 5 field(s) of non-GM
maize (fi) and farmer(s) (fa) fall within the perimeters of 10, 50 and
200 m of a GM maize field. 10% of the farmers grow GM maize on
all their maize fields in HIGH and LOW.

Squares Numbers of Isolation perimeters (m)

fields or farmers 10 50 200

in the perimeters fi fa fi fa fi fa

HIGH ≥ 1 80.3 80.3 87.6 87.5 97.8 97.8

≥ 3 33.2 25.9 53.4 43.2 92.7 88.3

≥ 5 7.4 3.4 20.8 11.4 83.6 69.1

LOW ≥ 1 35.1 35.1 47.7 47.7 87.8 87.8

≥ 3 2.9 1.8 6.5 3.6 39.2 29.2

≥ 5 0.3 0.0 0.6 0.0 16.8 5.2

Figure 7. Proportions of non-GM maize fields (fi) and farmers with
at least one non-GM maize field (fa) within an isolation perimeter, in
relation to the width of isolation perimeters. Scenario S5; situation in
HIGH and LOW. Regression formulas are given in Table VII.

tions of non-GM maize fields occurring within the perimeters
in HIGH.

4. CONCLUSION

The GIS analysis emphasised the small size of maize fields,
their scattered distribution throughout the cropped area and the
considerable variation in maize shares between the two studied
areas. This regional variability largely affects the feasibility of
implementing isolation perimeters around GM maize fields.
Irrespective of the tested scenario, the proportions of non-GM
maize fields and farmers with at least one non-GM maize field
occurring within an implemented isolation perimeter were al-
ways higher in the region with a high maize share than in the
region with a low share, which makes the spatial separation
between GM and non-GM maize fields more difficult in areas
where maize is abundantly grown.

For a given area or GM maize share, growing this maize in
a high number of small fields is less attractive than growing
the same area in a small number of large fields, as indicated
and quantified by the comparison of scenario S1 with S5.

Our results showed that the proportions of non-GM maize
fields and farmers with non-GM maize fields occurring within
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Table VII. Regressions of numbers and proportions of non-GM maize fields (Y f i) and farmers with at least one non-GM maize field (Y f a) occurring within an isolation perimeter on
isolation perimeter widths (X = 10, 25, 50, 75, 100, 150, 200 and 300 m) using the cubic regression model (Y = b0 + b1X + b2X2 + b3X3). Coefficients of determination (R2) are
given.

Squares
Y = numbers of non-GM maize fields or farmers Y = proportions of non-GM maize fields or farmers

Y b0 b1 b2 b3 R2 Y b0 b1 b2 b3 R2

S1: 10% of the farmers with the largest maize areas grow GM maize on their largest maize field

HIGH Y f i 6.81669 0.05566 0.00021 –1.39730×10−7 0.998∗

Y f a 20.69939 0.04099 0.00085 –1.78024×10−6 0.997∗

LOW Y f i 5.26837 0.07060 9.30673×10−5 –1.96869×10−7 0.994∗

Y f a 6.34862 0.04366 5.14765×10−5 2.17895×10−7 0.995∗

S2: 10% of the farmers with the largest maize areas grow GM maize on all their maize fields

HIGH Y f i 40.21047 0.27888 –5.14822×10−5 –8.98984×10−7 0.998∗

Y f a 63.58355 0.31289 –0.00093 8.51274×10−7 0.990∗

LOW Y f i 8.99494 0.12286 0.00028 –8.66191×10−7 0.996∗

Y f a 18.21904 0.01962 0.00121 –2.82788×10−6 0.999∗

S3: 10% of the maize fields are planted randomly with GM maize

HIGH Y f i 2.03992 0.02424 0.00010 –6.68464×10−8 1.000∗ Y f i 20.05175 0.23201 0.00019 –9.60470×10−7 1.000∗

Y f a 1.80540 0.01804 5.61862×10−5 –6.77983×10−8 1.000∗ Y f a 35.96916 0.24667 –7.73635×10−5 –5.84612×10−7 0.999∗

LOW Y f i 0.61288 0.00748 3.80401×10−5 –5.27843×10−8 1.000∗ Y f i 6.61302 0.08248 0.00026 –5.31902×10−7 1.000∗

Y f a 0.56832 0.00673 1.93312×10−5 –3.09698×10−8 1.000∗ Y f a 8.30048 0.09660 0.00022 –4.20990 ×10−7 0.999∗

S3: 30% of the maize fields are planted randomly with GM maize

HIGH Y f i 1.59095 0.01886 8.16466×10−5 –5.30107×10−8 1.000∗ Y f i 48.22785 0.43280 –0.00134 1.47881×10−6 0.999∗

Y f a 1.44256 0.01500 4.89014×10−5 –5.52564×10−8 1.000∗ Y f a 59.47943 0.29073 –0.00070 5.40126×10−7 0.999∗

LOW Y f i 0.47940 0.00582 2.94543×10−5 –4.09430×10−8 1.000∗ Y f i 18.51812 0.22968 0.00012 –7.76147×10−7 1.000∗

Y f a 0.45210 0.00540 1.72530×10−5 –2.73998×10−8 1.000∗ Y f a 17.94389 0.20382 0.00014 –5.54957×10−7 0.999∗

S3: 50% of the maize fields are planted randomly with GM maize

HIGH Y f i 1.13442 0.01353 5.81770×10−5 –3.75463×10−8 1.000∗ Y f i 66.97414 0.38723 –0.00168 2.49021×10−6 0.999∗

Y f a 1.05724 0.01134 4.03112×10−5 –4.27832×10−8 1.000∗ Y f a 71.80533 0.24834 –0.00074 7.67198 ×10−7 0.996∗

LOW Y f i 0.34721 0.00423 2.10382×10−5 –2.91937×10−8 1.000∗ Y f i 28.72244 0.32719 –0.00030 –3.62191×10−7 1.000∗

Y f a 0.33372 0.00397 1.47813×10−5 –2.33481×10−8 1.000∗ Y f a 24.54123 0.26310 –2.26625×10−5 –5.12276×10−7 0.997∗

S3: 70% of the maize fields are planted randomly with GM maize

HIGH Y f i 0.67980 0.00815 3.42321×10−5 –2.08981×10−8 1.000∗ Y f i 78.63538 0.29101 –0.01417 2.26529×10−6 0.997∗

Y f a 0.65178 0.00728 2.76310×10−5 –2.58807×10−8 1.000∗ Y f a 78.90746 0.21728 –0.00075 8.56772×10−7 0.985∗

LOW Y f i 0.21164 0.00244 1.36606×10−5 –2.00750×10−8 1.000∗ Y f i 37.96300 0.37902 –0.00065 9.67503×10−8 0.999∗

Y f a 0.20681 0.00238 1.10397×10−5 –1.75563×10−8 1.000∗ Y f a 30.98907 0.29181 –7.61937×10−5 –6.72623×10−7 0.995∗

S4: 10% of the maize fields are clustered and planted to GM maize

HIGH Y f i 0.25832 0.00293 2.69187×10−5 2.44935×10−8 1.000∗ Y f i 2.14994 0.02125 2.61065×10−5 –3.54380×10−8 1.000∗

Y f a 0.23758 0.00231 2.39174×10−5 –2.17796×10−10 1.000∗ Y f a 3.39373 0.02515 9.63735×10−5 –1.92974×10−7 1.000∗

LOW Y f i 0.07659 0.00057 1.20480×10−5 –1.08062×10−8 1.000∗ Y f i 0.93799 0.00948 5.44042×10−5 –7.78600×10−8 1.000∗

Y f a 0.07410 0.00055 9.85241×10−6 –1.02981×10−8 1.000∗ Y f a 0.80627 0.00997 3.97491×10−5 –1.38241×10−8 0.999∗

S4: 30% of the maize fields are clustered and planted to GM maize

HIGH Y f i 0.11026 0.00130 1.15159×10−5 7.97760×10−9 1.000∗ Y f i 3.41158 0.03521 2.59185×10−5 –3.87273×10−8 1.000∗

Y f a 0.10284 0.00103 9.60331×10−6 1.11272×10−9 1.000∗ Y f a 5.36748 0.03158 0.00016 –3.04023×10−7 1.000∗

LOW Y f i 0.03910 0.00028 5.51385×10−6 –4.08635×10−9 1.000∗ Y f i 1.56639 0.01702 7.08802×10−5 –9.05966×10−8 1.000∗

Y f a 0.03681 0.00029 4.55009×10−6 –4.31751×10−9 1.000∗ Y f a 1.15930 0.01441 7.71192×10−5 –9.77009×10−8 0.999∗

S5: 10% of the farmers, who are selected randomly, grow GM maize on all their maize fields

HIGH Y f i 1.77424 0.01896 0.00011 –8.10836×10−8 1.000∗ Y f i 15.44401 0.14755 0.00026 –7.21780×10−7 1.000∗

Y f a 1.55073 0.01500 6.24773×10−5 –7.75681×10−8 1.000∗ Y f a 38.05536 0.20997 –0.00010 –3.67368×10−7 0.999∗

LOW Y f i 0.40879 0.00621 2.47307×10−5 –1.70084×10−8 1.000∗ Y f i 4.52979 0.05351 0.00017 –2.70968×10−7 1.000∗

Y f a 0.39695 0.00498 1.63313×10−5 –1.66321×10−8 1.000∗ Y f a 9.21459 0.08865 0.00016 –3.54796×10−7 0.999∗

∗ Significant at P < 0.001
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isolation perimeters were five to ten times lower when GM
maize fields were grouped in one large cluster (S4), compared
with a similar situation in which GM maize fields were ran-
domly distributed (S3). This indicates that – even in regions
with a high maize share – the clustering of GM maize fields
may be, in theory, an effective strategy to facilitate the im-
plementation of isolation perimeters and thus to guarantee the
spatial separation of GM and non-GM crops. Islands of farm-
ers growing GM maize on all their fields are a less attractive
strategy compared with a large cluster.

Proportions of non-GM maize fields or farmers within
perimeters increased with the width of the perimeter. By
changing the isolation perimeter from 10 m to 50 m and to
200 m, 22.6 ± 1.8, 31.3 ± 2.2 and 65.8 ± 3.3%, respectively,
of all non-GM maize fields in HIGH fell within the perimeters
when 10% of the maize area was sown to GM maize randomly.
Proportions changed to 52.7± 2.3, 65.6± 2.5 and 92.6± 1.7%,
respectively, in the case where 30% of the maize area was
planted to GM maize randomly, and to 3.8 ± 1.6, 5.1 ± 2.1
and 11.1 ± 4.1% when 30% of GM maize was clustered in
one cluster.

As soon as 10% of the maize area in HIGH is randomly
planted with GM maize, more than 65.8 ± 3.3% of the non-
GM maize fields, involving 77.0 ± 4.4% of all non-GM maize
farmers, fall within a perimeter of 200 m, which makes it
very difficult to spatially isolate GM maize fields from non-
GM ones. The clustering of GM maize fields is approximately
eight times more efficient. Reducing the isolation perimeter to
10 m reduces the proportions of non-GM maize fields within
perimeters the three times, whilst clusters continue to be much
more efficient. An isolation perimeter of 200 m in LOW in-
cludes a similar proportion of non-GM maize fields within the
perimeter as occurs in HIGH with an isolation perimeter of
25 m.

The combination of GIS datasets with Monte Carlo sim-
ulations proved to be a valuable tool in estimating the feasi-
bility of implementing isolation perimeters in real agricultural
settings. Compared with studies that generated buffer zones
around randomly selected maize fields (Dolezel et al., 2005
in Austria; Messéan et al., 2006 in France) or that classified
maize fields into grid squares of 25 × 25 m with a mini-
mal measurable distance between two maize areas of 50 m
(Sanvido et al., 2005 in Switzerland), this approach allows the
testing of more diverse and flexible scenarios over a large num-
ber of simulation runs. Not only fields were considered in the
calculations, but also farmers. Distance matrixes offer the pos-
sibility to simulate various scenarios with different GM maize
shares and spatial distributions at the landscape level.

Since the feasibility of implementing isolation perimeters
is largely affected by regional characteristics such as maize
share and field distribution, the developed methodology may
underpin a regional approach for the choice of appropriate co-
existence measures. In regions where high maize shares ham-
per the implementation of isolation perimeters, one may rely
on the clustering of GM maize fields on a larger scale. Grow-
ing GM maize in a limited number of farms decreases part of
the advantage of clustering GM maize fields on a larger scale,
but still offers a better solution than a random distribution. If

isolation perimeters wider than 50 m or the clustering of GM
maize fields continue to be difficult to implement in practice,
the use of differences in sowing times or of pollen barriers may
be considered on a case-by-case basis. In practice, however,
any approach will only be workable when neighbouring farm-
ers talk to each other in due time and make good arrangements
prior to sowing. The GIS-based approach allows the provision
of accurate information on distances between fields and on in-
teractions with perimeters.

Further investigations are needed to refine the proposed
approach, since it represents a ‘worst-case’ scenario. We as-
sumed that it would not be possible to keep the adventitious
GM content below the European threshold if a non-GM maize
field lies within the isolation perimeter. Scientific literature on
pollen flow and cross-fertilisation in maize, and ongoing re-
search and modelling work indicate that in particular cases,
this might not be true. Further research is also needed to quan-
tify better the respective contributions of size, number and
spatial distribution of maize fields on the feasibility of imple-
menting isolation perimeters. Despite its conservativeness, our
approach fulfils current administrative needs. It not only al-
lows farmers to be informed if their fields fall within an isola-
tion perimeter, but also to quantify how many fields may be
prone to the interaction with GM maize fields, hence help-
ing to budget some of the administrative, legal and financial
consequences of co-existence at the landscape level. In most
countries/regions, GM maize growers are supposed to pay a
financial contribution into a fund in order to enable authorities
to compensate for economic losses due to adventitious mixing,
and to cover administrative, sampling and analytical detection
costs. It is, therefore, crucial to know in advance the numbers
of potential farmers and/or fields that may be affected by co-
existence measures.
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