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Summary
Within the ECOGEN project, long-term field experiments with genetically modified
maize, Zea mays L. were conducted to study agro-ecological effects on the soil fauna
and agro-economic implications of the technology. Here, we describe the study-
sites, experimental layout and results of agro-economic relevance. Experiments
were conducted during 2002–2005 in Denmark (Foulum), northern France (Varois)
and the Midi-Pyrenees region of southern France (Narbons). MON810 Bacillus
thuringiensis (Bt)-varieties expressing the Cry1Ab protein, and a T25 glufosinate-
ammonium (Basta) tolerant variety expressing the pat-gene encoding phosphino-
trinacetyl-transferase were compared with near-isogenic non-Bt varieties, and
conventional maize varieties. At Foulum, the maize was harvested for silage. There
were no significant differences in yield between Bt-maize and a near-isogenic non-Bt
variety, while a small difference in N-concentration of dry matter was detected in 1
year in a range of a measured quality parameters. Similar yield and quality were
found in ploughed and reduced tillage treatments in all varieties. At Varois, the
maize was harvested at ripeness and no significant differences in grain yield between
Bt-maize and near-isogenic non-Bt varieties were found. These results were
expected, as only Narbons harbours significant corn-borer populations. At Narbons,
the number of Sesamia and Ostrinia corn-borer larvae were significantly lower in the
Bt-maize than in a near-isogenic non-Bt variety and for Sesamia even less than in
conventional varieties sprayed with pesticides to control corn-borer infestation.
Here, Bt-maize produced a higher grain yield and grain size than a near-isogenic
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non-Bt variety or allowed a significant reduction in pesticide use. Concentrations of
Cry1Ab in the Bt-varieties were sufficient to effectively control corn-borer larvae. In
soil, Cry1Ab was close to the limit of detection and the protein did not accumulate in
the soil year on year.
& 2007 Elsevier GmbH. All rights reserved.
Introduction

The global commercial area of genetically
modified (GM) plants reached 90Mha in 2005 and
that of GM maize expressing the Bacillus thurin-
giensis toxin (Bt) was 11.3Mha (James, 2006). Even
so, the environmental release of GM plants is
controversial in some world areas due to the
questions relating to the potential impacts on
human health and the environment, including
effects on non-target soil organisms (Wolfenbarger
and Phifer, 2000). The de facto moratorium from
1999 to 2003 on the approval of GM crops in the
European Union reflected this controversy and
postponed extensive cultivation in the member
states. Nevertheless, due to the economic advan-
tages they may bring at farm level, GM crops are
likely to be cultivated at larger scale in the EU, as is
the case in Spain since 1997 and four other EU
countries since 2005.

To date, the number of studies which address
potential agronomic benefits in different agro-
ecological settings in Europe is still relatively small,
as are the studies on the potential for effects on
non-target soil organisms (see for example, reviews
by Groot and Dicke, 2002; Bruinsma et al., 2003). It
was to address this information void that the EU-
funded ECOGEN project (www.ecogen.dk) was
initiated. This interdisciplinary study followed the
advice of previous expert panels in adopting a
tiered approach to risk assessment, i.e., labora-
tory, glasshouse and long-term field experiments
(Angle, 1994), with an emphasis on soil commu-
nities and ecosystem functioning (Jepson et al.,
1994; Trevors et al., 1994), as reported in other
articles of this Pedobiologia special issue. In the
present paper, we describe the three field sites
within the ECOGEN project established in North,
Mid and South European climatic zones where
mainly Bt maize and a non-Bt near-isogenic control
were grown for 3 or 4 years in permanently
established plots. Due to the political sensitivity
around the whole approval procedure, it proved
difficult to obtain varieties with other GM traits for
the experiments, but a single herbicide-tolerant
(HT) variety was included at Foulum for the last 2
years. The field experiments comprised the ‘‘full-
scale’’ experimental infrastructure of ECOGEN for
soil fauna studies and allowed agricultural studies
to be performed on cultivation practices – including
tillage, pesticide and herbicide use – and the
effects on yield and economic gross-margins.
Materials and methods

Field sites and experimental design

Foulum (North Jutland, Denmark) is the most
northerly site at 561300N, 91350E. Varois is the
intermediate location in Varois et Chaignot (Bour-
gogne, France), 471340N, 51130E. Narbons is the
most southerly, located in Montesquieu Lauragais
(Midi-Pyrenées, France) 431260N, 11270E. The cli-
matic data obtained from the nearest meteorolo-
gical stations were daily average values of air
temperature, precipitation, global radiation, rela-
tive humidity, wind speed and wind direction.
Figure 1 shows the summer temperatures at the
three sites. While Foulum had a mean temperature
over all four seasons 2002–2005 of 12.3 1C, the
mean temperature in Narbons was higher at
18.4 1C, with Varois intermediate at 16.6 1C. Thus
Foulum is at the northern border of maize cultiva-
tion with low temperatures in May to mid-July 2004
(and to a lesser extent also in 2005) that can
significantly decrease the overall yield level. The
summer of 2003 was unusually hot in France, with
mean temperatures above 25 1C. It was also dry, the
precipitation deficit reached almost 700mm at
Narbons, and while this was compensated by
irrigation at this site, the maize suffered from
drought at Varois.

The layouts of the long-term field experiments
are shown in Fig. 2 for the last year of the project,
2005. At Foulum, different maize varieties were
grown in a four-block design with four randomized
plots surrounded with grassland in each block
during 2002. The maize varieties were MEB307
(a MON810 Bt-variety), Monumental (the conven-
tional variety near-isogenic to MEB307 but without
the Bt-trait) and another conventional variety DK242.
In 2002–2003, MEB307 was grown in two plots within
each block. The experiment was repeated with the

http://www.ecogen.dk
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Figure 1. Average air temperature for 10-day periods during the four summer seasons (1 April–1 October) at the three
experimental sites at Foulum (Denmark), Varois (Central France) and Narbons (Southern France).
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Figure 2. Layout in 2005 of the long-term field experiments with maize at the three ECOGEN sites in Europe: Foulum in
Jutland, Denmark; Varois in Bourgogne, France; and Narbons in Midi-Pyrenées, France. The type of variety is indicated
in the upper left corner of each plot and the variety name inside the plots. For Foulum and Varois2 plots patterned with
lines ploughing and dots indicate reduced tillage. For Narbons plots with cross-hatching indicate pesticide application
while white plots were without spraying.
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GM and conventional varieties in the same plots
during the following years 2003–2005. The field was
ploughed in autumn of 2001 and prepared for
sowing by application of 30 t ha�1 of cattle slurry.
At seeding, May 2002, 150 kg ha�1 17–9–0 NPK
fertiliser was applied which was supplemented in
June with 200 kg ha�1 calcium–ammonium–nitrate
fertiliser containing ca. 27% N. The maize plants
were harvested for silage production in October.
During 2003–2005, each plot was divided in two
halves: one part ploughed to a depth of 25 cm
(as previous) and one part with reduced tillage
from a rotary cultivator with vertical blades going
to a depth of 8–10 cm. The experiment was thus
amended to a split-plot design to assess the
feasibility of fuel- and cost-saving tillage especially
when HT maize varieties are introduced. However,
due to non-availability in Europe of HT varieties, it
was not before 2004–2005 the maize variety N32-
K3, which is a T25 glufosinate-ammonium tolerant
variety, was introduced in one main-plot of each
block. In these, the broad-spectrum Basta herbi-
cide with 20% glufosinate-ammonium as the active
ingredient was substituted for the conventional
herbicides used to control weeds in the other three
varieties. Other cultivation practices were as in
2002.

At Varois, during 2002–2004 (Varois1, not shown
in Fig. 2) there were two maize varieties MEB307
and Monumental, as at Foulum, in a four-block
design with randomised plots. The field was
ploughed, and seeded in May; after seeding
130 kg ha�1 ammonium nitrate fertiliser was ap-
plied. Pre- and post-emergence herbicides and
insecticides were applied as standard practice to
all plots. The maize was harvested when ripe in
October and grain yield determined. During
2004–2005, a second experiment (Varois2, Fig. 2)
was conducted at a nearby location with the Bt-
variety DKc3946 and the conventional variety
DK315. These were combined with conventional
(ploughing, harrow and rotary harrow) versus
reduced tillage (only harrow and rotary harrow) in
a four-block split-plot design with 16 plots. Tillage
was the main-plot factor and variety was the
subplot-factor. Cultivation practices other than
tillage were the same as in 2002–2003.

At Narbons, the experiment was conducted
during 2003–2005 in a four-block design with
completely randomized plots. There were three
maize varieties in 2003: DK532Bt (MON810 Bt-
variety), DK532 (a conventional variety near-
isogenic to DK532Bt but without the Bt-trait) and
DK312 (an unrelated conventional variety). In
2004–2005, three maize varieties were combined
with either of two pesticide application strategies
(Fig. 2). These were: (1) DKc5784 (Mon 810 Bt-
variety), seed coated but without supplementary
pesticide sprayings (PAS Bt); (2) DKc5783 (a
conventional variety near-isogenic to DKc5784 but
without the Bt-trait) treated as (1), i.e. PAS Bt; (3)
DKc5783 seed coated and supplemented with two
sprayings to control corn-borer infestation with
Decis Protech 1.33 l ha�1 containing deltamethrine
15 g l�1(PAS Con.), and (4) Paolis (a registered
conventional variety) treated as (3), i.e. PAS Con.
The field was ploughed and seeded in May; after
seeding 180 kg ha�1 ammonium nitrate fertiliser
was applied. Pre- and post-emergence herbicides
were applied as standard practice to all plots. The
plots were irrigated regularly throughout the
growing season and maize was harvested when ripe
in October and grain yield determined.

At the start of the experiments, composite soil
samples from all sites were collected from 0 to
30 cm depth in each plot with a standard soil-auger.
Textural composition was determined after re-
moval of C and CaCO3 by dispersing a sample in
sodium pyrophosphate solution and measuring
clay and silt content with a hydrometer. Sand
fractions were determined after wet sieving.
Organic matter (OM) content was determined by
combustion of a sample in O2, followed by
IR-measurement of the evolved CO2, and using a
factor of 1.7 for the conversion between C-content
and OM-content. Content of calcium carbonate
was determined by measuring the volume of CO2

evolved when the sample was treated with HCl.
pH was measured in an aqueous soil-water 1:2.5
(v/v) suspension with a pH-electrode. Cation ex-
change capacity (CEC) was determined by exchange
with ammonium in an acetate solution at pH ¼ 7.0
and spectrophotometric determination of ammo-
nium after exchange with sodium. Exchangeable
sodium and potassium were measured on a flame
spectrophotometer and calcium and magnesium
by atomic absorption spectroscopy. Extracta-
ble phosphorus was determined after extraction
with 0.5M NaHCO3 and spectrophotometric
measurement.

For analysis of Cry1Ab protein, soil sampled from
the upper 10 cm within maize rows but between
plants (Griffiths et al., 2005) was sieved through a
4mm diameter mesh and kept cold until frozen at
�80 1C before determination using enzyme-linked
immunosorbent assay (ELISA) kits (EnviroLogix
QuantiPlate Kit for Cry1Ab/Cry1Ac, Portland, USA)
as described earlier (Griffiths et al., 2006).

Based on their texture, the soils could be
classified (Table 1) according to USDA (2003). They
showed characteristic trends in composition of
agricultural soils (Scheffer and Schachtschabel,
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Table 1. Average topsoil (0–30 cm) composition determined by physical soil analyses at the three ECOGEN field sites

Site Soil solids (%)

Clay
(o 2mm)

Silt
(2–20mm)

Coarse silt
(20–50mm)

Fine sand
(50–200 mm)

Coarse sand
(200–2000mm)

Calcium
carbonate

Organic
matter

Soil type

Foulum 8.2 9.7 13.5 34.4 27.8 0.0 6.4 Sandy loam
SE 70.2 70.3 70.4 70.6 70.3 70.0 70.12

Varois1 30.7 10.9 16.9 9.6 3.1 18.8 4.8 Clay

Varois2 24.3 24.0 25.8 16.0 8.1 0.2 1.8 Silt loam
SE 70.7 70.2 70.4 70.5 70.6 70.1 70.03

Narbons 25.5 17.7 17.3 15.5 15.5 7.1 1.5 Clay loam
SE 70.9 70.7 70.5 70.4 71.4 71.4 70.03

Soil type classified according to USDA (2003) based on texture. For calculation of standard error of the mean (SE) number of
observations (n) was 16 for Foulum, Varois2 and Narbons, and 1 for Varois1.

Table 2. Average chemical properties of topsoil (0–30 cm) at the three ECOGEN field sites

Site pH (H2O) P (mg 100g�1) K (mEq 100g�1) Mg (mEq 100g�1) Ca (mEq 100g�1) CEC (mEq 100g�1)

Foulum 6.2 5.5 0.30 0.59 10.89 26.73
SE 70.1 70.2 70.01 70.02 70.49 70.58
Varois1 8.1 12.7 1.06 0.40 42.42 43.80
Varois2 7.0 7.3 0.85 0.84 16.34 –

SE 70.1 70.5 70.06 70.03 70.50
Narbons 8.2 15.8 0.16 0.09 7.59 15.83
SE 70.1 72.4 70.01 70.01 70.37 70.95

See Table 1 for information on statistics.
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1979) related to temperature and other climatic
variations between the sites. OM content de-
creased from North to South Europe, though the
Foulum-soil was especially enriched with charcoal
from repeated burning of heather vegetation.
Calcium carbonate contents increased from North
to South, although the site of Varois1 was an
exception to this pattern. The pH of the soils
(Table 2) reflected the contents of calcium carbo-
nate and the degree of base-saturation of the total
CEC. The soil at Varois is rich in potassium while the
Narbons soil has a high content of extractable
phosphorus.

Maize material harvested for silage at Foulum
was analysed at the Central Laboratory of the
Danish Institute of Agricultural Sciences using
standard methods of analysis on one sample
per plot. Ash content was determined after
combustion of organic material at 550 1C (in
accordance with Directive 71/250/EEC); Total N
by complete combustion of sample in oxygen and
measurement in thermal conductivity cell after
removal of water, carbon oxides and sulphur
oxides according to Hansen (1989); Total P and K
by combustion of sample at 450 1C, extraction in
HCl/HNO3, followed by spectrophotometric
quantification of a coloured complex between
phosphate and vanadium molybdate for P (Direc-
tive 71/393/EEC; Stuffins, 1967) and flame
photometry for K; Crude fibre was determined
after extraction of sample with 0.13M H2SO4,
acetone and 0.23M KOH (according to Directive
92/89/EEC). In vitro Enzyme-Digestible Organic
Matter by successive extraction in pepsin-hydro-
chloric acid, cellulase–hemicellulases–amylogluco-
sidase, and acetone with subsequent determination
of the residual non-digestible matter according to
Weisbjerg and Hvelplund (1993). The feeding value
for cattle was calculated in Scandinavian Feed
Units (SFU) using the formula of Weisbjerg and
Hvelplund (1993), which assigns weights to the
different constituents. One SFU is approximately
equal to 7.89MJ of Net-energy (NE) (Sehestedt
et al., 2004).

For analysis of Cry1Ab protein, Bt- and non-Bt
maize plants (a mixture of stems and leaves), were
freeze-dried and milled (Retsch mill, 0.2mm
sieve) before determination using enzyme-linked
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immunosorbent assay (ELISA) kits (QuantiPlate kit
for Bt-Cry1Ab/1Ac protein, EnviroLogix, Portland,
USA) see Griffiths et al. (2006).

Statistical procedures contained in the SAS soft-
ware package (SAS Institute Inc., 1999) were
employed to analyse data. Single year results were
analysed using conventional analysis of variance
(PROC ANOVA). Data including more years were
analysed with the PROC MIXED procedure to
account for correlations between measurements
in the same plots.
Table 3. Yield of dry matter (DM) and Scandinavian Feed U
for each of the years 2002–2005 giving mean values for each
(n ¼ 16), however, in 2005 only one composite sample per va

Year Factor Subfactor Yield
(t DMha�1)

N (%)

2002 Variety MEB307 12.331 1.58a
Monumental 11.939 1.54b
DK242 12.894 1.52b

P, H0 0.07 0.014
LSD.95 0.810 0.036

2003 Variety MEB307 11.685 1.25
Monumental 11.722 1.23

P, H0 0.85 0.40
LSD.95 0.584 0.064
Tillage Ploughed 11.726 1.24

Reduced 11.682 1.24
P, H0 0.81 0.62
LSD.95 0.367 0.037

2004 Variety MEB307 7.117a 1.42b
Monumental 7.026a 1.45b
DK242 7.476a 1.40b
N32-K3 1.975b 2.27a

P, H0 0.0001 0.0001
LSD.95 0.539 0.07
Tillage Ploughed 5.823 1.65a

Reduced 5.974 1.62b
P, H0 0.07 0.03
LSD.95 0.165 0.03

2005 Variety MEB307 9.765b 1.32
Monumental 9.689b 1.26
DK242 10.314a 1.22
N32-K3 8.952b 1.28

P, H0 0.009 —
LSD.95 0.660 —
Tillage Ploughed 9.673 1.26

Reduced 9.687 1.28
P, H0 0.95 —
LSD.95 0.427 —

Percentages are w/w. Hypothesis H0 is no difference between varietie
H0, differences are further discriminated with a t-test indicated b
significantly different at the 0.05 level. There was only one significan
DM in 2004.
Results

Maize yield and quality

The yield of silage maize in Foulum showed a
considerable year-to-year variation (Table 3) that
may be related to summer mean temperatures.
April–October 2004 had the lowest temperature of
12.1 1C while 2002 had the highest mean tempera-
ture of the four seasons with 12.7 1C. No significant
differences in yield were found between the
nits (SFU) and quality variables of silage maize at Foulum
variety (n ¼ 4–8) and mean values for each tillage system
riety was analyzed for chemical composition

P (%) K (%) Crude
fibre
(%)

Enzyme
digestable
OM (%)

Yield
(SFU ha�1)

0.180 1.48 23.6a 66.9b 9399b
0.171 1.42 23.8a 67.1b 9116b
0.169 1.51 22.0b 68.0a 10003a
0.10 0.28 0.0001 0.023 0.04
0.011 0.10 0.49 0.84 689

0.168 1.13 25.0 64.4 8481
0.163 1.07 25.4 64.8 8541
0.37 0.09 0.19 0.48 0.79
0.014 0.07 0.85 1.41 660
0.166 1.14 25.2 64.5 8518
0.166 1.06 25.2 64.6 8505
1.00 0.09 0.93 0.90 0.93
0.004 0.10 0.78 1.36 323

0.202b 1.43b 25.6b 63.2a 5023a
0.213b 1.40b 25.0bc 62.8a 4974a
0.202b 1.26b 24.8c 63.5a 5311a
0.271a 2.17a 27.3a 59.7b 1319b
0.0001 0.0100 0.0001 0.0001 0.0001
0.013 0.51 0.55 0.90 360
0.222 1.58 25.6 62.3 4125
0.222 1.55 25.7 62.2 4189
0.83 0.38 0.95 0.76 0.23
0.007 0.076 0.37 0.72 114

0.189 1.13 26.3 62.2 6817
0.174 0.98 26.1 63.2 6889
0.177 0.97 24.6 63.8 7438
0.183 1.00 25.5 64.0 6446
— — — — —
— — — — —
0.183 1.04 25.8 63.2 6871
0.179 1.00 25.5 63.3 6924
— — — — —
— — — — —

s or tillage treatments and is tested with a F-test. If Po0.05 for
y lettering: values, which do not share a common letter, are
t interaction between varieties and tillage treatments on yield of
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Table 4. Yield, grain weight and corn-borer populations at the Narbons site as affected by variety-pesticide regime

Variety Pesticide
application
strategy

Grain yield
(t DMha�1)

Grain weight
(mg kernel�1)

Sesamia
(number plant�1)

Ostrinia
(number plant�1)

DKc5784 PAS Bt 10.1a 301a 0.1c 0.0b
DKc5783 PAS Bt 8.4b 277b 1.9a 0.5a
DKc5783 PAS Con. 9.6a 284b 0.5b 0.1b
Paolis PAS Con. 9.2ab 279b 0.8b 0.1b

LSD.95 1.00 15 0.34 0.10
P for H0 0.029 0.022 o 0.0001 o 0.0001

DKc5784 is the Bt-variety and DKc5783 is its near-isogenic counterpart, while Paolis is an unrelated conventional variety. The crop
management practices were either a conventional pesticide application strategy to control corn-borer larvae (PAS Con.) or a no
application suitable for Bt-varieties (PAS Bt). Results for 2004 and 2005 were aggregated in the analysis, and the number of
observations is 8 for each mean value. Hypothesis H0 is no difference between variety-pesticide regimes and is tested with a F-test. If
Po0.05 for H0, differences are further discriminated with a t-test indicated by lettering: values, which do not share a common letter,
are significantly different at the 0.05 level. There were no effects of year or interaction between year and treatment.
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Bt-maize MEB307 and the near-isogenic line Monu-
mental in any of the 4 years and the Bt-trait had no
effect on yield at this site. The conventional DK242
variety seemed to be slightly better adapted to the
temperature conditions in Foulum and gave a
significantly higher yield of SFU in 2002 and dry
matter in 2005. The much lower yield of the Basta-
tolerant N32-K3 variety in 2004 was due to a 1.5-
month delay in seeding. The tillage system had
little effect on yield, which was very similar for
ploughed and reduced tillage with the exception
that in 2004 the Basta-tolerant N32-K3 variety gave
a higher yield of dry matter in reduced tillage plots,
creating a significant interaction between variety
and tillage system. Beside this effect of late
seeding, there was no interaction between tillage
system and the choice of variety-herbicide combi-
nation. Although reduced tillage is believed often
to result in increased weed abundance, both
conventional maize herbicides and Basta were able
to control weeds adequately. For the individual
chemical analyses (concentration of N, P, K, crude
fibre and enzyme digestible OM) that together with
DM-yield determined the yield of SFU, there were
few significant differences between varieties. Out
of these, there was a difference between Bt-maize
MEB307 and the near-isogenic Monumental only in
one case, the former having a higher N-content at
harvest 2002: 1.58% versus 1.54%, which is a small
difference, when compared to year-to-year varia-
tions. In general, the LSD0.95 values for the
measured yield and quality variables were smaller
than year-to-year variations (Table 3), showing that
the experimental design with four replicates would
have detected major differences between Bt-maize
and the near-isogenic variety if such had existed.

In Varois, there were no significant differences in
grain yield between Bt-maize and the near-isogenic
variety. As in Foulum, the absence of a significant
infestation level of the European corn-borer did not
provide good test conditions for showing a yield
benefit of Bt-maize. There were also no significant
differences in yield between the tillage systems
(data not shown).

Narbons provided a better location for testing of
the possible agricultural benefits of the Bt-trait in
maize, since significant populations of the Medi-
terranean corn-borer (Sesamia nonagrioides), as
well as the European corn-borer (Ostrinia nubila-
lis), are present in most seasons. For 2004 and
2005, where the experimental designs were iden-
tical, with the same varieties in the same plots, an
aggregate analysis (Table 4) showed that there
were significant benefits of the Bt-maize DKc5784
with regard to grain yield and grain weight, when
compared to its near-isogenic variety DKc5783
without pesticide sprayings. The Bt-maize also
tended to perform better than conventional vari-
eties treated with pesticides to control corn-borer
infestation, although this result was statistically
significant only for the grain weight. Counting of
corn-borer larvae supported these results on maize
yield and grain weight, since the populations of
both species were significantly lower in the Bt-
maize than in its near-isogenic variety without
pesticide sprayings (Table 4). The population of
Sesamia in the Bt-maize was also lower than in
conventional varieties sprayed with pesticides.
Cry1Ab content in plant and soil

Analyses of plant leaf material (Table 5) showed
the content of Cry1Ab protein to mostly be in the
range of 5–15mg kg�1 dry matter in the Bt-
varieties. Conventional varieties had contents of
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Table 5. Cry1Ab content in soil and plant material at three sites and 2 years

Site Variety Treatment 2004 2005

May Oct. May Aug. Oct.

Soil Soil Plant Soil Soil Plant Soil Plant

Foulum MEB307 Red. Till 0.70 1.86 10.61 1.05 1.82 1.05 13.10
Monumental Red. Till 0.66 1.57 0.01 0.93 1.75 0.88 0.00
N32-K5 Red. Till 0.72 1.55 0.00 0.95 1.75 0.91 0.00
MEB307 Ploughing 0.68 2.20 12.03 0.97 1.74 23.69 1.14 14.04
Monumental Ploughing 0.66 1.56 0.01 0.93 1.66 0.00 0.90 0.00
N32-K5 Ploughing 0.67 1.51 0.01 0.94 1.69 0.00 0.90 0.00

LSD.95 Variety 0.018 0.19 0.588 0.05 0.055 n/a 0.06 1.168
LSD.95 Tillage 0.014 n.s. 0.464 n.s. 0.045 n/a n.s. n.s.
LSD.95 V�T 0.025 n.s. 0.831 n.s. n.s. n/a n.s. n.s.

Varois DKc3946 Red. Till 0.60 1.62 3.38 1.10 1.67 7.83
DK315 Red. Till 0.60 1.40 0.00 0.88 1.55 0.00
DKc3946 Ploughing 0.60 1.57 4.08 0.89 1.60 8.61
DK315 Ploughing 0.60 1.40 0.00 0.88 1.58 0.00

LSD.95 Variety n.s. 0.060 0.668 n.s. 0.047 n.s.
LSD.95 Tillage n.s. n.s. n.s. n.s. n.s. n.s.
LSD.95 V�T n.s. n.s. n.s. n.s. n.s. n.s.

Narbons DKc5784 PAS Bt 0.63 1.50 5.09 1.00 1.77 4.70 1.71 4.50
DKc5783 PAS Con. 0.63 1.36 0.00 0.97 1.68 0.00 1.67 0.00
DKc5783 PAS Bt 0.63 1.38 0.02 0.95 1.71 0.00 1.69 0.00
Paolis PAS Con. 0.63 1.40 0.06 1.02 1.71 0.00 1.69 0.00

LSD.95 Variety n.s. 0.060 0.474 n.s. n.s. 1.542 0.03 1.617

Units are mg kg�1 dry soil, or mg kg�1 plant dry matter. The plant material analysed consisted of a mixture of stems and leaves from
Foulum and leaf material only from Varois and Narbons. The pesticide application strategies in Narbons were either conventional
pesticide application to control corn-borer larvae (PAS Con.) or no application suitable for Bt-varieties (PAS Bt).
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the protein not significantly different from zero.
Cry1Ab protein concentrations found in the soil
were increased in the plots with Bt-varieties but
they did not seem to increase from year to year
(Table 5).
Discussion

The absence of a significant infestation level of
the European corn-borer did not provide test
conditions for showing a yield benefit of Bt-maize
at the two northernmost locations in Foulum and
Varois. The results reported here demonstrated
that there were minimal differences between the
Bt-varieties and their near-isogenic counterparts
without the Bt trait with respect to yield and main
quality characteristics related to the feeding value
of silage maize as investigated in Foulum. The
summer mean temperatures in Foulum seemed to
influence the yield level, which was highest in 2002
and quite low the other years. An effect that was
probably exacerbated by the selection of varieties
that was grown in the experiment. Both the GM-
varieties MEB307 and N32-K3 are bred for more
southerly, higher temperature conditions. In Nar-
bons, the infestation level of corn-borer was higher.
Under these conditions, the number of two species
of corn-borer larvae on the near-isogenic non-Bt-
variety DKc5783 was significantly higher than on
the Bt-variety DKc5784 (Table 4). For the Sesamia
corn-borer this was the case even when the non-Bt-
varieties were sprayed with pesticides to control
the corn-borer. A negative correlation between
corn-borer infestation and maize yield has pre-
viously been demonstrated, and was estimated to
be in the range of 2–3% yield loss per larve/plant
(Dillehay et al., 2004, and references therein). Our
results from Narbons generally correspond with
this, since yield and grain weight of the Bt-variety
was significantly higher than in the near-isogenic
non-Bt-variety. It appeared that repeated pesticide
application did not provide as good a protection
level as the Cry1Ab content of the Bt-maize, since
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grain size was still significantly reduced in the near-
isogenic non-Bt-variety and yield also tended to be
reduced. Although the latter tendency was not
significant, it is in line with the above correlation.
It is well known that the larvae of the corn-borer
are difficult to kill by pesticide application, since
they reside inside stems and cobs, and thus are
protected from direct contact with surface-applied
chemicals. The MON810 Cry1Ab protein, on the
other hand, is constitutively expressed in all parts
of the maize plant (Mendelsohn et al., 2003) and
thus is ingested by the larvae when they feed on
the plant. In summary, Bt-maize produced a higher
grain yield and better grain size than an unsprayed
near-isogenic non-Bt-variety, or allowed a signifi-
cant reduction in pesticide use by saving two times
spraying each year while producing the same yield.

The concentrations of Cry1Ab measured in the
Bt-varieties were in the range reported by others
(Mendelsohn et al., 2003) to effectively control
corn-borer larvae and were consistent with pre-
vious findings. Over the first 2 years of the trial at
Foulum (2002 and 2003) the concentration of Bt
protein in the leaves of MEB307 at harvest was ca.
10mg kg�1 (Griffiths et al., 2005), while the same
variety grown under glasshouse conditions gave
9mg kg�1 in Foulum soil and 14mg kg�1 at the
Varois site (Griffiths et al., 2006). There were
differences between the concentrations of Cry1Ab
in the Bt-maize varieties grown at the different
sites (Table 5), but this could be a site effect as
there were no Bt-varieties common to the three
sites.

Experiments at Foulum and Varois showed that
reduced tillage could be applied without losses in
yield and quality when compared to conventional
ploughing. Both conventional herbicide application
and use of Basta in the glufosinate-ammonium
tolerant variety at Foulum were able to keep the
weed populations at acceptable levels. Some of the
conventional herbicides used in maize cultivation
are considered a threat to groundwater resources
because of risk of leaching (Kjaer et al., 2004). In so
far as GM herbicide tolerant varieties can be
applied or developed that are tolerant to more
environmentally friendly herbicides, this may be of
benefit to the environment. However, the concen-
tration and persistence of proteins specifically
formed by the GM varieties and introduced in the
soil ecological system would also need to be
considered. We investigated the concentrations of
Cry1Ab-Bt-protein in the soil at the field sites. The
measured values were close to the limit of
detection and the protein did not accumulate in
the soil year on year. The concentrations in the
field were less than determined for the same soil/
variety combinations in a glasshouse experiment
where up to 43 mg kg�1 was detected (Griffiths
et al., 2006). Mendelsohn et al. (2003) reported a
half-life in soil of 1.6 days for degrading plant tissue
and 8.3 days for purified protein in soil. Baumgarte
and Tebbe (2005) were able to detect Cry1Ab-
protein after the winter period in field soil grown
with MON810-maize the previous year, but the
content was very low. The values determined in our
field plots were of the same order as the 4 mg kg�1

detected under Bt-maize in a Canadian field study,
leading to the conclusion that much of the Bt-
protein entering the soil decomposes quickly but
that a small fraction is protected in relatively
recalcitrant residues (Hopkins and Gregorich,
2003). The quantification of Bt-protein in soil was
confounded by the low concentrations in soil and
interference from soil factors, as suggested by the
seasonal variation in the amounts of Bt-protein
apparently detected even under non-Bt maize
(Table 5). The use of new extraction techniques
may enable a more accurate determination of the
amounts and dynamics of Bt-protein in soil (Shan
et al., 2005).
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