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Abstract The worldwide commercial cultivation of genetically modified (GM) crops has
raised concerns about potential adverse effects on the environment resulting from the
use of these crops. Consequently, the risks of GM crops for the environment, and espe-
cially for biodiversity, have been extensively assessed before and during their commercial
cultivation. Substantial scientific data on the environmental effects of the currently com-
mercialized GM crops are available today. We have reviewed this scientific knowledge
derived from the past 10 years of worldwide experimental field research and commer-
cial cultivation. The review focuses on the currently commercially available GM crops
that could be relevant for agriculture in Western and Central Europe (i.e., maize, oilseed
rape, and soybean), and on the two main GM traits that are currently commercial-
ized, herbicide tolerance (HT) and insect resistance (IR). The sources of information
included peer-reviewed scientific journals, scientific books, reports from regions with
extensive GM crop cultivation, as well as reports from international governmental orga-
nizations. The data available so far provide no scientific evidence that the cultivation of
the presently commercialized GM crops has caused environmental harm. Nevertheless,
a number of issues related to the interpretation of scientific data on effects of GM crops on
the environment are debated controversially. The present review highlights these scientific
debates and discusses the effects of GM crop cultivation on the environment considering
the impacts caused by cultivation practices of modern agricultural systems.

Keywords Transgenic crops · Environmental effects · Bt-maize · Insect resistance ·
Herbicide tolerance

Abbreviations
Bt Bacillus thuringiensis
EPA United States Environmental Protection Agency
FSE Farm Scale Evaluations
GMO Genetically modified organism
GM Genetically modified
GMHT Genetically modified herbicide tolerant
HT Herbicide tolerance, herbicide tolerant
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OSR Oilseed rape
USDA United States Department of Agriculture
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1
Introduction

1.1
GM Crops, Modern Agriculture, and the Environment

The worldwide commercial cultivation of genetically modified (GM) crops
has raised concerns about potential adverse effects on the environment from
the use of these crops [1–5]. Consequently, the risks of GM crops for the
environment, and especially for biodiversity, have been extensively assessed
before and during their commercial cultivation. Substantial scientific data on
environmental effects of the currently commercialized GM crops are avail-
able. Independent from the use of GM crops, modern agricultural systems
have considerable negative impacts on global biodiversity [6–11]. On a global
scale, the most direct negative impact is due to the considerable loss of
natural habitats, which is caused by the conversion of natural ecosystems
into agricultural land [9, 12]. The negative impact of modern agricultural
systems in Europe cannot be ascribed to only one factor, but is caused by
the interaction of a multitude of factors. Several changes in the manage-
ment of agricultural land over the last century have resulted in a decline in
the diversity of plant, invertebrate, and bird species within agro-ecosystems.
The significant decline in floral diversity of grasslands and arable field mar-
gins, for example, was mainly caused by the adoption of high-yielding for-
age crop varieties, increased fertilizer inputs, frequent applications of her-
bicides, and the increased purity of crop seed [7, 13]. Modern agricultural
systems have produced a landscape in which many fields have very few
weeds and very few invertebrates providing little food for birds. The shift
in the type and density of weeds in the fields, as well as the disappearance
of important habitats such as large stretches of hedgerows, was mainly re-
sponsible for the dramatic decline in bird populations [8, 14, 15]. Potential
impacts of GM crops should thus be put in relation to the environmen-
tal impacts of modern agricultural practices that took place over the last
decades.

1.2
Regulation of GM Crops

Generally, the approval of genetically modified crop varieties is more rigor-
ously regulated than that of conventionally bred crops. Several reasons have
lead to this regulation. The protection of human health and the environment
is the primary reason for government oversight and regulation. There are
other factors besides the safety aspect that have supported government deci-
sions to regulate GM crops. Among others, there is the novelty of transgenic
crops, the uncertainty accompanying the transformation process, and pub-
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lic concerns about the safety of transgenic crops [16]. A thorough pre-market
risk assessment of potentially unwanted effects of the GM crop on the en-
vironment is thus a prerequisite in obtaining permission to market any GM
crop variety. GM crop growing countries generally follow the concepts of fa-
miliarity and of substantial equivalence, which state that a GM crop should
be compared with its traditional counterpart that has an established history
of safe use [17–20]. GM crop varieties that received regulatory approval are
considered to present no more risks than comparable conventional varieties
with a history of safe use.

1.3
Potential Environmental Effects of GM Crops

Potential environmental effects of the currently commercialized GM crops
can roughly be subdivided into direct and indirect effects. Direct effects could
result from the particular nature of the genetic change, i.e., from the result-
ing genotype and phenotype of the crop modified (Fig. 1). GM crops could
be able to hybridize with sexually compatible wild relatives and these could
subsequently suffer an increased risk of extinction. Introduced genetically
modified traits could make a crop more likely to be more persistent (weedy)
in agricultural habitats or more invasive in natural habitats. Transgenic prod-
ucts, especially toxins produced to be active against certain pests, could be
harmful to organisms that are not intended to be harmed. Target pests could
develop resistances against the insecticidal proteins produced in GM crops
resulting in a loss of effectiveness of the transgenic product. Changes in the
agricultural practice due to the adoption of GM crops (e.g., soil tillage, crop-
ping intervals, or cultivation area) could result in a number of indirect effects
(Fig. 1).

In the present review, the scientific knowledge of the environmental impact
of GM crops deriving from 10 years of worldwide experimental field research
and commercial cultivation is reviewed. The sources of information included
peer-reviewed scientific journals, scientific books, reports from regions with
extensive GM crop cultivation, as well as reports from international govern-
mental organizations. The review is focussing on the currently commercially
available GM crops that could be relevant for agriculture in Western and Cen-
tral Europe (i.e., maize, oilseed rape, and soybean), and on the two main GM
traits that are currently commercialized, herbicide tolerance (HT) and in-
sect resistance (IR) [21]. Where helpful, experiences gained with other crops
such as Bt-cotton are considered. GM crops with minor worldwide acreage
(e.g., virus-resistant papaya and squash) are not considered. Potential effects

Fig. 1� Potential direct and indirect effects of genetically modified crops on the environ-
ment (adapted from [1, 2])
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of GM crops are limited to the environment and to the following main top-
ics: (1) effects of GM crops on non-target organisms, (2) effects of GM crops
on soil ecosystems, (3) gene flow from GM crops to wild relatives, (4) in-
vasiveness of GM crops into natural habitats, and (5) impacts of GM crops
on pest and weed management. In addition, this review identifies the pos-
sible ecological benefits that could be derived from the cultivation of GM
crops.

2
Effects of Bt-Crops on Non-target Organisms

Cry-proteins from Bacillus thuringiensis (Bt) are by far the most common
insecticidal proteins that have been engineered into plants. They represent
(up till now) the only insecticidal proteins that are commercially used in
GM crops [21]. Bt cry genes have been engineered into a large number
of plant species such as maize, cotton, potato, tomato, rice, eggplant, and
oilseed rape [22–24]. However, at present, genetically modified Bt-maize and
Bt-cotton are the only crops that are commercially cultivated. Transgenic
Bt-potato plants expressing Cry3Aa to control the Colorado potato beetle
(Leptinotarsa decemlineata) were commercialized from 1996 to 2001, but
were withdrawn from the market due to lack of consumer acceptance and the
introduction of a novel insecticide able to control both the Colorado potato
beetle and aphids [24]. Bt-maize expressing Cry1Ab was initially developed to
control a lepidopteran pest, the European Corn Borer (Ostrinia nubilalis), but
has also shown to be effective against various other lepidopteran pests such
as Sesamia nonagrioides, Spodoptera littoralis and Helicoverpa zea [25–27].
Bt-maize expressing the beetle-specific Cry3Bb toxin to control corn root-
worms (Diabrotica spp.) has received commercial approval in 2003 in the
United States and in Canada [28, 29]. However, due to its recent approval, no
experience from commercial cultivation is yet available.

There are concerns that insect-resistant GM crops expressing Cry-proteins
from B. thuringiensis could harm organisms other than the pest(s) targeted
by the toxin. The long-term and wide-scale use of Bt-crops over the past
10 years has been accompanied by extensive studies testing potential adverse
effects of these crops. One factor of particular interest in this respect is the
potential effect of Bt-transgenic crops on non-target organisms that provide
important ecological and economic services within agricultural systems. This
includes parasitoids and predators that are of importance for natural pest
regulation, pollinators, and butterflies.
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2.1
Effects of Bt-crops on Beneficial insects (Predators and Parasitoids)

2.1.1
Lower-Tier Studies in the Laboratory and Greenhouse

The effects of Bt-crops on predators have been assessed in a number of stud-
ies, most of them using a tritrophic system including a plant, a herbivore
and a natural enemy, i.e., predator or parasitoid (reviewed in [30]). Adverse
effects on mortality, longevity or development of predators were only re-
ported in studies using Bt-susceptible lepidopteran larvae as prey that had
ingested the Bt-toxin. In particular, the green lacewing (Chrysoperla carnea),
an important predator in many maize growing areas, has thoroughly been
studied since studies suggested that this predator was negatively affected by
Cry1Ab [31–33]. Results of subsequent studies using several different prey
species reared on Cry1Ab-maize, however, showed that the insecticidal pro-
tein itself does not directly affect this predator, but that the green lacewing
may be affected when feeding on prey species that are susceptible to Bt-
toxin [34–36]. The negative effect observed was thus entirely prey-quality
mediated, i.e., caused by the suboptimal food quality of the lepidopteran lar-
vae used in the experiments. Because lepidopteran larvae are not considered
an important prey for C. carnea in the field, it is unlikely that Bt-maize poses
a risk for this predator [36, 37]. Similarly, effects of Bt-crops on mortality, de-
velopment, weight or longevity of hymenopteran parasitoids developing in
herbivores reared on transgenic plants were only observed in cases where Bt-
susceptible herbivores were used as hosts [30]. This is not surprising given
that host–parasitoid relationships are usually tight and parasitoids are very
sensitive to changes in host quality. The results of the performed lower-tier
studies provide evidence that except for the lepidopteran species the toxin is
intended for, Cry1Ab does not cause direct toxic effects on any of the arthro-
pod groups examined [30].

2.1.2
Higher-Tier Studies in the Field

More than 50 field experiments, varying greatly in size, duration, and sam-
pling efforts, have been conducted to determine the effects of Bt-crops on
natural enemies (reviewed in [30]). Most studies assessed the abundance
of natural enemies using different methods, while only a few studies com-
pared biological control functions of natural enemies in both Bt- and con-
ventional crops. These experimental field studies have only revealed minor,
transient or inconsistent effects of Bt-crops when compared to a non-Bt con-
trol [30, 38]. Indirect effects were observed with specialist natural enemies
which were virtually absent in Bt-fields due to the lack of target pests as prey
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or hosts [39, 40]. Three studies in Bt-crops revealed consistent reductions in
the abundance of different generalist predators that were also associated with
the reduced availability of lepidopteran prey [41–43]. A 6-year field study
in Bt-cotton on the abundance of 22 arthropod natural enemy taxa indi-
cated that an average decrease of about 20% in some predatory species did
not appear to be ecologically relevant for the biological control function of
the natural enemy community [42, 44]. In general, many natural enemies are
polyphagous, meaning they are able to switch to other preys in the field when
one particular food source is scarce.

The occurrence of indirect effects that are caused by changes in the avail-
ability and/or the quality of target herbivores is not restricted to GM technol-
ogy. Any pest-control measure will cause a reduction in the number of prey
and host items, which could consequently affect population densities of natu-
ral enemies [30, 45, 46]. Such indirect effects are thus generally not considered
to comprise a particular risk of insecticidal GM crops [20, 30].

A number of experimental field studies have included conventional insec-
ticides as a treatment. Since Bt-crops are intended to replace or reduce ap-
plications of conventional insecticides commonly used in agriculture, insec-
ticide treatments should be considered as one reasonable baseline for a com-
parative risk assessment [1, 3, 30]. Experiments that included broad spec-
trum insecticides, such as pyrethroids and organophosphates, have shown
consistently reduced abundances of different groups of predators and hy-
menopteran parasitoids (Bt-maize [47–49]; Bt-cotton [42, 43, 50–53]). Side
effects of more selective insecticides such as indoxacarb (anoxadiazine) or
spinosad (amacrolide) largely depended on the spray frequency [49] whereas
systemic insecticides (such as imidacloprid, a neonicotinoid) were found to
have no or little effect on natural enemies [54]. Although some of the field
studies were limited in their spatial scale, and lack statistical power due to
limited replication and high variability in the data, they clearly indicated that
non-target effects of Bt-crops were substantially lower than those of broad
spectrum insecticides. This has been confirmed by recent large-scale stud-
ies conducted in commercially managed Bt- and non-Bt-cotton fields in the
United States [55, 56]. The results of the various studies performed over the
last years provide evidence that Bt-maize and Bt-cotton expressing insectici-
dal Cry1-proteins are more specific and have fewer side effects on non-target
arthropods than most insecticides currently used.

2.2
Effects of Bt-crops on Pollinators

Many insect species are known to act as pollinators of various crops and
wild plants. They are therefore of great ecological and economic importance.
Among the various insect pollinators, honey bees are the best known, but it is
now recognized that other species like bumble bees and solitary bees are also
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important in ensuring pollination of many plant species. Due to their eco-
logical and economic importance, honey bees are often used as test species
in pre-market risk-assessment studies to assess direct toxicity of insectici-
dal proteins on non-target organisms. Such studies have been conducted for
each Bt-crop prior to its registration in the United States [57]. Feeding tests
with Cry1Ab proteins were conducted on both honey bee larvae and adults
and in each case no effects were observed [57]. Further studies with bees fed
with purified Bt-proteins and with pollen from Bt-crops, as well as when bees
were allowed to forage on Bt-crops in the field have confirmed the lack of
effects [46, 58–60]

2.3
Effects of Bt-crops on Butterflies

Butterflies are considered as a species group with a high aesthetic value serv-
ing as symbols for conservation awareness. Since Cry1Ab is selectively toxic
to Lepidoptera (moths and butterflies), off-site pollen flow from Bt-maize
fields might potentially have adverse effects on Lepidopteran species, if their
larvae feed on host plants dusted with Bt-pollen. The case of Bt-maize pollen
and the monarch butterfly (Danaus plexippus) caused much public interest
and led to a debate over the potential risks and the environmental impact
of Bt-maize. Losey et al. [61] found that when pollen from a commercial
variety of Bt-maize (event Bt 11) was spread on milkweed leaves in the labo-
ratory and fed to monarch butterfly larvae, the larvae consumed significantly
less from these leaves compared with leaves dusted with non-transgenic
pollen. In addition, after 4 days, almost half of the tested larvae died, which
was significantly more than on the leaves with non-transgenic pollen where
none of the tested larvae died. The results of the study drew much atten-
tion to (potential) effects of Bt-crops on butterflies since the monarch is
considered a conservation flagship species in the United States. However,
the study also received much criticism and scientists questioned the valid-
ity of risk conclusions based on the data obtained in laboratory studies. Later
laboratory bioassays showed that the only transgenic Bt-maize pollen that
consistently affected monarch larvae was pollen from Event 176, an event
that has meanwhile been withdrawn from the market. The results suggested
that pollen from the most widely planted Bt-maize events (MON810 and
Bt 11) will have no acute effects on larvae in field settings [62, 63] since their
pollen expresses 80 times less toxin than Event 176 [63]. The results also
suggested that pollen densities used by Losey et al. [61] were in excess com-
pared to pollen densities present in maize fields or that the pollen of event
Bt 11 used may have been contaminated with non-pollen tissues [64]. Ex-
cessive pollen densities of the currently commercialized events (Bt 11 and
MON810) would be required to obtain relevant adverse effects on larval
developments [62].
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The critics also felt that in addition to the mere toxicity (hazard), an eco-
logical risk assessment has to consider exposure, i.e., whether the monarch
larvae will encounter the Bt-toxin and at what level. They also felt that the
studies most likely did not address questions like the spatial and temporal
overlap of monarch larvae and Bt-pollen. Extensive follow-up studies thus de-
termined where the monarchs occur during their breeding season [65], and
what percentage of the population of monarchs is possibly affected be the Bt-
toxin in areas where Bt-maize is presently grown [66]. The results showed that
larval exposure to pollen on a population-wide basis is low, given the propor-
tion of larvae in maize fields during pollen shed, the proportion of Bt-maize
fields, and the levels of pollen within and around maize fields [65]. The pro-
portion of monarch butterfly population exposed to Bt-pollen was estimated
to be less than 0.8% [66]. Field studies showed that continuous exposure of
monarch butterfly larvae to natural deposits of Bt-pollen on milkweed plants
within maize fields can affect individual larvae, but long-term exposure of lar-
vae to Bt-maize pollen throughout their development is detrimental to only
a fraction of the breeding population [67]. It was concluded that the risk of
exposure is low and that it is unlikely that Bt-maize will affect the sustainabil-
ity of monarch butterfly populations in North America [66, 67]. Furthermore,
several authors claimed that effects of Bt-maize should be compared to mor-
tality caused by other factors, which is very high in natural monarch butterfly
populations, and averages around 80% over the entire larval development
period [65, 67]. More important factors that may influence monarch butterfly
survival include loss of over-wintering habitats in Mexico, use of insecticides
to control lepidopteran pests and accidents such as collision with automo-
biles [57].

3
Effects of Bt-crops on Soil Ecosystems

Similar to non-target effects above ground, concerns were raised that
Bt-crops could have effects on soil organisms and soil functions. The fol-
lowing section discusses the concern that non-target soil organisms and
processes could be affected by the accumulation of Bt-toxins in soils through
the cultivation of the currently commercialized Bt-crops.

3.1
Release, Persistence, and Biological Activity of Bt-toxins in Soil

Bt-toxins expressed in Bt-crops can enter the soil system either via root exu-
dates, via senescent plant material, as well as via damaged and cast-off dead
root cells [68–70]. The supply of Bt-toxins by senescent plant material mainly
occurs via decaying biomass remaining on or in the ground after harvest. The
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toxin input from senescent plant tissue varies, depending on initial expres-
sion levels of the transgenic protein in different plant tissues, the progression
of decay of the plant cells and the biomass remaining in the field. Expression
levels in the Bt-maize variety MON810 are estimated to be around 4–7 times
higher in leaves than in roots [71].

Persistence of Bt-toxins in soil is primarily depending on the protein quan-
tity added and on the rate of inactivation and degradation by biotic and
abiotic factors [72]. Degradation rates of Bt-toxins are known to be influenced
by environmental conditions, soil type, the protein source (purified versus
plant-produced) as well as by the particular Cry-protein chosen [45]. Persis-
tence in the environment can be expressed in different ways, which affects
comparison between studies. Terms such as dissipation time to 50% (DT50)
or half-life are used to describe the time until 50% of the original amount
of a substance is degraded. Persistence can also be described in terms of de-
tectable residues. While, for example, a DT50 of 1–2 days is an indicator for
a rapid rate of dissipation, detectable residues after 2–6 months indicate that
some small amounts of the protein last in a biologically active form (if de-
tected by a bioassay) or in an immunologically active form (if detected by
ELISA). The description of detectable residues is a reference to an amount
of substance that can be determined by an analytical method, but is not
necessarily indicating biological activity. Determination of biological activity
requires the use of an organism sensitive to the toxin [45].

Persistence, degradation, and inactivation of Bt-toxins have been assessed
in the laboratory and/or in the field in 11 studies using either Bt-maize ex-
pressing Cry1Ab, Bt-cotton containing other Cry proteins or purified toxins
(Table 1). The presented studies generally indicate an exponential degrada-
tion of Bt-toxins. After a short lag phase due to the breakdown of plant
cells, a rapid degradation takes place with low amounts (< 2%) that may
persist in soil after one season [70]. Bt-toxins may partially persist as a con-
sequence of their binding to surface-active clay and humic acid compounds
and it seems that bound proteins retain their insecticidal activity [69, 73–76].
To date, none of the laboratory or field studies suggest accumulation of Bt-
toxins in soil over several years of cultivation. Experience from commercial
cultivation indicates that Bt-toxin will not persist for long periods under nat-
ural conditions [72, 77, 78]. Although estimates on persistence of Bt-toxins
differ among studies ranging from a few hours [79] to months [70, 80], the
results are not essentially conflicting. Much of the described variation can
be explained by the fact that the studies employ various parameters and ex-
perimental designs. In addition to environmental conditions varying between
sites and seasons, degradation and persistence were depending on a multi-
tude of factors including the type of Bt-toxin (Cry1Ab), the crop species (dif-
ferences in C : N ratio), biotic activity (temperature), soil type (clay content),
and the applied crop management practices (no-till with roots remaining
in the soil).
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3.2
Effects of Bt-crops on Soil Microorganisms

To date, the effects of Bt-crops on microorganisms have been evaluated in
a number of studies which have used a range of different parameters and
techniques [81, 82]. Most studies detected some differences when compar-
ing Bt- with non-Bt-maize, however, the use of a wide variety of techniques
makes a comparison among studies difficult [81]. The reasons for the ob-
served differences as well as their implications are usually not clear. One
difficulty in evaluating these changes is the high number of species in mi-
crobial soil communities and the natural variability occurring therein. In
addition, the species and functional diversity of microbial soil communi-
ties is influenced by a multitude of environmental factors including plant
species, water stress, fertilization, field management, tillage, fungal disease,
grassland improvement, nitrification and soil depth [83]. Knowledge of the
complex diversity of soil microorganisms is limited, since only a small
portion of soil microbial populations can be cultured and identified using
standard analytical methods [84]. Due to this limited knowledge, the im-
portance and the functional consequences of detected differences in soil
microbial populations are difficult to determine. Some methodological ap-
proaches, including the use of molecular biological techniques, show some
promise in helping to understand the impact of GM crops on soil microbial
ecology [81]. These molecular techniques yield fingerprint-type data, which
represent an image of the soil microbial community analyzed [82, 85]. An
accepted definition of the taxonomic unit, which can be used for defining
soil microbial diversity, is, however, clearly lacking [85]. Because most stud-
ies assessing effects of GM crops on soil ecosystems have not determined
the natural variation occurring in agricultural systems, it is generally diffi-
cult to establish whether the differences between Bt- and non-Bt-crops were
exceeding this variation. The only study considering natural variation sug-
gests that observed differences between Bt- and non-Bt-crops were not as
large as differences caused by environmental parameters or by agricultural
practices [86].

3.3
Effects of Bt-crops on Soil Macroorganisms

Effects of Bt-crops on soil macroorganisms have been investigated with ne-
matodes, woodlice, springtails, soil mites and earthworms. Effects of Cry1Ab
toxins on nematodes were examined in three studies using soil samples from
fields planted with Bt-maize and non-Bt isolines [86–88]. The differences
caused by the cultivation of Bt-maize were not as large as those resulting
from cultivating different conventional maize cultivars, different crop plants,
or as large as the differences between sites or sampling dates. The authors
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concluded that the effects found in Bt-maize fall within the normal variation
expected in agricultural systems [86].

Three laboratory studies have shown that Bt-maize expressing Cry1Ab has
no deleterious effects on the woodlice Porcellio scaber [89–91]. Wandeler
et al. [91] compared six non-Bt-maize varieties and two transgenic Bt-maize
varieties during a 20-day feeding experiment in the laboratory with regards to
consumption by P. scaber. The consumption of maize leaves differed between
the eight maize varieties. While P. scaber was found to feed significantly less
on one of the two Bt-varieties compared to its corresponding non-transgenic
control variety, the second transgenic variety was found to be one of the
most consumed maize varieties when compared among all eight maize vari-
eties evaluated. These results suggest that consumption by P. scaber was more
strongly influenced by differences among the maize varieties used than by the
factor Bt-variety alone.

No negative effects of the Bt-toxin Cry1Ab on two springtail species (Fol-
somia candida and Xenylla grisea) and on the mite species Oppia nitens
were found in two laboratory studies [92, 93]. In addition, pre-market risk-
assessment studies submitted for regulatory approval of several Bt-maize and
Bt-cotton varieties have not revealed any toxic effect of Cry1A proteins on
F. candida [57].

Effects of Bt-maize expressing Cry1Ab on the earthworm Lumbricus ter-
restris have been studied in the laboratory and under semi-field conditions in
two studies [88, 94]. Both studies showed no consistent effects on L. terrestris.
No significant difference in mortality and in weight of earthworms was found
after 40 days in soil planted with Bt- or non-Bt-maize, or after 45 days in
soil amended with the biomass of either Bt- or non-Bt-maize [88]. Laboratory
experiments with adult earthworms feeding on Bt- and non-Bt-maize litter
showed no significant difference in relative weight between the two treat-
ments during the first 160 days of the experiment [94]. After 200 days, the
authors found a significant weight loss of 18% of their initial weight when
fed on Bt-maize litter compared to a weight gain of 4% of the initial weight
of non-Bt-maize litter-fed earthworms. They concluded that further studies
were necessary to see whether or not this difference in relative weight was
due to the Bt-toxin. Under semi-field conditions, no significant differences
in growth patterns were observed in immature L. terrestris feeding on Bt-
and non-Bt-litter [94]. Pre-market risk-assessment studies submitted for reg-
ulatory approval have not revealed any toxic effect of Cry1A proteins on the
earthworm Eisenia fetida [57]. In a recent study, the effects of Bt-maize on
important life-history traits of the widespread earthworm Aporrectodea calig-
inosa were investigated under various experimental conditions [95]. Finely
ground Bt-maize leaves added to soil had no deleterious effects on survival,
growth, development or reproduction in A. caliginosa, even in high concen-
trations that could be considered as a worst-case scenario. Also, growth of
juvenile A. caliginosa was unaffected when worms were kept in pots with
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a growing Bt-maize plant. The study confirmed the findings of earlier studies
performed with other earthworm species [88, 94]. Bt-maize apparently poses
minimal risks to earthworms as far as growth and reproduction is concerned.

3.4
The Ecological Significance of Effects of Bt-crops on Soil Ecosystems

Neither laboratory nor field studies have shown lethal or sublethal effects of
Bt-toxins on non-target soil macroorganisms such as earthworms, spring-
tails, soil mites, woodlice or nematodes. For soil microorganisms, many of
the studies referred to in this section have focused on the detection of dif-
ferences between Bt- and non-Bt-crops and they have been able to detect
some differences in the number of species and in the composition of micro-
bial soil communities. The limited knowledge on the complex diversity of soil
microorganisms does, however, not allow to determine the importance and
the functional consequences of detected differences in soil microbial popula-
tions. It is thus not possible to put an ecological value on these differences.
To date, no evaluation has yet been published on the ecological relevance of
differences in populations, communities or processes in soil ecosystems due
to the cultivation of GM crops. With the exception of Griffiths et al. [86],
observed differences have barely been compared with natural background
variation, differences between conventional cultivars and crop systems, and
impacts caused by routine pesticide application. In addition, knowledge gaps
on the natural background variation occurring in agricultural systems still
hinder the full interpretation of study results, making it difficult to clearly
define what is considered an ecologically relevant effect on soil ecosystems.
A final conclusion cannot be drawn, however, the scientific data obtained so
far suggest that the effects owing to the cultivation of Bt-crops fall within
the normal variation expected in agricultural systems. These variations are
not as large as those resulting from growing different, conventional maize
cultivars, crops, or as large as natural differences between sites or sampling
occasions [86].

4
Gene Flow from GM Crops to Wild Relatives

The exchange of genes between crops and their wild relatives has always oc-
curred, ever since the first plants have been domesticated. Natural hybridiza-
tion of crops and related plants is considered to have played an important role
in both domestication of crops and the evolution of weeds [3]. Surprisingly,
gene flow from crops to wild relatives has only recently received major atten-
tion in the context of genetically engineered crops. Concerns have been raised
that transgenes engineered into crops could be unintentionally introduced
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into the genomes of their free-living wild relatives [96]. Two major concerns
related to transgenes in natural populations will be addressed in this section:

1. Could transgenes confer a benefit to weedy relatives (resulting in the evo-
lution of so-called “superweeds”), which could then become very difficult
to control in an agricultural environment? Weedy relatives are species
related to crops which may grow within the crop or may occur in peri-
agricultural environments, such as field margins or road verges.

2. Could wild relatives growing in “natural” environments suffer an in-
creased risk of extinction due to hybridization with GM crops? Transgenic
hybrids could become more competitive than the wild type (e.g., clover,
alfalfa, and grasses). This would then lead to the extinction of the “wild-
type” occurring outside arable agriculture in semi-natural habitat-types
such as grass- or woodland.

It is generally agreed that the hazards related to gene flow from GM crops
are linked to the introgression of transgenes into populations of wild rel-
atives [1, 3, 97–99]. There is little scientific support for the assertion that
transgene dispersal is a hazard in itself. This matter will therefore not be spe-
cifically addressed in this review.

4.1
Principles of Gene Flow

Transgene dispersal is often simply seen as pollen flow from the GM crop to
its relative. The process of introgression, however, is not this simple, and actu-
ally occurs in many steps involving several hybrid generations [99]. Gene flow
can roughly be separated into two processes: hybridization and introgres-
sion. For hybridization to occur, the transgenic crops and wild plants must
grow within pollen dispersal distance, be sexually compatible, flower at the
same time and viable pollen must be delivered to the stigma. Successful fer-
tilization of the embryo must then be followed by zygote and seed formation.
Introgression requires the hybrid seed to germinate and the first filial gen-
eration (F1) plant to establish and flower in order to further hybridize with
members of the recipient population [99, 100]. F1 hybrids must therefore per-
sist for at least one generation and be sufficiently fertile to produce backcross
hybrids. Finally, backcross generations must progress to the point at which
the transgene is incorporated into the genome of the wild relative.

Apart from the various biological factors mentioned, another important
element determining the likelihood of transgene introgression is the occur-
rence of related species in the area where the crop is grown. Since most
crops have been bred from wild plants it is not surprising that on a global
scale nearly all crops may hybridize with a wild relative in some part of
their distribution range [100]. However, only a small fraction of the world’s
flora has been domesticated and in modern agricultural systems, many crops
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are grown outside the range of the wild relatives with which they might hy-
bridize [101]. The potential for gene flow from a specific crop therefore varies
from region to region. In the following section, oilseed rape (OSR) (Bras-
sica napus) is chosen as an example given that this is currently the only crop
where GM varieties are widely commercialized and where gene flow to wild
relatives must be considered in Switzerland [102].

4.2
Fitness of Transgenic Hybrids

The key issue whether a weedy plant might evolve to a more competitive weed
after hybridization with a related GM crop or whether a transgene might in-
crease the competitiveness of wild relatives in natural ecosystems depends on
two factors: (1) does the transgenic trait confer a selective advantage to the
wild plant, and (2) is the trait able to subsequently establish in a natural popu-
lation. Fitness consequences of transgenes are therefore essentially depending
on the character of the transgenic trait. The presence of a transgene does not
in itself appear to be generally beneficial or detrimental in hybrids [96, 98].
The relative fitness of hybrids is depending both on the genotype and on
the environmental conditions the hybrids are encountering. Transgenes that
produce insect resistance (IR) will vary in their fitness potential—the com-
mon conclusion is that the transgenes will only confer a selective advantage
if the fitness of wild populations is influenced by insect herbivores [98, 99].
Some studies were able to confirm this hypotheses, e.g., F1 hybrids of oilseed
rape and Brassica rapa containing Bt-genes were found to have a fecundity
advantage under high insect herbivore pressure [103, 104]. However, these
experiments also suggested that, in the absence of herbivores, fitness costs
occur, which consequently are negatively influencing the competitiveness of
the transgenic hybrids [98]. In most studies investigating the performance of
transgenic hybrids between agricultural weeds and GM crops in semi-wild
conditions, the hybrids were produced by artificial hybridization, i.e., they
were crossed by hand pollination. Since many of these studies additionally
manipulated environmental conditions, it is difficult to judge how hybrids
would behave under natural conditions [98].

4.3
Hybrids of Oilseed Rape Becoming More Competitive Weeds in
Agricultural Habitats

Commercial cultivation of oilseed rape (OSR) is to date the only situation
that could possibly lead to the introgression of herbicide-tolerant genes into
weedy relatives in Western and Central Europe. Examples of weedy relatives
of OSR include wild turnip (Brassica rapa), wild mustard (Sinapis arvensis)
and charlock (Raphanus raphanistrum). Any transfer of herbicide tolerance
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to these cruciferous weeds could render their control more difficult in both
oilseed rape and subsequent crops in a rotation. Farmers would then have to
find an alternative herbicide or a new control method.

Spontaneous hybrids between OSR and B. rapa are known to occur under
field conditions with either species as the pollen donor [105–110]. How-
ever, the transfer of herbicide-tolerant genes from OSR to B. rapa seems to
vary considerably in agricultural environments (Tables 2, 3). To date, only
two studies have discovered herbicide resistant F1 hybrids between B. rapa
and OSR under commercial agricultural cultivation conditions [105, 110]. In
a Canadian study conducted in Quebec, mean hybridization rates in feral
populations of B. rapa were found to be 13.6% when sampled in or near
a commercial field and 7% when sampled in two field experiments [110]. The
higher frequency in commercial fields was explained to be most likely due to
greater distances between individual B. rapa plants leading to higher pollen
competition with OSR pollen. In contrast, in a similar study conducted during
the Farm Scale Evaluations (FSE) in the UK, weedy B. rapa growing amongst
OSR fields and within a 10-m strip next to the crop edge had been sampled,
and only two out of approximately 9500 seedlings were found to have incor-
porated the herbicide-tolerant gene [105]. The considerable differences in the
hybridization rates found in the two studies have not been elucidated yet.
They could possibly be due to several factors:

• variations in the agricultural practice resulting in different amounts of
B. rapa volunteers occurring as agricultural weeds

• variations in the fertility of the OSR cultivars used (conventional vari-
eties vs. varietal associations) resulting in different amounts of transgenic
pollen

• variations in the coincidence of flowering between both B. napus and
B. rapa

The probability of gene flow from OSR to S. arvensis [111] and R. rapha-
nistrum [112–114] seems to be very low (Tables 4, 5). The occurrence of
spontaneous hybrids in commercial fields is therefore unlikely [105, 110].

4.4
Transgenic Hybrids Outcompeting Wild Types in Natural Habitats

To date, no long-term introgression of transgenes into wild populations
leading to the extinction of any wild taxa has been observed [96, 98, 99].
Hybridization-mediated environmental impacts from the currently commer-
cialized GM crops seem not to be any different from those of traditionally
bred crops. However, transgene escape into wild populations of creeping
bentgrass (Agrostis stolonifera) from experimental fields of GMHT creeping
bentgrass has recently been demonstrated in the U.S. [115]. The long-term
fate and ecological impacts of these transgenes within wild A. stolonifera pop-
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ulations remain to be determined. Gene flow from traditional crops has on
some occasions created problems by bringing wild relatives closer to extinc-
tion. There are two known examples of crop-gene flow that have led to the
evolution of decreased fitness in wild populations. Natural hybridization of an
endemic wild rice species (Oryza rufipogon ssp. formosana) with cultivated
rice (Oryza sativa) contributed to its extinction in Taiwan [96]. Similarly,
genetic pressure due to the cultivation of the purple flowering alfalfa (Med-
icago sativa) has lead to the disappearance of the yellow flowering wild-type
(M. falcata) from large areas in Switzerland [116].

4.5
Conclusions on Gene Flow to Wild Relatives

There is general agreement that gene flow from GM crops to sexually compat-
ible wild relatives can occur. Experimental studies have shown that GM crops
are capable of spontaneously mating with wild relatives, however, at rates in
the order of what would be expected for non-transgenic crops [96]. Much
empirical information about crop-wild relative hybridization is now avail-
able [97] indicating that such hybridization occurs when sexually compatible
wild relatives are present in close proximity to the crop, albeit at low (and
variable) rates [99]. Hybridization between conventional (non-GM) crops and
their wild relatives has occasionally caused problems in ecological and evo-
lutionary time. There is no evidence as yet that GM crops pose any greater
risk than do non-GM crops, but our knowledge of the fitness consequences
of transgenes in wild populations is incomplete [98]. It is difficult to judge
a priori whether a transgenic phenotype will have a special fitness advantage
relative to a non-transgenic counterpart—and if an advantage exists, whether
this will result in increased weediness.

5
Invasiveness of GM Crops into Natural Habitats

The awareness of the problems that sometimes accompanied the deliber-
ate or accidental introduction of non-native species into new environments
has a long history [117]. Invasions have been recognized in a growing num-
ber of environments as being serious threats to the preservation of what
we choose (by our choice of time scale) to be regarded as native fauna
and flora [118–120]. Although the great majority of accidental introductions
undoubtedly failed to become established, a substantial number became es-
tablished, and some of these became serious pests [121]. Not surprisingly,
the concern of GM crops invading natural habitats was brought up early
in the discussion on potential environmental risk related to the release of
GM crops [121].
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5.1
Multiple Herbicide Resistances in Oilseed Rape Volunteers

Gene flow between different transgenic OSR growing in habitats which are
frequently disturbed (such as road verges) has commonly been part of
the discussion on environmental effects of GM crops, especially in Canada.
There are three types of herbicide-tolerant OSR commonly grown in Canada:
glyphosate (counting for 59% of the total acreage in 2001) and glufosinate-
resistant varieties (16%)—both obtained by genetic engineering—as well
as a non-transgenic imidazolinone-resistant type (25%) [122]. It was con-
ceived that the transfer of herbicide-tolerance genes between varieties of OSR
through gene flow may result in volunteers resistant to two or more herbi-
cides, which could pose agronomic problems in volunteer plant control. After
3 years of commercial cultivation of GMHT OSR, two triple-herbicide resis-
tant volunteers were reported at a field site in western Canada [123] and
a study at 11 sites in Saskatchewan, Canada, reported double-resistant OSR
volunteers [124]. The results of both studies suggest that HT gene stack-
ing can occur in OSR volunteers. This is not surprising given the outcross-
ing potential of OSR, the large acreage of GMHT OSR in Western Canada,
and the potential seed bank life leading to the incidence of OSR volun-
teers [122, 123, 125]. Rotations including many GMHT crops having the same
trait (e.g., glyphosate tolerance) may result in various crop volunteers re-
sistant to the same herbicide and thus make certain cropping systems frag-
ile [125]. However, there is no evidence at present that the extensive culti-
vation of GMHT OSR over several years in western Canada has resulted in
an increase of volunteer OSR that would have been caused by the herbicide-
tolerant traits [126]. Extensive weed population monitoring has been con-
ducted in thousands of fields and will continue to play an important role
in assessing populations of herbicide-tolerant volunteers, weed population
shifts, and changes to weed biodiversity due to GMHT crops. The lack of
reported multiple-resistant volunteers suggests that these volunteers are be-
ing controlled by chemical and non-chemical management strategies, and are
therefore not an agronomic concern to most producers [123, 126]. The multi-
plicity of herbicides available ensures that HT gene-stacked volunteers are not
an agricultural problem. In Canada, there are over 30 registered herbicides
to control single- or multiple-resistant GMHT OSR in cereals, the most fre-
quent crop to follow OSR in a typical 4-year rotation [122]. In all crops, except
field peas, alternative herbicides are able to control herbicide-tolerant OSR
because glyphosate and glufosinate are not used in crops other than OSR at
this time in western Canada [126]. Although not all volunteer OSR are killed
by the herbicide application, most survivors are affected by the combination
of crop competition and partial herbicide control that reduces seed set. Fur-
thermore, there are a multitude of cultural and mechanical practices that are
recommended to growers to manage multiple-GMHT OSR volunteers. These



Ecological Impacts of Genetically Modified Crops 263

include [122] (1) leaving seeds on or near the soil surface as long as pos-
sible after harvest because a high percentage will germinate in the fall and
be killed by the frost; (2) using tillage immediately before sowing; (3) silag-
ing and green manuring to prevent seed set in volunteers; (4) isolating OSR
fields with different HT traits; (5) following OSR with a cereal crop and ro-
tating OSR in a 4-year crop rotation; (6) scouting fields for volunteers not
controlled by weed management; (7) using certified seed and (8) reducing
seed loss during harvest.

5.2
Invasiveness of Transgenic Crop Varieties into Semi-natural Habitats

Not many experimental studies have been performed comparing the invasive-
ness of transgenic crop varieties to non-transgenic varieties. In an early study,
population dynamics of GMHT OSR with a resistance to glufosinate and con-
ventional OSR were estimated over a 3-year period in 12 natural habitats and
under a range of climatic conditions [127]. There was no evidence that ge-
netic engineering for herbicide tolerance increased the invasive potential of
OSR in undisturbed natural habitats. Furthermore, there was no evidence
that transgenic OSR was more invasive or more persistent in disturbed habi-
tats compared to their conventional counterparts. In general, the transgenic
lines performed even less well than the non-transgenic lines. A more re-
cent study compared four different crops (both conventional and GM) grown
in 12 different habitats and monitored their performance over a period of
10 years [128]. In no case the GM crops (OSR and maize expressing tolerance
to glufosinate, sugar beet tolerant to glyphosate, and two types of GM potato
expressing either the Bt-toxin or a pea lectin) were found to be more invasive
or more persistent than their conventional counterparts.

5.3
Conclusions on the Invasiveness of GM Crops Into Natural Habitats

Despite the extensive commercial cultivation of GMHT OSR in western
Canada for several years, there is currently no evidence of GMHT OSR be-
coming feral. This is due to its lack of persistence in the seed bank, the
redundant and repetitive control of volunteer weeds in subsequent crops, the
absence of persistent populations in ruderal areas, and the limited occurrence
of weedy relatives with a potential for hybridization [126]. De-domestication
of crops and associated ferality appears to be restricted to only a few crop
groups. They are only of minor importance globally with regard to invasive
weed problems especially compared to other plant groups [129]. Globally, the
feral plants that cause much of the economic damage are imported horti-
cultural plants [118–120]. Unlike annual crops, these horticultural plants are
mostly perennials that have extensive sexual and asexual reproduction.
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6
Weed Management Changes Related to GM Herbicide-tolerant Crops

Environmental impacts due to crop management changes are usually diffi-
cult to assess because they are often caused by many interacting factors and
do only show up after an extended period of time. Not surprisingly, the im-
pacts of modern (non-GM) agriculture on biodiversity were only revealed
years after these techniques had been introduced (see Sect. 1.1). Considering
the widespread effects modern agricultural systems had in the last decades,
changes in management practices are probably among the most influential
factors that could lead to biodiversity changes. It appears that concerns re-
lated to crop management changes have been perceived more strongly and
have been judged to be more important since the adoption of GM crops and
that these concerns were less prevalent in the past.

6.1
Shifts of Weed Populations and Potential Impacts on Biodiversity

The impacts on farmland biodiversity due to the use of genetically modi-
fied herbicide-tolerant (GMHT) crops are currently discussed in two con-
trasting matters. While there are concerns that the control of weeds in
GMHT crops using broad-spectrum herbicides might be so efficient that
long-term declines in weeds could lead to the decline of wildlife depending on
them [130, 131], others suggest that GMHT crops might ameliorate farmland
biodiversity by delaying and reducing herbicide use, and even allowing weeds
and associated wildlife to remain in fields longer [132–134].

The concern that declines in weed number could have adverse effects on
farmland biodiversity received major public attention due to the interpre-
tations of the results of the Farm Scale Evaluations (FSE) performed in the
United Kingdom. The FSE were able to show that the biomass of weeds was
reduced under GMHT management in sugar beet and oilseed rape and in-
creased in maize compared with conventional treatments [135]. However, the
invertebrate groups assessed (herbivores, detritivores, pollinators, predators
and parasitoids) were much more influenced by season and by crop type
than by the GMHT management [136]. The abundance of many invertebrate
groups increased two-fold to five-fold between early and late summer, and
differed up to 10-fold between crops, whereas GMHT management superim-
posed relatively small (less than twofold), but consistent, shifts in weed and
insect abundance.

The results of the FSE led some to the rather simplistic conclusion that
the use of GMHT crops generally leads to lower weed and insect densities,
which consequently affect farmland biodiversity, and especially bird popula-
tions. Although the FSE were one of the most extensive ecological studies ever
conducted, they were not without limitations [137, 138]. As the authors of the
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FSE studies stated, “the FSE addressed one particular environmental risk of
one particular trait in one particular agro-ecosystem, and the results should
not be extrapolated to other socio-environmental systems” [139]. There are
two important limits that we feel should be critically discussed:

Extrapolation of the Results from the Farm to the Landscape Level
The effects observed in the FSE were restricted to the field-scale. Taking
into account that all three crops occupied less than 15% of the total arable
field surface of Great Britain in any year [135], it is unclear if these effects
would occur at the landscape-level and how significant they would be. A ma-
jor factor in the decline in farmland biodiversity over the last decades has
been the loss of more specialized taxa [8]. Thus, many of the birds and
butterflies that declined markedly in the period prior to 1970 were depen-
dant on areas of extensive low-input cultivation or the presence of non-
cropped habitat. In general, the plants currently common on arable land
are found in a wide range of other habitats. Similarly, butterflies as well
as the non-declining farmland birds now typical of farmland in Britain are
those that tend to be habitat generalists [8]. More intensive field manage-
ment, degradation in habitat quality, and increasing habitat homogeneity
(across all-scales) are currently the most important drivers of biodiversity
loss.

Consequences of the Cropping and Weed Management System Applied
The FSE assumed that no other changes in field management will occur other
than the GMHT crops replacing present non-GM varieties in a proportion of
fields [135]. The results are therefore linked to the weed-management system
practiced in the FSE, for both conventional and GMHT systems. Highly effect-
ive weed control practices such as those chosen for the GMHT crops in the
FSE lead to low numbers of weed seeds and insects. In turn, fewer insects and
decreased weed seed might reduce the numbers of birds that depend on these
insects and seeds as a food source [137]. However, other weed-management
systems than the one used in the FSE are possible. The use of GMHT technol-
ogy in the U.S. and in Canada was accompanied by a series of management
changes including the adoption of conservation tillage practices, which are
considered to have several environmental benefits [140, 141] (see Sect. 7).
These include beneficial impacts on farmland biodiversity, because conserva-
tion tillage results in a greater availability of crop residues and weed seeds
improving food supplies for insects, birds, and small mammals [142]. Simi-
larly, studies conducted in the UK have shown that alternative scenarios to
those resulting from the FSE are possible for GMHT sugar beet [132, 134].
GMHT sugarbeet allows to choose an optimal application time and to re-
duce the number of herbicide sprays, resulting in environmental benefits
compared with the conventional practice. Depending on the herbicide man-
agement chosen, it can either enhance weed seed banks and autumn bird
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food availability, or provide early season benefits to invertebrates and nesting
birds [134].

6.2
Selection of Resistant Weeds by Intensive Herbicide Applications

The wide adoption of GMHT crops raised concerns that the increasing ap-
plications of one herbicide will rapidly enhance the evolution of herbicide-
tolerant weed populations. However, independently from the adoption of GM
crops, a number of changes have occurred in conventional agricultural sys-
tems during the past decades, which resulted in significant impacts on weed
communities. The most important selective forces on a weed community in
a crop rotation system are tillage and herbicide regime. Most of the resistant
biotypes evolved without the selection pressure resulting from the adoption
of GM herbicide-tolerant crops. Numerous weed species have evolved resist-
ance to a number of herbicides in many, if not most, agricultural systems
long before the introduction of GMHT crops [143, 144]. The commercializa-
tion of herbicides inhibiting acetolactat synthase (ALS), for example, induced
the evolution of herbicide-resistant biotypes in over 90 weed species, while
65 weed species have evolved resistance to atrazine [143, 144]. It seems that
tolerance to glyphosate, in contrast, is less likely to develop in weed species
(and in volunteers) than tolerance to other herbicides, as a result of its chem-
ical properties and its mode of action [145, 146]. After almost three decades of
glyphosate use, tolerance to glyphosate has only been reported in eight weed
species worldwide [143].

The experiences available from regions growing GMHT crops on a large-
scale confirm that the development of herbicide-resistance in weeds is not
a question of genetic modification, but of the herbicide management ap-
plied by farmers. In Canada, no weed species have been observed yet that
demonstrated herbicide tolerance to glyphosate [146]. Although no long-
term studies have been conducted, no significant shifts in weed populations
and no major difficulties in the management of weeds in agricultural settings
have been attributed to the widespread cultivation of GMHT crops in Canada
either. This is, in part, certainly due to farmers rotating both their crops and
the herbicides they use for weed and volunteer control. In the United States,
in contrast, glyphosate has been used before the introduction of GMHT va-
rieties in combination, or in sequence with other herbicides in continuously
cultivated no-tillage soybean fields. With the widespread use of GMHT soy-
beans, many fields have been treated only with glyphosate, which increased
the pressure for the selection of resistant weed biotypes. As a consequence,
within 3 years after the introduction of GMHT soybean varieties, glyphosate-
resistant horseweed (Conyza canadensis) was detected [147]. It is clear that
the continuous application of the same herbicide in one particular crop over
multiple years without applying appropriate crop rotation will inevitably lead
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to the selection of herbicide-tolerant weeds. The limited number of herbicides
used results in greater selection pressure on the weed community.

Glyphosate-resistant weeds have been described by some as “super weeds”,
and there have even been inferences that glyphosate-resistant weed presence
could reduce farmland value. Although farmers have to add another herbi-
cide to glyphosate to control the resistant weed species, there are alternatives
to glyphosate that are highly effective and provide good flexibility in ap-
plication timing for most weed species. There is, however, no question that
glyphosate-resistant weeds will increase the costs of weed management to
farmers. A more costly scenario would involve a weed for which the alterna-
tive herbicides have limited flexibility in application timing. In this situation,
the loss of application flexibility would present a greater cost to many farmers
than the additional herbicide expense.

In conclusion, the simplest way for farmers to reduce selection pressure
placed on weeds by glyphosate is to avoid planting continuous glyphosate-
resistant crops and to annually rotate the herbicides used. Such proced-
ures are in fact part of any reasonable herbicide resistance management
strategy that should be followed by farmers and that are recommended
by regulatory agencies in Europe and in North America, as well as by the
industry [148–150].

6.3
Changes in Herbicide use due to GMHT Crops

There are many criticisms arguing that the adoption of GMHT crops would
generally lead to an increased use of herbicides. Studies can be found to sup-
port this view [151, 152], but there appear to be more studies that support
a small but statistically significant reduction in herbicide use [140, 153–155].
Because the reduction varies between crops and regions, it is difficult to draw
a general conclusion. The adoption of GMHT varieties of oilseed rape in
Canada, for example, has been associated with a reduction in the amount
of herbicide used per hectare as well as a decline in the potential environ-
mental impact of chemical weed management [153]. The average soybean
herbicide application rates in the U.S., in contrast, have slightly increased by
3% since the introduction of GMHT soybean (in terms of active ingredients
per acreage) [140, 155]. It would, however, be insufficient to assess herbicide
use only by comparing the quantities of herbicides applied, even if expressed
as the total amount of active ingredient. Beside net changes in the amounts
used, the adoption of GMHT crops has more precisely resulted in a change
in the mix of herbicides used. The assessment of this change, however, is not
as straightforward as it may seem, since toxicity and persistence in the en-
vironment vary across pesticides. Assessing herbicide changes relying purely
on the amounts used, would assume that the same amount of any two in-
gredients has equal impact on human health and the environment, while in
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fact the various active ingredients in use in herbicides vary widely in toxic-
ity and in persistence in the environment. The adoption of GMHT crops has
allowed farmers to use herbicides (glyphosate and glufosinate) that are less
toxic to humans and to the environment than the previously used [155, 156].
In some countries, especially in South America, the adoption of GMHT soy-
beans increased the volume of herbicides used relative to the amounts used
before GMHT adoption [154, 157, 158]. This is largely due to the fact that
the GMHT technology has accelerated the switch from a conventional tillage
system (where no or less herbicides were used because weeds were mainly
ploughed into the soil) to a conservation tillage system. The increase in the
net volume of herbicides used should, however, be placed in the context of the
environmental benefits of the new conservation tillage systems (see Sect. 7).

7
Possible Ecological Benefits of GM Crop Cultivation

7.1
Pesticide Reductions due to Insect-resistant Crops

Studies on the economic impacts of insect-resistant GM crops are reveal-
ing benefits for farmers, most of all where yields are hampered by high pest
incidence or where the development of resistant pests impedes the use of
pesticides [159, 160]. The benefits related to the adoption of Bt-crops may
comprise both higher yields and significant reductions in pesticide use for
some crops. While the adoption of Bt-maize expressing the insecticidal pro-
tein Cry1Ab has resulted in only modest reductions in insecticide applica-
tions due to the small area of conventional maize treated with insecticides,
the commercial cultivation of Bt-cotton has proven to have resulted both in
a significant reduction in the quantity and in the number of insecticide ap-
plications [159, 161]. Cotton is highly susceptible to several serious insect
pests belonging to the budworm-bollworm complex, i.e., tobacco budworm
(Heliothis virescens), cotton bollworm (Helicoverpa spp.) and pink bollworm
(Pectinophora gossypiella). These insects constitute a major problem in most
cotton-growing areas because they can cause considerable damage. Con-
ventional cotton cultivation therefore relies heavily on repeated insecticide
applications throughout the growing season. Although estimates on pesti-
cide use vary because pesticide use is depending on regional pest pressures,
management practices and yearly variations, it appears that the adoption of
Bt-cotton has significantly reduced the numbers of pesticide applications in
every country where Bt-cotton has been grown [161]. Moreover, most studies
estimate a reduction in the amount of pesticides used [141, 154, 161]. Dir-
ect environmental benefits of reduced insecticide applications in Bt-cotton
resulted in fewer non-target effects [55, 56] and in reduced pesticide inputs
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in water [159]. In China, for example, the number of pesticide applications
against lepidopteran pests in cotton has considerably dropped from nine in
1994 to four applications in 2001 following the adoption of Bt-cotton [162].
Concerns have been raised that these environmental benefits may be lowered
by additional spraying against secondary pests that were formerly controlled
by the broad spectrum pesticides. There is, however, no published evidence
that Bt-cotton has resulted in a general change in the pest spectrum leading
to an overall increase of pesticide applications. In addition to direct environ-
mental benefits, pesticide reductions related to the adoption of Bt-cotton have
also shown to have reduced many immediate as well as longer-term risks to
human health [163–166].

7.2
New Weed Control Strategies Offered by GM Herbicide-Tolerant Crops

The adoption of GMHT crop varieties has resulted in several weed man-
agement changes compared to conventionally managed crops. GMHT crop
varieties allow the use of a single broad-spectrum herbicide that has a wider
spectrum of activity and that may reduce the need for herbicide combinations
or chemicals that require multiple applications [153, 155, 156]. The herbicides
used in GMHT crops (glyphosate or glufosinate) are foliar-applied, post-
emergence herbicides, which usually allow using herbicides in a more tar-
geted manner. They can be applied after weeds have emerged, i.e., areas with
high weed densities can be identified and treated, while areas with low weed
pressure can be treated with reduced herbicide amounts. Post-emergence
herbicides are thus generally applied at lower rates than soil-applied, pre-
emergence herbicides, also because absorption by soil colloids and degrada-
tion are reduced [167]. Glyphosate and glufosinate are considered being less
toxic to human health and the environment than many of the herbicides they
replace [155, 156]. Both have relatively short soil half-lives and they persist al-
most half as long in the environment compared to the replaced herbicides.
Neither moves readily to ground water, which results in fewer losses of chem-
icals by leaching and run-off from the field [156].

Perhaps the most important environmental benefit of the adoption of
GMHT crops is the possibility to use broad spectrum herbicides, which en-
couraged growers to adopt conservation tillage strategies [140, 156, 168, 169].
Prior to the introduction of transgenic HT crop varieties, most growers used
tillage to prepare the soil for planting. Excessive tillage, however, is known to
cause soil structure changes, increase the susceptibility to soil erosion, and
reduce soil moisture. Loss of topsoil due to tillage therefore causes environ-
mental damage that can last for centuries. Since the early 1990s, growers have
been reducing their tillage operations for soil conservation benefits. Accord-
ing to USDA survey data, about 60% of the area planted with GMHT soybean
was under conservation tillage in 1997, compared with only about 40% for
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conventional soybean [170]. Gianessi [171] cites a survey by the American
Soybean Association, indicating that U.S. soybean growers reported making
fewer tillage passes through their fields since 1995 when GMHT soybean was
first introduced. Because weed control can be done during the post-emergence
phase, farmers can use direct-seeding techniques since there is no need for
pre-seeding tillage. Conservation tillage leaves a layer of plant residues on the
soil surface, preventing soil erosion, reducing evaporation and increasing the
ability of the soil to absorb moisture [169]. A richer soil biota develops that can
improve nutrient recycling and this may also help combat crop pests and dis-
eases [142]. Earthworm populations are generally higher in no-till fields than
in conventionally tilled fields [169]. In addition to a reduction in soil erosion
and degradation, less frequent soil cultivation also results in a decrease in the
emission of greenhouse gases, partly arising from a reduction in fuel use [154].
There is also evidence that conservation tillage can provide a wide range of
benefits to farmland biodiversity by improving agricultural land as habitat for
wildlife. The greater availability of crop residues and weed seeds can improve
food supplies for insects, birds, and small mammals [142].

8
Scientific Debates on the Ecological Impact of GM Crops

The interpretation of collected scientific data is debated controversially by dif-
ferent stakeholders involved in the debate on potential impact of GM crops
on biodiversity. Although some groups argue that experience and solid scien-
tific knowledge are still lacking, the ongoing debate is generally not purely due
to a lack of scientific data, but more to an ambiguous interpretation of what
is considered an ecologically relevant effect of GM crops. The interpretation
of study results is thereby often challenged by the absence of a defined base-
line for the evaluation of environmental effects of GM crops. Consequently,
some consider any effect related to GM crops as being undesired, while others
compare it to effects caused by modern agricultural practices recognizing that
a multitude of factors involved cause environmental effects. The interpretation
of study results is further often challenged by knowledge gaps on the natural
variation occurring in any biological system. Rather than the GM crop alone
being the influencing factor, environmental effects are caused by agricultural
production systems where the GM crop is one factor among others. Although
science can help to assess these natural variations, it will most probably not be
possible to elucidate all ecological interactions taking place in such systems. In
practice, decision-making will thus have to be not purely based on scientific
criteria, but will also be strongly influenced by political, social, economical
and ethical factors. Ecologically significant effects are only judged unaccept-
able (i.e., representing a damage) by the society if they are perceived as being
linked to a deterioration in quality of a particular entity (e.g., biodiversity).
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Valuation of scientific data is thus influenced by the individual and subjective
perceptions of the terms safety, risk and uncertainty by the society and partic-
ularly by the persons involved in decision-making. The following list intends
to highlight a number of issues, which mainly in Europe are currently debated
controversially in the discussion on the safety of GM crops.

Effects of GM Crops on Non-target Organisms
• There is scientific controversy on the baseline that should be applied when

assessing potential effects of insect-resistant GM crops. It is discussed
whether this should be the most common agricultural practice used (e.g.,
integrated pest management), a practice like organic farming, which is
only practiced by a low number of farmers, or a (hypothetical) practice
that may represent the optimal system for the environment.

• There is a debate to what extent indirect toxic effects, i.e., effects on nat-
ural enemies that largely depend on the target pest, should be valuated
considering that such effects are common for all pest control methods and
not restricted to the use of insect-resistant GM crops.

Impacts of GM Crops on Soil Ecosystems
• A commonly accepted definition for soil quality has not yet been found.
• Population sizes and community structure of soil microorganism are sub-

ject to high variation, and the baseline comparison for ecological impli-
cation is still not clear. Standard indicator species have not been defined.
Different studies use a range of different parameters and techniques.

• Is the presence of low percentages of activated transgenic Bt-toxin(s) from
Bt-crops in soils a reason for concern, considering that Bt-toxins are natu-
rally occurring in soils due to the soil bacteria Bacillus thuringiensis, and
that Bt-spray formulations are commonly used for insect control in agri-
culture and forestry?

Gene Flow from GM Crops to Wild Relatives
• In most agricultural landscapes, there is usually a gradual transition from

peri-agricultural to semi-natural habitats. Although “wild plants” can
usually be distinguished from “agricultural weeds”, a clear definition of
what plant species are considered being truly wild plants is lacking.

• Should effects occurring within agricultural or peri-agricultural environ-
ments be given the same importance as those effects, which could occur in
natural habitats?

• Should gene flow from GM crops to wild relatives be valuated in a different
way than gene flow from conventional crops to wild relatives?

Invasiveness of GM Crops into Natural Habitats
• Is the presence of volunteer GMHT oilseed rape in habitats such as field

borders or road verges an unwanted environmental effect, considering
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that non-transgenic oilseed rape is regularly occurring in such habitats
and that HT is not considered to confer a selective advantage in natural
habitats?

Impacts of GM Crops on Pest and Weed Management and their Ecological Conse-
quences
• Is it better to have a high biodiversity in-crop (i.e., to have weedy crops),

or to enhance off-crop biodiversity (e.g., separate buffer strips outside the
fields) providing food for insects and birds?

• Should herbicide-resistant weeds that have been caused by GMHT crops
be valuated differently than herbicide-resistant weeds that have been
caused by conventional (non-transgenic) weed management?

9
Conclusions

The risks of GM crops for the environment, and especially for biodiversity,
have been extensively assessed worldwide over the past 10 years of com-
mercial cultivation of GM crops. Consequently, substantial scientific data on
environmental effects of the currently commercialized GM crops are available
today, and will further be obtained given that several research programmes
are underway in a number of countries. The data available so far provide no
scientific evidence that the commercial cultivation of GM crops has caused
environmental impacts beyond the impacts that have been caused by conven-
tional agricultural management practices. Nevertheless, a number of issues
related to the interpretation of scientific data on effects of GM crops on the
environment are debated controversially. To a certain extent, this is due to
the inherent fact that scientific data are always characterized by uncertainties,
and that predictions on potential long-term or cumulative effects are diffi-
cult. Uncertainties can either be related to the circumstance that there is not
yet a sufficient data basis provided for an assessment of consequences (the
“unknown”), or to the fact that the questions to solve are out of reach for
scientific methods (the “unknowable”). There is thus a need to develop sci-
entific criteria for the evaluation of effects of GM crops on the environment
in order to assist regulatory authorities when deciding whether environmen-
tal effects of GM crops are considered to represent a relevant environmental
impact.

Agricultural production systems are complex and diverse. As with the
adoption of any new technology, the use of agricultural biotechnology might
include positive and possibly less favorable environmental impacts. GM crop-
ing systems can help to reduce some environmental impacts associated with
conventional agriculture, but they will also introduce new challenges that
must be addressed. When discussing the risks of GM crops, one has to rec-
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ognize that the real choice for farmers and consumers is not between a GM
technology that may have risks and a completely safe alternative. The real
choice is between GM crops and current conventional pest and weed manage-
ment practices, all possibly having positive and negative outcomes. To ensure
that a policy is truly precautionary, one should therefore compare the risk of
adopting a technology against the risk of not adopting it [172]. We thus be-
lieve that both benefits and risks of GM crop systems should be compared
with those of current agricultural practices.
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