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Summary 

There is currently little experience how the existing regulation on genetically modified 

(GM) organisms in the European Union (EU) could be implemented. Given that a compa-

rable regulation is not mandated for conventional plants, the adoption of the new legal 

requirements represents a challenge for scientists, regulators and the industry. As yet, 

no general strategies have been established and regulatory authorities are seeking scien-

tific advice. This thesis focuses on a set of questions relating to the scientific implementa-

tion of the new EU biotechnology regulations. Using GM plants as an example, the main 

objective of the thesis is to provide science-based conceptual approaches to exemplify 

how the cultivation of GM crops could be managed under current EU biotechnology regu-

lation. These conceptual approaches cover two major concerns related to the use of GM 

plants in agriculture: (1) the concern that GM plants could have adverse effects on the 

environment, particularly on biodiversity, and (2) the concern that the cultivation of GM 

crops could lead to unwanted GM inputs into non-GM crop production systems. Based on 

these two concerns, the role of science in the implementation of regulation is analysed 

along four main questions: 

• What is the current scientific knowledge on the ecological impacts of GM crops and 

how does this knowledge influence subsequent risk management decisions? 

• How could risk management measures, particularly post-market monitoring (PMM) 

programmes, be implemented to provide scientific data for later decision-making? 

• What are the challenges in decision-making during PMM and how could they be 

possibly addressed? 

• What measures are necessary to ensure the coexistence between non-GM and GM 

crop production systems using cross-fertilization as an example for a possible way 

of admixture? 

The thesis is composed of a general introduction (chapter 1), four peer-reviewed and 

published publications (chapters 2 through 5) and a general conclusion and outlook 

(chapter 6). 

Chapter 2 reviews the scientific data that is available today on the environmental im-

pacts of the current GM crops deriving from the past 10 years of worldwide experimental 

field research and commercial cultivation. The chapter focuses on the current 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, herbicide tolerance and insect resis-

tance. A number of scientific debates related to the interpretation of scientific data are 
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identified. The effects of GM crop cultivation on the environment are discussed consider-

ing the impacts caused by cultivation practices of modern agricultural systems. 

Chapter 3 develops a conceptual framework that proposes structures and procedures 

that could be used to implement post-market monitoring programmes of GM crops. Clear 

conceptual differences between case-specific monitoring and general surveillance are 

identified. It is proposed to adopt separate frameworks when developing either of the 

two programmes. Common to both programmes is the need to put a value on ecological 

effects of GM crop cultivation. 

Chapter 4 analyses the challenges in decision-making during PMM, particularly the dif-

ficulties in objectively defining environmental damage. It is argued that regulatory au-

thorities face a number of challenges when being confronted to decision-making related 

to PMM of GM crops. Possible ways how the identified challenges could be addressed are 

proposed. 

Chapter 5 describes an analysis of a scenario for the coexistence of GM and non-GM 

crop production systems in Switzerland. Cross-fertilization in maize is used as an exam-

ple for a possible way of admixture to determine what specific measures are necessary to 

prevent mixing of GM with non-GM products. Existing cross-fertilization studies are re-

viewed and it is recognized that there is a need for scientific criteria when analysing 

these studies. The established criteria are used to define science-based isolation dis-

tances between GM and non-GM maize fields. 

Based on the results of this thesis, it is concluded that the consideration of scientific 

principles (e.g., objectivity and reproducibility) is crucial to support consistent decision-

making processes and to ensure fairness towards the different actors involved. It is, 

however, also important to recognize the limits of science and research to contribute to 

environmental decision-making. The current controversial debate on the environmental 

impacts of GM crops is mainly a dispute over differing value judgements. The answer to 

resolve this debate lies thus not primarily in performing more research to generate addi-

tional scientific data, but in an attempt to resolve the debate over values. The debate can 

only be solved by clarifying the different existing value positions to possibly find a con-

sensus on the role of agricultural biotechnology in Europe. 
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Zusammenfassung 

Es gibt zurzeit wenig Erfahrung, wie die bestehenden gesetzlichen Regelungen für 

gentechnisch veränderte (GV) Organismen in der Europäischen Union (EU) umgesetzt 

werden können. Da eine vergleichbare Regulierung für konventionell gezüchtete Kultur-

pflanzen nicht vorgeschrieben ist, bedeutet die Umsetzung der neuen Vorschriften eine 

Herausforderung für Wissenschaftler, Behörden und die Industrie. Da bisher noch keine 

allgemein akzeptierten Strategien erarbeitet wurden, benötigen die Behörden wissen-

schaftliche Unterstützung. Die vorliegende Dissertation konzentriert sich auf eine Reihe 

von Fragen zur wissenschaftlichen Umsetzung der neuen EU Biotechnologie Regulierung. 

Das Ziel dieser Dissertation ist, anhand des Beispiels GV Pflanzen (GVP), konzeptionelle 

Grundlagen zu erarbeiten, wie das Risikomanagement eines Anbaus von GVP unter der 

geltenden EU-Gesetzgebung wissenschaftlich umgesetzt werden könnte. Die konzeptio-

nellen Grundlagen umfassen zwei oft genannte Bedenken betreffend der landwirtschaftli-

chen Nutzung von GVP: (1) die Befürchtung, dass GVP unerwünschte Auswirkungen auf 

die Umwelt, und speziell auf die Biodiversität, haben könnten, und (2) Bedenken, dass 

der Anbau von GVP zu unerwünschten Einträgen von GV Material in landwirtschaftliche 

Anbausysteme ohne Gentechnik führen. Basierend auf diesen zwei Bedenken wird die 

Rolle der Wissenschaft bei der Umsetzung gesetzlicher Anforderungen anhand von vier 

Fragen analysiert: 

• Was wissen wir heute über die Auswirkungen von GVP auf die Umwelt und wie be-

einflusst dieses Wissen nachfolgende Entscheidungen beim Risikomanagement? 

• Wie könnten Risikomanagement-Massnahmen, speziell ein anbaubegleitendes 

Umweltmonitoring, umgesetzt werden, um wissenschaftliche Daten für spätere 

Entscheidungen zu liefern? 

• Welche Schwierigkeiten gibt es bei Entscheidungsprozessen in einem Umweltmoni-

toring und wie könnten diese gelöst werden? 

• Welche Massnahmen sind nötig, um die Koexistenz zwischen landwirtschaftlichen 

Anbausystemen mit und ohne Gentechnik zu ermöglichen (die Massnahmen wer-

den anhand des Beispiels der Auskreuzung als einem möglichen Vermischungsme-

chanismus diskutiert)? 

Die Dissertation besteht aus einer allgemeinen Einleitung (Kapitel 1), vier wissen-

schaftlich begutachteten und veröffentlichten Publikationen (Kapitel 2 bis 5) und einer 

allgemeinen Schlussfolgerung (Kapitel 6). 

In Kapitel 2 werden die wissenschaftlichen Daten zu Umweltauswirkungen der derzeit 

angebauten GVP analysiert, die heute aus zehn Jahren weltweiter Feldforschung und 
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kommerziellem Anbau vefügbar sind. Das Kapitel konzentriert sich auf jene GVP, die für 

die Landwirtschaft in West- und Mitteleuropa von Bedeutung sein könnten (d.h. Mais, 

Raps und Soja) und auf die zwei wichtigsten GV Eigenschaften, Herbizidtoleranz und In-

sektenresistenz. Eine Reihe wissenschaftlicher Fragen werden identifiziert, die bei der 

Interpretation der vorliegenden Daten zurzeit diskutiert werden. Die Auswirkungen des 

Anbaus von GVP auf die Umwelt werden im Vergleich zu den Umweltauswirkungen der 

konventionellen landwirtschaftlichen Praxis diskutiert. 

In Kapitel 3 wird ein konzeptioneller Ansatz entwickelt, in dem Strukturen und Abläufe 

vorgeschlagen werden, wie ein Umweltmonitoring von GVP umgesetzt werden könnte. Es 

werden eindeutige konzeptionelle Unterschiede zwischen der fallspezifischen Überwa-

chung und der allgemeinen Umweltbeobachtung identifiziert. Zwei verschiedene Ansätze 

zur Entwicklung der beiden Programme werden vorgeschlagen. Beiden Programmen ge-

meinsam ist die Notwendigkeit, die Umweltauswirkungen von GVP zu bewerten. 

In Kapitel 4 werden die Schwierigkeiten in den Entscheidungsprozessen eines Um-

weltmonitorings analysiert, speziell die Schwierigkeit den Begriff «Umweltschaden» ob-

jektiv zu definieren. Es wird argumentiert, dass Behörden bei solchen Entscheidungspro-

zessen einer Reihe von Schwierigkeiten begegnen werden. Es werden mögliche Lösungen 

vorgeschlagen, wie diesen Schwierigkeiten begegnet werden könnte. 

In Kapitel 5 wird ein Szenario für die Koexistenz landwirtschaftlicher Anbausysteme 

mit und ohne Gentechnik in der Schweiz analysiert. Anhand der Auskreuzung in Mais, als 

einem Beispiel für einen möglichen Vermischungsmechanismus, werden Massnahmen 

vorgeschlagen die nötig wären, um Vermischungen von Produkten mit und ohne Gen-

technik zu vermeiden. Bestehende Studien zur Auskreuzung in Mais werden analysiert 

und es zeigt sich, dass wissenschaftliche Kriterien definiert werden müssen, um diese zu 

analysieren. Die erarbeiteten Kriterien werden zur Definition von wissenschaftlich be-

gründeten Isolationsabständen zwischen GV und nicht-GV Maisfeldern benutzt. 

Die in der vorliegenden Dissertation erarbeiteten Resultate zeigen, dass wissenschaft-

liche Prinzipien (z.B. Objektivität und Reproduzierbarkeit) wichtig sind, um konsistente 

Entscheidungsprozesse sowie Fairness gegenüber den involvierten Akteuren zu gewähr-

leisten. Es ist jedoch auch wichtig, die Grenzen von Wissenschaft und Forschung bei Ent-

scheidungsprozessen zu erkennen. Die aktuelle Debatte zu Umweltauswirkungen von 

GVP ist mehrheitlich eine Auseinandersetzung über unterschiedliche Wertvorstellungen. 

Die Debatte kann daher nicht primär durch zusätzliche Forschung und zusätzliche wis-

senschaftliche Daten gelöst werden, sondern viel eher durch einen Versuch, die aktuelle 

Wertedebatte zu lösen. Dies kann nur funktionieren indem die bestehenden unterschied-

lichen Wertvorstellungen verdeutlicht werden, um möglicherweise einen Konsens über 

die Rolle der grünen Gentechnik in Europa zu finden. 
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1 General introduction 

1.1 General principles of risk analysis 

The principle of assessing risks of chemicals and other stressors to human health and 

the environment dates back at least to the 1970s (Hill and Sendashonga, 2003; Suter, 

2007). The National Research Council of the United States National Academy of Sciences 

established a four step paradigm for risk assessment (hazard identification, hazard char-

acterisation, exposure assessment and risk characterisation), which was originally de-

signed for human health assessment, but was later adopted for environmental risk as-

sessment (NRC, 1983). Most, if not all of the frameworks for risk assessment, are based 

on this report. Risk is recognized as having two major components: (1) one or more po-

tential stressors (sometimes called hazard), and (2) the probability that these stressors 

will occur (often called exposure). Risk is thereby defined as a function of the probability 

and severity of an adverse effect occurring to man or the environment following exposure 

to a hazard (European Commission, 2000b). Risk does thus not exist if exposure to a 

harmful substance or situation does not or will not occur (Kinderlerer, 2004). In recent 

years there has been a wide recognition that dealing with risks should follow a structured 

approach, described as risk analysis (European Commission, 2000b). Although this term 

does not immediately identify its scope, there is agreement that risk assessment, risk 

management and risk communication (i.e., the interactive exchange of information and 

opinions throughout the risk analysis process) are its essential elements (European 

Commission, 2000b); Fig. 1). 

Risk assessment and risk management are two distinct processes. Risk assessment is 

clearly restricted to the phase prior to commercial approval of a product. It aims at 

evaluating the likelihood of an adverse effect occurring to man or the environment while 

using a product under a defined set of conditions. Risk assessment is intended to be of 

practical use. Its aim is to identify and characterise a risk from a “risk source” and to 

provide a sound basis for a decision. This decision can be that the risk needs to be con-

tained or avoided, or that the risk is sufficiently small as to be deemed acceptable 

(European Commission, 2000b). The risk assessors should, however, not have an exclu-

sive role in identifying what is an acceptable risk. A value judgement on the results of the 

risk assessment is considered to be part of risk management (European Commission, 

2002). Risk managers weigh policy alternatives in the light of the risk conclusion and of 

other factors such as potential benefits or costs of carrying out the action (Fig. 1). If re-

quired, appropriate control options (e.g., post-market monitoring or containment activi-

ties) can be implemented to manage or reduce the identified risk. 
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Figure 1: The three components of risk analysis constituting the risk cycle (European Commission, 
2000b).  

 

1.2 The purpose of regulation 

Governmental regulation of processes and products can have several reasons (Jaffe, 

2004). Perhaps the most important reason is to ensure human safety and human health. 

Food and drug products are regulated to ensure that human nutrition and medication is 

safe. Another reason is the protection of the environment. Many countries have estab-

lished environmental laws which limit pollution to air and water or damage to biodiver-

sity. Apart from safety there are other reasons for the regulation of processes or prod-

ucts. Regulation may be put in place to avoid fraud (e.g., by requiring specific informa-

tion on food labels), or to address social or ethical concerns (e.g., the use of animals in 

scientific research). Governments may furthermore regulate a technology because the 

public is concerned about the product or the process. There is, for example, typically 

much more governmental regulation and oversight for genetically modified (GM) crops 

than for conventionally bred crops. The safety of GM crops may be of concern given the 

novelty of the technology and the scientific uncertainties related to the transformation 

process of GM crops. Regulation can thereby provide the public with confidence in a 
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product or process, independent whether there is a real or potential human safety risk. 

In general, industry is also interested in having a regulatory system that assures the 

safety of their products before entering the market. This may provide them both market 

acceptance of their product and necessary capital investment. Finally, government deci-

sions to regulate a particular area of products or processes may also be encouraged by 

compliance with international conventions. In the case of genetically modified organisms 

(GMOs) this may be the Cartagena Protocol on Biosafety, which seeks to protect biologi-

cal diversity from the potential risks posed by GMOs (CBD, 2000). Whether regulation is 

established to “protect” or “safeguard” human health or the environment, the govern-

ment’s goal is to minimize or eliminate any real or potential hazards (Jaffe, 2004). The 

regulation of products (and processes) is thus generally linked to the concept of risk 

analysis (see chapter 1.1). A risk assessment of potential hazards is today often a pre-

requisite for many products to obtain permission for market approval. 

1.3 Reactive versus proactive regulation 

Up to the 1970s, risk regulation in the food and agriculture-related industries was en-

tirely reactive (Tait and Levidow, 1992). The industry and its products were controlled by 

a system responding to scientifically proven adverse impacts that had arisen in earlier 

generations of products. There were no organized efforts to predict previously unforeseen 

hazards before a product was placed on the market. Only after a hazard had been identi-

fied regulations were formulated to ensure that new products did not give rise to similar 

hazards (Tait and Levidow, 1992). In a proactive approach to risk regulation, in contrast, 

products are controlled by a system that has been set up to avoid potential hazards. 

Hazards are predicted in advance of the development and/or marketing of a product and 

before there is any empirical evidence for the existence of such hazards (Tait and Levi-

dow, 1992). In biotechnology, a proactive approach was already followed during the first 

stages of research in the early 1970s when scientists agreed upon a voluntary morato-

rium to stop certain scientific experiments using recombinant DNA techniques (Berg et 

al., 1974) (see chapter 1.5). 

1.4 Different regulatory approaches for genetically modified crops 

The commercial approval of GM crops is strongly depending on the individual ap-

proaches followed by regulatory authorities in the regulation of these crops. There are 

principally two different approaches to assess the risks of GM crops, which follow two 

rather different concepts. 
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1.4.1 The “comparative approach” 

The underlying assumption of the “comparative approach” is that conventionally culti-

vated crops have established a history of safe use for humans and the environment. A 

GM plant can thus be compared to its non-modified counterpart and the conventional 

plant serves as a baseline for the environmental and food/feed safety assessment of the 

GM plant. At the basis of the comparative approach are the concepts of familiarity and 

substantial equivalence. They were developed by the OECD (OECD, 1993a, b) and further 

elaborated by FAO/WHO (FAO/WHO, 2000). Both concepts have subsequently been 

adopted by many GM crop growing countries, such as the United States (EPA, 1998) or 

Canada (CFIA, 2004). In the European Union (EU), they have been recognised as a guid-

ing principle for the assessment of GM plants (EFSA, 2006a), but the introduction of GM 

crops into the environment was supplemented by the precautionary approach (see be-

low). The objective of the comparative approach is to determine whether the novel plant 

presents any new or greater risks in comparison to its conventional counterpart. It is not 

a risk assessment as such, but a way of structuring the comparison to identify any differ-

ences that then become the focus of the risk assessment. For example, a transgenic in-

sect-resistant maize plant is first and foremost a maize plant, and the goal is to evaluate 

what additional risks to human health or impacts on the environment may result from 

the incorporation of the new trait. The rationale of the “substantial equivalence” concept 

states that products that received regulatory approval are considered to present no more 

risks than comparable products with a history of safe use.  

1.4.2 The “precautionary approach” 

The second approach that is today often applied in the regulation of GMOs is the “pre-

cautionary approach”, or the “precautionary principle (PP)”. The PP has, for example, to 

be taken into account when introducing GMOs into the environment in the European Un-

ion (European Community, 2001) and in Switzerland (GTG, SR 814.91). The PP is closely 

linked to the concept of a proactive regulation representing a shift from a post-damage 

control (civil liability as a remedial tool) to a pre-damage control of risks that includes 

anticipatory measures (UNESCO, 2005). The idea of the PP dates back to the early 1970s 

aiming at ensuring that all appropriate measures are taken to avoid adverse effects on 

human health and the environment. A variety of definitions can be found in the literature 

and in international treaties. The Rio declaration on environment and development, for 

example, states “In order to protect the environment, the precautionary approach shall 

be widely applied by States according to their capabilities. Where there are threats of 

serious or irreversible damage, lack of full scientific certainty shall not be used as a rea-

son for postponing cost-effective measures to prevent environmental degradation” (UN, 

1992). Despite differences in the wording of the various formulations, there are several 

key elements that most definitions have in common (UNESCO, 2005): The PP applies 
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when there exist considerable scientific uncertainties about causality, magnitude, prob-

ability and nature of harm. Some form of scientific analysis is, however, mandatory; 

mere fantasy or crude speculations are not enough to activate the PP. Given that the PP 

deals with risk of poorly known outcomes and poorly known probabilities, the simple pos-

sibility is sufficient to trigger the PP. However, the application of the PP is limited to those 

hazards that are unacceptable. Interventions are required before possible harm occurs, 

or before certainty about such harm can be achieved. These interventions should be pro-

portional to the chosen level of protection and to the magnitude of possible harm. Impor-

tantly, the grounds for concern to trigger the PP need to be plausible or tenable. The hy-

pothesis that an activity can cause harm should be consistent with background knowl-

edge and theories. If a hypothesis requires one to reject widely accepted scientific theo-

ries and facts, then it is not plausible (UNESCO, 2005). The PP is thus not based on zero 

risks but aims to achieve lower or more acceptable risks or hazards. The adoption of a 

precautionary approach can be justified by two reasonings (adapted from Tait and Levi-

dow, 1992): 

• Complexitiy: the complexity and/or scale of an ecosystem may either be such that 

an unambiguous identification of cause-effect relationships is difficult or impossi-

ble, or there may be large numbers of potential risk sources capable of interacting 

with one another in unpredictable ways. 

• Uncertainty: there is no previous experience with a new technology to predict its 

impact on ecosystems. A proactive approach may be deemed necessary until a 

large and reassuring body of data is accumulated and the technology can be con-

sidered as being familiar.  

Where a precautionary approach is justified by the “complexity” argument, it is as-

sumed that the regulatory system will need to remain proactive for the foreseeable fu-

ture. On the other hand, where the “uncertainty” argument is used, it is imaginable that, 

as by gaining experience with the new technology and provided this experience is not 

negative, it will gradually be possible to relax the vigilance and abandon the need for a 

proactive approach (Tait and Levidow, 1992). 

Interestingly, most countries growing GM crops follow the comparative approach when 

regulating GM crops, while countries with no or only small amounts of GM cropping (e.g., 

the European Union and Switzerland) use the comparative approach as a basis, but have 

additionally introduced the precautionary approach to be followed. It is important to take 

into account that the perception of risks of GM crops varies considerably between the two 

different regulatory approaches. This perception is reflected in the way how the risks of 

GM crops are assessed and which risk management options are chosen to reduce remain-

ing uncertainties. Not surprisingly, the risks of GM crops are not perceived as being un-



Chapter 1 – General introduction 
  
 

 10 

controllable in countries where there is commercial cultivation today and where the com-

parative approach is followed. GM crop growing countries obviously trust the risk analysis 

procedure they apply, and they believe that these procedures allow them to control and 

manage the risks and uncertainties possibly related to GM crops. 

1.5 The history of biotechnology regulation 

1.5.1 The early beginnings in the United States - the Asilomar conference 

The regulation of modern biotechnology or of recombinant DNA technique had, inter-

estingly, first been initiated by scientists rather than by regulatory authorities. A land-

mark was the so-called Asilomar conference on recombinant DNA that took place in Feb-

ruary 1975 at the conference center Asilomar State Beach in California (Devos et al., 

2008). The conference, that included scientists, lawyers, members of the press and gov-

ernment officials, had been organised to review the scientific progress in research on 

recombinant DNA molecules and to discuss appropriate ways to deal with potential bio-

hazards of this technique (Berg et al., 1975b). It had been initiated by a call issued by 

scientists in July 1974 for a voluntary moratorium on certain scientific experiments using 

recombinant DNA techniques (Berg et al., 1974). One goal of this moratorium was to 

provide time for the mentioned conference that would evaluate the state of the new 

technology and the risks associated with it (Berg and Singer, 1995). This up to then 

unique moratorium had its origin in concerns that had been expressed for the first time 

at a Gordon Research Conference on Nucleic Acids in June 1973. Participants of that con-

ference had recognized that recombinant DNA techniques offer exciting and interesting 

potential both for advancing knowledge of fundamental biological processes and for the 

alleviation of human health problems (Singer and Stoll, 1973). At the same time, it was 

also recognized that certain experiments might be hazardous to laboratory workers and 

to the public. In particular, there were concerns that “normally innocuous microbes could 

be changed into human pathogens by introducing genes that rendered them resistant to 

then available antibiotics, enabled them to produce dangerous toxins, or transformed 

them into cancer-causing agents” (Berg and Singer, 1995). The participants of the Asi-

lomar conference concluded that recombinant DNA research should proceed but under 

strict guidelines (Berg et al., 1975a; Devos et al., 2008). Guidelines were subsequently 

established by the U.S. National Institutes of Health (NIH) (NIH, 1976) and comparable 

bodies in other countries. These guidelines mandated appropriate safeguard measures in 

the form of physical and biological containment of the newly created organisms, as well 

as appropriate human behaviour of laboratory personnel (Krimsky, 2005). Although the 

NIH guidelines allowed for the abandonment of the voluntary moratorium and the con-

tinuation of research in the laboratory (Devos et al., 2008), large scale field-testing were 
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initially prohibited (Krimsky, 2005). Beginning in 1978, the use of transgenic organisms 

started to be deregulated and the NIH issued less stringent guidelines for scientific re-

search using rDNA techniques (Devos et al., 2008). Interestingly, the NIH guidelines ap-

plied exclusively to federally funded institutions while compliance for the industry was 

voluntary (Krimsky, 2005). Nevertheless, when industrial biotechnology became of grow-

ing importance, a number of companies looking for approval for their field trials of ge-

netically modified plants also adhered to the NIH guidelines. To meet the needs of an 

emerging industry concerned about public anxiety over the safety of GMOs, the NIH es-

tablished a “Voluntary Compliance Program” for companies requesting approval for their 

proposed field trials (Krimsky, 2005). However, the types of risks associated with field 

trials involving open ecological systems were not part of the expertise of the NIH. The 

responsibility to assess the ecological risks of field trials was thus passed on to the U.S. 

Environmental Protection Agency (EPA). By beginning of the 1980s, the regulatory sys-

tems had thus moved from a voluntary, mostly scientist-driven, self-regulation of GMOs 

to governmental oversight by regulatory authorities. 

1.5.2 The internationalization of biotechnology regulation 

The Asilomar conference and the early U.S. regulatory developments were closely ob-

served and well publicized (Abels, 2005). The first intergovernmental discussions on the 

safe use of transgenic organisms occurred during the mid-1980s in the Organisation for 

Economic Cooperation and Development (OECD). In 1986, the OECD publication “Re-

combinant DNA safety considerations” (OECD, 1986), better known as the OECD Blue 

Book, set out the first international scientific principles and criteria for the safe handling 

of GMOs outside of contained laboratory conditions (Bergmans, 2006; Schiemann, 2006). 

Initially, the safety considerations in the Blue Book were primarily derived from safety 

considerations specific to microorganisms. Only in the second place, it was considered 

likely that rDNA plants and animals would be used to enhance production of fiber, food 

and fodder. The OECD Blue Book was the first document recognising that the environ-

mental risks of transgenic organisms should be assessed prior to their release into the 

environment. The book coined some of the key concepts in the discussion, such as the 

“case-by-case” and the “step-by-step” approaches for the introduction of GMOs into the 

environment (Bergmans, 2006). These concepts are still today the basis for most GMO 

regulations worldwide (Jaffe, 2004). According to the case-by-case approach, the envi-

ronmental impacts of a GMO should be assessed according to the nature of the organism 

introduced, the genetically modified trait and the receiving environment. The step-by-

step principle signifies that GMO releases should only be scaled up if a risk assessment 

based on information of the preceding step has resulted in an acceptable risk estimation 

for the next step (see chapter 3).  
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1.5.3 The development of biotechnology regulation in Europe 

In the 1970 and 1980s, the style of self-regulation of biotechnological science as well 

as the involved risk management tools were, similar to the U.S., incorporated into na-

tional policies of some European countries (Abels, 2005; Devos et al., 2008; Levidow and 

Carr, 2007). Initially, the emergence of modern agricultural biotechnology in the 1980s 

resulted in heterogeneous policy-responses by EU member states (Bernauer and Caduff, 

2004). However, after 1990, the EU became the centre of biotechnology regulation in 

contrast to its relative inactivity in the 1970s and early 1980s (Abels, 2005). Approval, 

labelling and tracing regulation became increasingly stringent and harmonized at the EU 

level (Bernauer and Caduff, 2004). The starting point was the adoption (and subsequent 

transposition into national laws) of two directives, the contained use directive 

(90/219/EEC) and the directive on the deliberate release of GMOs into the environment 

(90/220/EC). The latter mandated a case-by-case risk assessment for experimental field 

trials at the national level as a basis for market approval at the EU level. In addition, a 

safeguard clause allowed member states to adopt provisionally protective measures in 

their territories, if they had evidence about risks for the environment or human health 

(Abels, 2005). From the mid-1990s, food safety issues became a growing concern in the 

EU and consumers felt that regulators lacked the capacity to protect them from food-

related health risk (Bernauer and Caduff, 2004; Ansell and Vogel, 2006). Several scan-

dals such as the BSE crisis had a great impact on the GM debate (Abels, 2005). Despite 

the existence of the regulatory frame, the opposition towards GM food products grew 

(Devos et al., 2008). Constant conflicts over the existing risk assessment procedures 

conducted by the member states’ competent authorities led several member states to 

invoke the safeguard clause. In 1998, the EU Environmental Council decided not to ap-

prove any further placing on the market of GMOs until directive 90/220/EEC had been 

revised. This so-called de-facto moratorium hindered the commercialization of new GM 

products in the EU and led the Commission to revise the Deliberate Release Directive 

along more stringent lines (Abels, 2005; Devos et al., 2008; Levidow and Carr, 2007).  

After three years of intensive debate, a revised deliberate release directive 

(2001/18/EC) was adopted in 2001. Several scientific and technical reforms had been 

made to address the societal concerns on the harmfulness and on the scientific uncer-

tainties related to GM products (Devos et al., 2008). Regulatory requirements were 

enlarged, both procedural and substantial, favouring a more restrictive approval process 

for GMOs in comparison to the former directive. The environmental risk assessment was 

extended and the simplified notification procedure for substantially equivalent products 

was suspended (Abels, 2005). In the former directive, the aim of the risk assessment 

had been to avoid adverse effects to the environment and to human health, without spe-

cifically defining the term “adverse effects” (Levidow and Carr, 2007). In the new direc-
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tive, the scope had been broadened, now including the need to avoid direct, indirect, 

immediate, delayed and cumulative long-term adverse effects (European Community, 

2001). The “precautionary principle” was explicitly adopted as a way to cope with scien-

tific uncertainties in risk analysis (Devos et al., 2008). Special conditions were imposed 

to address new agro-environmental issues including post-market monitoring (PMM) ac-

tivities to detect possible adverse effects that could arise during commercial cultivation. 

PMM was thereby distinguished in case-specific monitoring and general surveillance. 

Case-specific monitoring should focus on anticipated effects of a specific GMO on the en-

vironment while general surveillance should address adverse effects that were not antici-

pated during pre-market risk assessment. Finally, market consent was limited to a period 

of 10 years extending the stepwise approval process into the commercial stage (Levidow 

and Carr, 2007). 

The concerns linked to the use of GMOs were furthermore extended beyond the pure 

safety concerns that had already been addressed by the previous regulation. These new 

concerns responded to consumer interests for more information on GM food products and 

farmers freedom of choice. New terms such as “labelling”, “traceability” and “co-

existence” were incorporated into additional GM Food and Feed regulations that replaced 

those parts of directive 2001/18/EC dealing with market release (European Union, 

2003a, b). The new regulations mandate that GM food and feed have to be labelled to 

enable consumers’ freedom of choice between GM and conventional products. Basically, 

all food and feed, and any ingredients, directly produced from a GMO must be labelled, 

even if this GMO is undetectable in the final product. Taking into account that adventi-

tious presence of GM material cannot be entirely avoided, the EU defined a 0.9% thresh-

old as the maximum percentage of GM material that may be contained in food and feed 

without the need to be specifically labelled as containing GM material (European Union, 

2003a). 

Overall, the regulatory regime for GMOs in the European Union has been broadened in 

several ways that go beyond the scope of a pure product- or process-related risk analy-

sis. The restyling of the regulatory process for the approval and management of GMOs 

has opened a wide range of questions that have still to be resolved. In the first place, 

many of these questions concern the conditions and measures required to implement 

these new regulations on a scientific, legal, and administrative basis. More generally, the 

new regulations also opened more fundamental questions on the regulatory policy style 

that should be followed when regulating biotechnology. This includes the role of science 

in policy and politics. The Asilomar style considered science not only as the major but as 

the first and foremost legitimation for risk regulation (Abels, 2005). Scientists assessed 

the risks of a new technology exclusively according to scientific and technical criteria. 

They then gave objective and neutral advice to policy makers who could then decide on 
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rational means for risk management. The new EU policy style of biotechnology regulation 

instead is characterized by a complex relationship between science and society that 

largely exceeds the safety issues under discussions at the Asilomar conference. It is 

characterized by a “complex of concerns” where any distinctions between environmental, 

agricultural and socio-economic issues prove to be blurred (Devos et al., 2008). Beyond 

the consideration of pure scientific criteria for decision-making, there is a shift to inte-

grate other concerns into the process. In addition to potential environmental risks, now 

socio-economical and ethical questions seem to be considered equally valid when decid-

ing on the market approval of GMOs. Not surprisingly, this has resulted in a considerable 

debate about genetic modification and the environmental risks of GMOs where a multi-

tude of issues influence regulatory decision-making. Decision-makers in the EU are partly 

confused when facing decisions regarding the risk assessment of GM crops and the im-

plementation of appropriate risk management measures. They prove to lack concrete 

ideas how many current legal requirements on both the safety and on the coexistence of 

GM crops could be implemented to be manageable in the real world. Law originally aimed 

at regulating science being the source of new technologies. Science has nowadays, in 

contrast, the role of enabling the implementation of technology regulation, but also of 

showing its existing limits. 

1.6 Objectives and outline of the thesis 

1.6.1 Objectives  

To date there is little experience how the existing regulation of transgenic plants could 

be implemented in the European Union. Given that a comparable regulation is not re-

quired for conventional plants, the adoption of these legal requirements represents a new 

challenge for scientists, regulators and the industry. As yet, no general strategies have 

been established and regulatory authorities are seeking scientific advice. This thesis fo-

cused on a set of questions relating to the scientific implementation of the new EU bio-

technology regulations. Using genetically modified plants as an example, the main objec-

tive of the thesis was to provide science-based conceptual approaches to exemplify how 

the cultivation of GM crops could be managed under current EU biotechnology regulation. 

These conceptual approaches covered two major concerns related to the use of 

GM plants in agriculture: 

• The concern that GM plants could have adverse effects on the environment, and 

particularly on biodiversity, 

• The concern that the cultivation of GM crops could lead to unwanted GM inputs 

into non-GM crop production systems. 
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Based on these two concerns, the role of science in the implementation of regulation 

was analysed along four main questions: 

• What is the current scientific knowledge on the ecological impacts of GM crops and 

how does this knowledge influence subsequent risk management decisions? 

• How could risk management measures, particularly post-market monitoring pro-

grammes, be implemented to provide scientific data for later decision-making? 

• What are the challenges in decision-making during post-market monitoring and 

how could they be addressed? 

• What measures are necessary to ensure the coexistence between non-GM and GM 

crop production systems using cross-fertilization as an example for a possible way 

of admixture? 

1.6.2 Outline 

The thesis is composed of a general introduction (chapter 1), four peer-reviewed and 

published publications (chapters 2 through 5) and a general discussion (chapter 6). 

Chapter 2 reviews the substantial scientific data that is available today on the envi-

ronmental impacts of the current GM crops deriving from the past 10 years of worldwide 

experimental field research and commercial cultivation. The chapter focuses on the cur-

rent 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, herbicide tolerance 

and insect resistance. The chapter identifies a number of scientific debates related to the 

interpretation of scientific data. The chapter highlights these debates and discusses the 

effects of GM crop cultivation on the environment considering the impacts caused by cul-

tivation practices of modern agricultural systems. 

Chapter 3 develops a conceptual framework that proposes structures and procedures 

that could be used to implement post-market monitoring programmes of GM crops. Clear 

conceptual differences between case-specific monitoring and general surveillance have 

been identified. It is proposed to adopt separate frameworks when developing either of 

the two programmes. Common to both programmes is the need to put a value on possi-

ble ecological effects of GM crop cultivation. 

Chapter 4 analyses the challenges in decision-making during post-market monitoring, 

particularly the difficulties in objectively defining environmental damage. It is argued that 

regulatory authorities face a number of challenges when being confronted to environ-

mental decision-making related to PMM of GM crops. Possible ways how the identified 

challenges could be addressed are proposed. 
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Chapter 5 describes an analysis of a scenario for the coexistence of GM and non-GM 

crop production systems in Switzerland. Cross-fertilization in maize is used as an exam-

ple for a possible way of admixture to determine what specific measures are necessary to 

prevent mixing of GM with non-GM products. It is recognized that there is a need for sci-

entific criteria when analysing scientific data. Existing cross-fertilization studies are re-

viewed and criteria for the evaluation of these studies are established. These criteria are 

then applied to define science-based isolation distances between GM and non-GM maize 

fields. 
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2.1 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 especially for 

biodiversity, have been extensively assessed before and during their commercial cultiva-

tion. Substantial scientific data on the environmental effects of the currently commercial-

ized GM crops are available today. We have reviewed this scientific knowledge derived 

from the past 10 years of worldwide experimental field research and commercial cultiva-

tion. 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 commercialized, 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 organizations. The data 

available so far provide no scientific evidence that the cultivation of the presently com-

mercialized 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. 

2.2 Introduction 

2.2.1 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 

(Wolfenbarger and Phifer, 2000; Pretty, 2001; Dale et al., 2002; Conner et al., 2003; 

Snow et al., 2005). 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 environmental effects of the currently commer-

cialized GM crops are available. Independent from the use of GM crops, modern agricul-

tural systems have considerable negative impacts on global biodiversity (Chapin et al., 

2000; Stoate et al., 2001; Hails, 2002; Robinson and Sutherland, 2002; Tilman et al., 

2002; Ammann, 2005). 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 eco-

systems into agricultural land (McLaughlin and Mineau, 1995; Chapin et al., 2000). The 

negative impact of modern agricultural systems in Europe cannot be ascribed to only one 



Chapter 2 - Ecological impacts of genetically modified crops 
  
 

19 

factor, but is caused by the interaction of a multitude of factors. Several changes in the 

management 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 margins, for example, was mainly 

caused by the adoption of high-yielding forage crop varieties, increased fertilizer inputs, 

frequent applications of herbicides, and the increased purity of crop seed (Hails, 2002; 

Walter et al., 2005). 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 disappear-

ance of important habitats such as large stretches of hedgerows, was mainly responsible 

for the dramatic decline in bird populations (Chamberlain et al., 2000; Robinson and 

Sutherland, 2002; Royal Society, 2003). Potential impacts of GM crops should thus be 

put in relation to the environmental impacts of modern agricultural practices that took 

place over the last decades. 

2.2.2 Regulation of GM crops 

Generally, the approval of genetically modified crop varieties is more rigorously regu-

lated 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 govern-

ment oversight and regulation. There are other factors besides the safety aspect that 

have supported government decisions to regulate GM crops. Among others, there is the 

novelty of transgenic crops, the uncertainty accompanying the transformation process, 

and public concerns about the safety of transgenic crops (Jaffe, 2004). A thorough pre-

market risk assessment of potentially unwanted effects of the GM crop on the environ-

ment is thus a prerequisite in obtaining permission to market any GM crop variety. GM 

crop growing countries generally follow the concepts of familiarity and of substantial 

equivalence, which state that a GM crop should be compared with its traditional counter-

part that has an established history of safe use (OECD, 1993a; EPA, 1998; CFIA, 2004; 

EFSA, 2006a). GM crop varieties that received regulatory approval are considered to pre-

sent no more risks than comparable conventional varieties with a history of safe use. 

2.2.3 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 particu-

lar nature of the genetic change, i.e., from the resulting genotype and phenotype of the 

crop modified (Fig. 1).  
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Figure 1: Potential direct and indirect effects of genetically modified crops on the environment 
(adapted from Wolfenbarger and Phifer, 2000; Dale et al., 2002) 
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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 habi-

tats or more invasive in natural habitats. Transgenic products, 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 pro-

duced 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, cropping 

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 jour-

nals, scientific books, reports from regions with extensive GM crop cultivation, as well as 

reports from international governmental organizations. The review is focussing on the 

currently commercially available GM crops that could be relevant for agriculture in West-

ern and Central Europe (i.e., maize, oilseed rape, and soybean), and on the two main GM 

traits that are currently commercialized, herbicide tolerance (HT) and insect resistance 

(IR) (James, 2005). Where helpful, experiences gained with other crops such as Bt-

cotton are considered. GM crops with minor worldwide acreage (e.g., virus-resistant pa-

paya and squash) are not considered. Potential effects of GM crops are limited to the en-

vironment and to the following main topics: (1) effects of GM crops on non-target organ-

isms, (2) effects of GM crops on soil ecosystems, (3) gene flow from GM crops to wild 

relatives, (4) invasiveness of GM crops into natural habitats, and (5) impacts of GM crops 

on pest and weed management. In addition, this review identifies the possible ecological 

benefits that could be derived from the cultivation of GM crops. 

2.3 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 in-

secticidal proteins that are commercially used in GM crops (James, 2005). Bt cry genes 

have been engineered into a large number of plant species such as maize, cotton, potato, 

tomato, rice, eggplant, and oilseed rape (Ely, 1993; Shelton et al., 2002; de Maagd, 

2004). 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 accep-

tance and the introduction of a novel insecticide able to control both the Colorado potato 

beetle and aphids (Shelton et al., 2002). Bt-maize expressing Cry1Ab was initially devel-
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oped 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 non-

agrioides, Spodoptera littoralis and Helicoverpa zea (Pilcher et al., 1997; Gonzales-Nunez 

et al., 2000; Dutton et al., 2005). Bt-maize expressing the beetle-specific Cry3Bb toxin 

to control corn rootworms (Diabrotica spp.) has received commercial approval in 2003 in 

the United States and in Canada (Ward et al., 2005; AGBIOS, 2006). 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 par-

ticular 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. 

2.3.1 Effects of Bt-crops on beneficial insects (predators and parasitoids) 

Lower-tier studies in the laboratory and greenhouse 

The effects of Bt-crops on predators have been assessed in a number of studies, most 

of them using a tritrophic system including a plant, a herbivore and a natural enemy, 

i.e., predator or parasitoid (reviewed in Romeis et al., 2006). Adverse effects on mortal-

ity, longevity or development of predators were only reported 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 ar-

eas, has thoroughly been studied since studies suggested that this predator was nega-

tively affected by Cry1Ab (Hilbeck et al., 1998a; 1998b, 1999). Results of subsequent 

studies using several different prey species reared on Cry1Ab-maize, however, showed 

that the insecticidal protein 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 

(Dutton et al., 2002; Romeis et al., 2004; Rodrigo-Simon et al., 2006). The negative 

effect observed was thus entirely prey-quality mediated, i.e., caused by the suboptimal 

food quality of the lepidopteran larvae 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 (Dutton et al., 2003; Romeis et al., 2004). Simi-

larly, effects of Bt-crops on mortality, development, 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 (Romeis et al., 2006). This is 

not surprising given that host–parasitoid relationships are usually tight and parasitoids 
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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 arthropod groups examined 

(Romeis et al., 2006). 

Higher-tier studies in the field 

More than 50 field experiments, varying greatly in size, duration, and sampling efforts, 

have been conducted to determine the effects of Bt-crops on natural enemies (reviewed 

in Romeis et al., 2006). Most studies assessed the abundance of natural enemies using 

different methods, while only a few studies compared biological control functions of natu-

ral enemies in both Bt- and conventional crops. These experimental field studies have 

only revealed minor, transient or inconsistent effects of Bt-crops when compared to a 

non-Bt control (Eizaguirre et al., 2006; Romeis et al., 2006). Indirect effects were ob-

served with specialist natural enemies which were virtually absent in Bt-fields due to the 

lack of target pests as prey or hosts (Riddick et al., 1998; Pilcher et al., 2005). 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 

(Daly and Buntin, 2005; Naranjo, 2005; Whitehouse et al., 2005). A 6-year field study in 

cotton on the abundance of 22 arthropod natural enemy taxa indicated that an average 

decrease of about 20% in some predatory species did not appear to be ecologically rele-

vant for the biological control function of the natural enemy community (Naranjo, 2005; 

Naranjo et al., 2005). 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 availability and/or 

the quality of target herbivores is not restricted to GM technology. Any pest-control 

measure will cause a reduction in the number of prey and host items, which could conse-

quently affect population densities of natural enemies (Clark et al., 2005; O'Callaghan et 

al., 2005; Romeis et al., 2006). Such indirect effects are thus generally not considered to 

comprise a particular risk of insecticidal GM crops (OECD, 1993a; Romeis et al., 2006). 

A number of experimental field studies have included conventional insecticides as a 

treatment. Since Bt-crops are intended to replace or reduce applications of conventional 

insecticides commonly used in agriculture, insecticide treatments should be considered as 

one reasonable baseline for a comparative risk assessment (Dale et al., 2002; Conner et 

al., 2003; Romeis et al., 2006). Experiments that included broad spectrum insecticides, 

such as pyrethroids and organophosphates, have shown consistently reduced abun-

dances of different groups of predators and hymenopteran parasitoids [Bt-maize (Musser 

and Shelton, 2003; Candolfi et al., 2004; Meissle and Lang, 2005); Bt-cotton (Wu and 

Guo, 2003; Bambawale et al., 2004; Men et al., 2004; Hagerty et al., 2005; Naranjo, 

2005; Whitehouse et al., 2005)]. Side effects of more selective insecticides such as in-
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doxacarb (a noxadiazine) or spinosad (a macrolide) largely depended on the spray fre-

quency (Musser and Shelton, 2003) whereas systemic insecticides (such as imidacloprid, 

a neonicotinoid) were found to have no or little effect on natural enemies (de la Poza et 

al., 2005). 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 studies conducted 

in commercially managed Bt- and non-Bt-cotton fields in the United States (Head et al., 

2005; Torres and Ruberson, 2005). The results of the various studies performed over the 

last years provide evidence that Bt-maize and Bt-cotton expressing insecticidal Cry1-

proteins are more specific and have fewer side effects on non-target arthropods than 

most insecticides currently used. 

2.3.2 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 in-

sect pollinators, honey bees are the best known, but it is now recognized that other spe-

cies like bumble bees and solitary bees are also important in ensuring pollination of many 

plant species. Due to their ecological and economic importance, honey bees are often 

used as test species in pre-market risk-assessment studies to assess direct toxicity of 

insecticidal proteins on non-target organisms. Such studies have been conducted for 

each Bt-crop prior to its registration in the United States (EPA, 2001). Feeding tests with 

Cry1Ab proteins were conducted on both honey bee larvae and adults and in each case 

no effects were observed (EPA, 2001). 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 (Malone and Pham-Delegue, 

2001; Malone, 2004; Babendreier et al., 2005; O'Callaghan et al., 2005). 

2.3.3 Effects of Bt-crops on butterflies 

Butterflies are considered as a species group with a high aesthetic value serving 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 envi-

ronmental impact of Bt-maize. Losey et al. (1999) found that when pollen from a com-

mercial variety of Bt-maize (event Bt 11) was spread on milkweed leaves in the labora-

tory 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 
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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 attention 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 validity of risk conclu-

sions based on the data obtained in laboratory studies. Later laboratory bioassays 

showed that the only transgenic Bt-maize pollen that consistently affected monarch lar-

vae 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 (Hellmich et al., 

2001; Stanley-Horn et al., 2001) since their pollen expresses 80 times less toxin than 

Event 176 (Stanley-Horn et al., 2001). The results also suggested that pollen densities 

used by Losey et al. (1999) were in excess compared to pollen densities present in maize 

fields or that the pollen of event Bt 11 used may have been contaminated with non-

pollen tissues (Anderson et al., 2004). Excessive pollen densities of the currently com-

mercialized events (Bt 11 and MON810) would be required to obtain relevant adverse 

effects on larval developments (Hellmich et al., 2001). 

The critics also felt that in addition to the mere toxicity (hazard), an ecological risk as-

sessment 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. Exten-

sive follow-up studies thus determined where the monarchs occur during their breeding 

season (Oberhauser et al., 2001), and what percentage of the population of monarchs is 

possibly affected by the Bt-toxin in areas where Bt-maize is presently grown (Sears et 

al., 2001). The results showed that larval exposure to pollen on a population-wide basis 

is low, given the proportion of larvae in maize fields during pollen shed, the proportion of 

Bt-maize fields, and the levels of pollen within and around maize fields (Oberhauser et 

al., 2001). The proportion of monarch butterfly population exposed to Bt-pollen was es-

timated to be less than 0.8% (Sears et al., 2001). 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 larvae to Bt-

maize pollen throughout their development is detrimental to only a fraction of the breed-

ing population (Dively et al., 2004). It was concluded that the risk of exposure is low and 

that it is unlikely that Bt-maize will affect the sustainability of monarch butterfly popula-

tions in North America (Sears et al., 2001; Dively et al., 2004). Furthermore, several 

authors claimed that effects of Bt-maize should be compared to mortality caused by 

other factors, which is very high in natural monarch butterfly populations, and averages 

around 80% over the entire larval development period (Oberhauser et al., 2001; Dively 
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et al., 2004). More important factors that may influence monarch butterfly survival in-

clude loss of over-wintering habitats in Mexico, use of insecticides to control lepidopteran 

pests and accidents such as collision with automobiles (EPA, 2001). 

2.4 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 following section discusses the 

concern that non-target soil organisms and processes could be affected by the accumula-

tion of Bt-toxins in soils through the cultivation of the currently commercialized Bt-crops. 

2.4.1 Release, persistence, and biological activity of Bt-toxins in soil 

Bt-toxins expressed in Bt-crops can enter the soil system either via root exudates, via 

senescent plant material, as well as via damaged and cast-off dead root cells (Saxena et 

al., 1999; Zwahlen et al., 2003a; Baumgarte and Tebbe, 2005). The supply of Bt-toxins 

by senescent plant material mainly occurs via decaying biomass remaining on or in the 

ground after harvest. The toxin input from senescent plant tissue varies, depending on 

initial expression levels of the transgenic protein in different plant tissues, the progres-

sion 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 (Mendelsohn et al., 2003). 

Persistence of Bt-toxins in soil is primarily depending on the protein quantity added 

and on the rate of inactivation and degradation by biotic and abiotic factors (Dubelman et 

al., 2005). 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 (Clark et al., 2005). Persistence 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 

detectable 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 detected by a bioassay) or in 

an immunologically active form (if detected by ELISA). The description of detectable resi-

dues 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 (Clark et al., 2005). 
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Table 1: Summary of results from studies assessing persistence, degradation, and inactivation of Bt-toxins in soil 
 
Bt-crop / Bt-toxin Study conditions Toxin incorporation into soil Bt-toxin 

detection 
Persistence (days) Ref. 

      

Cotton tissue 

Cry1Ab and Cry1Ac 

Laboratory Experiments were carried out with field grown 
cotton tissue / soil / purified toxins in micro-
cosms 

 

Detectable residues 
(ELISA) a) 

Detection of toxin and insecticidal 
activity at termination of test – 
28 d (Cry1Ab) and 56 d (Cry1Ac) 

Donegan et al., 
1995 

Microbial toxin and 
cotton tissue 

Cry1Ab and Cry1Ac 

Laboratory Purified toxin and transgenic leaves added to 
soil in microcosms. Toxins extracted and 
measured for 140 days 

Detectable residues 
(ELISA) 

Initial rapid degradation, low per-
centage may persist for 
weeks/months. Half lives at 
22/40d, depending on clay/organic 
content of soil 

 

Palm et al., 
1996 

Maize tissue 

Cry1Ab 

Laboratory /  
Greenhouse 

24-27°C 

GM plants grown in greenhouse, harvest 2 
weeks after pollen shed. Maize tissue was 
incubated with and without soil and mixed into 
artificial insect diet. Dose-weight response 
determined bioactivity. Soil: high clay content 
(25%) 

 

Bioactivity test b)  1.6 d (in soil) DT50  c) 

15.0 d (in soil) DT90 

25.6 d (no soil) DT50 

40.7 d (no soil) DT90 

Sims and Hol-
den, 1996 

Cotton tissue 

Cry2A 

Laboratory / Field 

Autumn /winter 

MO, USA 

Protein incubation in soil for 120 d. Bioassay 
based on growth inhibition to determine DT50 

Bioactivity test 15.5 d (lab) DT50 

31.7 d (field) DT50 

120 d: down to <25% 
(field&Laboratory) 

 

Sims and Mar-
tin, 1997 

Maize tissue 

Cry1Ab 

Laboratory and field 

Includes period of 
frost  

Rhizosphere soil sampled from Bt-maize in a 
plant growth room and in the field 

Western blot 
Bioactivity test 

180d: Bt-toxin detectable in 
rhizosphere soil samples from field 
(after first frost) around plants that 
had been dead for several months 

 

Saxena and 
Stotzky, 2000 

Microbial toxin 

Cry1F 

Laboratory 

25°C 

Mixture of Cry1F pipetted onto soil samples 
representative of cotton fields 

Bioactivity test < 1 d DT50 Herman et al., 
2001 

Bt-cotton cultivation 

Cry1Ac 

Field 

~16°C 

Soil samples were collected 3 months after 
post harvest tillage for 3-6 consecutive years 

 

ELISA 

Bioactivity test 

Not detectable Bt-toxins in any of 
the samples 

Head et al., 
2002 
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Table 1 (continued) 
 
Bt-crop / Bt-toxin Study conditions Toxin incorporation into soil Bt-toxin 

detection 
Persistence (days) Ref. 

      

Maize tissue 

Cry1Ab 

Litter bags in field 
(CH) 

~9°C 

Leaves (growth chamber) sampled be-
fore/after pollen shed, cut & dried and placed 
in litter bags (5mm mesh) and buried in soil in 
mid-October. Monthly analysis. 

ELISA 

Bioactivity test 

  45 d DT50 

145 d DT90 

240 d : <1.5% 

No degradation in winter (<5°C)  

 

Zwahlen et al., 
2003a 

Maize tissue 

Cry1Ab 

Soil cages in field (CH) 

~9°C 

Leaves sampled 3 weeks after pollen shed, cut 
& dried and added to surface of soil cages 
(1mm mesh) with earthworm, tied up in field 
for 200 d, starting December 

ELISA 

Bioactivity test 

  35 d DT50 

105 d DT90 

200 d : 0.3%  

Degradation continued in winter 

 

Zwahlen et al., 
2003a 

Maize tissue 

Cry1Ab 

 

Laboratory and field 

No temperature indi-
cation 

Laboratory: Bt-maize residues added to soil 
and incubated for 43 days. 

Field: soil samples from experimental fields 
after 4 years cultivation of Bt-maize 

ELISA Laboratory: 14 d : Cry1Ab not 
detectable 

Field: most Bt-toxin in subsurface 
soil at 0-15cm depth. Not clear if 
Bt-toxin from previous year 

 

Hopkins and 
Gregorich, 2003 

Maize tissue 

Cry1Ab 

Field 

No temperature indi-
cation 

MO, USA 

After ≥ 3 years commercial cultivation of Bt-
maize, soil samples were collected during 
growth period and 6 weeks after harvest. 
Growth inhibition determined presence of toxin 

 

Bioactivity test No evidence of persistence or ac-
cumulation 

Dubelman et 
al., 2005 

Maize tissue 

Cry1Ab 

Field 

No temperature indi-
cation 
Germany 

Samples were taken during a 3-year monocul-
ture study with MON810 from bulk and 
rhizosphere soil at a) 9 leaves per plant, b) 
stem elongation phase, c) flowering/anthesis, 
d) ripening 

ELISA No accumulation during growing 
season despite potential binding to 
soil particles. Proportion of toxin 
persisted through winter but no 
indication of accumulation, toxin in 
rhizosphere remained consistently 
higher than in bulk soil 

 

Baumgarte and 
Tebbe, 2005 
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Persistence, degradation, and inactivation of Bt-toxins have been assessed in the labo-

ratory and/or in the field in 11 studies using either Bt-maize expressing Cry1Ab, Bt-

cotton containing other Cry proteins or purified toxins (Table 1). The presented studies 

generally indicate an exponential degradation 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 (Zwahlen et al., 2003a). Bt-toxins may partially 

persist as a consequence of their binding to surface-active clay and humic acid com-

pounds and it seems that bound proteins retain their insecticidal activity (Venkateswerlu 

and Stotzky, 1992; Tapp and Stotzky, 1998; Saxena et al., 1999; Saxena and Stotzky, 

2000; Stotzky, 2004). To date, none of the laboratory or field studies suggest accumula-

tion of Bt-toxins in soil over several years of cultivation. Experience from commercial cul-

tivation indicates that Bt-toxin will not persist for long periods under natural conditions 

(Head et al., 2002; Hopkins and Gregorich, 2003; Dubelman et al., 2005). 

Although estimates on persistence of Bt-toxins differ among studies ranging from a 

few hours (Herman et al., 2001) to months (Sims and Ream, 1997; Zwahlen et al., 

2003a), the results are not essentially conflicting. Much of the described variation can be 

explained by the fact that the studies employ various parameters and experimental de-

signs. In addition to environmental conditions varying between sites and seasons, degra-

dation and persistence were depending on a multitude of factors including the type of Bt-

toxin (Cry1Ab), the crop species (differences 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). 

2.4.2 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 (Bruinsma et 

al., 2003; Widmer, 2007). Most studies detected some differences when comparing Bt- 

with non-Bt-maize, however, the use of a wide variety of techniques makes a comparison 

among studies difficult (Bruinsma et al., 2003). The reasons for the observed differences 

as well as their implications are usually not clear. One difficulty in evaluating these 

changes is the high number of species in microbial soil communities and the natural vari-

ability occurring therein. In addition, the species and functional diversity of microbial soil 

communities is influenced by a multitude of environmental factors including plant spe-

cies, water stress, fertilization, field management, tillage, fungal disease, grassland im-

provement, nitrification and soil depth (Cartwright et al., 2004). Knowledge of the com-

plex diversity of soil microorganisms is limited, since only a small portion of soil microbial 

populations can be cultured and identified using standard analytical methods (Motavalli et 

al., 2004). Due to this limited knowledge, the importance and the functional conse-

quences of detected differences in soil microbial populations are difficult to determine. 
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Some methodological approaches, including the use of molecular biological techniques, 

show some promise in helping to understand the impact of GM crops on soil microbial 

ecology (Bruinsma et al., 2003). These molecular techniques yield fingerprint-type data, 

which represent an image of the soil microbial community analyzed (Widmer and Ober-

holzer, 2003; Widmer, 2007). An accepted definition of the taxonomic unit, which can be 

used for defining soil microbial diversity is, however, clearly lacking (Widmer and Ober-

holzer, 2003). Because most studies assessing effects of GM crops on soil ecosystems 

have not determined the natural variation occurring in agricultural systems, it is gener-

ally difficult to establish whether the differences between Bt- and non-Bt-crops were ex-

ceeding this variation. The only study considering natural variation suggests that ob-

served differences between Bt- and non-Bt-crops were not as large as differences caused 

by environmental parameters or by agricultural practices (Griffiths et al., 2005). 

2.4.3 Effects of Bt-crops on soil macroorganisms 

Effects of Bt-crops on soil macroorganisms have been investigated with nematodes, 

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 (Saxena and Stotzky, 2001; Manachini and Lozzia, 2002; Griffiths et al., 

2005). 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 concluded that 

the effects found in Bt-maize fall within the normal variation expected in agricultural sys-

tems (Griffiths et al., 2005). 

Three laboratory studies have shown that Bt-maize expressing Cry1Ab has no delete-

rious effects on the woodlice Porcellio scaber (Escher et al., 2000; Wandeler et al., 2002; 

Pont and Nentwig, 2005). Wandeler et al. (2002) compared six non-Bt-maize varieties 

and two transgenic Bt-maize varieties during a 20-day feeding experiment in the labora-

tory 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 varieties 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 (Folsomia candida 

and Xenylla grisea) and on the mite species Oppia nitens were found in two laboratory 

studies (Sims and Martin, 1997; Yu et al., 1997). In addition, pre-market risk assess-

ment studies submitted for regulatory approval of several Bt-maize and Bt-cotton varie-

ties have not revealed any toxic effect of Cry1A proteins on F. candida (EPA, 2001). 
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Effects of Bt-maize expressing Cry1Ab on the earthworm Lumbricus terrestris have 

been studied in the laboratory and under semi-field conditions in two studies (Saxena 

and Stotzky, 2001; Zwahlen et al., 2003b). 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 (Saxena and Stotzky, 2001). Laboratory 

experiments with adult earthworms feeding on Bt- and non-Bt-maize litter showed no 

significant difference in relative weight between the two treatments during the first 160 

days of the experiment (Zwahlen et al., 2003b). After 200 days, the authors found a sig-

nificant 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 differ-

ences in growth patterns were observed in immature L. terrestris feeding on Bt and non-

Bt-litter (Zwahlen et al., 2003b). Pre-market risk-assessment studies submitted for regu-

latory approval have not revealed any toxic effect of Cry1A proteins on the earthworm 

Eisenia fetida (EPA, 2001). In a recent study, the effects of Bt-maize on important life-

history traits of the widespread earthworm Aporrectodea caliginosa were investigated 

under various experimental conditions (Vercesi et al., 2006). Finely ground Bt-maize 

leaves added to soil had no deleterious effects on survival, growth, development or re-

production in A. caliginosa, even in high concentrations that could be considered as a 

worst-case scenario. Also, growth of juvenile A. caliginosa was unaffected when worms 

were kept in pots with a growing Bt-maize plant. The study confirmed the findings of ear-

lier studies performed with other earthworm species (Saxena and Stotzky, 2001; 

Zwahlen et al., 2003b). Bt-maize apparently poses minimal risks to earthworms as far as 

growth and reproduction is concerned. 

2.4.4 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, springtails, soil mites, woodlice 

or nematodes. For soil microorganisms, many of the studies referred to in this section 

have focused on the detection of differences between Bt- and non-Bt-crops and they 

have been able to detect some differences in the number of species and in the composi-

tion of microbial 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 populations. It is thus not possible 

to put an ecological value on these differences. To date, no evaluation has yet been pub-

lished 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. 
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(2005), observed differences have barely been compared with natural background varia-

tion, 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 re-

sults, 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 ob-

tained 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 (Griffiths et al., 2005). 

2.5 Gene flow from GM crops to wild relatives 

The exchange of genes between crops and their wild relatives has always occurred, 

ever since the first plants have been domesticated. Natural hybridization of crops and 

related plants is considered to have played an important role in both domestication of 

crops and the evolution of weeds (Conner et al., 2003). Surprisingly, gene flow from 

crops to wild relatives has only recently received major attention in the context of geneti-

cally engineered crops. Concerns have been raised that transgenes engineered into crops 

could be unintentionally introduced into the genomes of their free-living wild relatives 

(Ellstrand, 2003). Two major concerns related to transgenes in natural populations will 

be addressed in this section: 

• Could transgenes confer a benefit to weedy relatives (resulting in the evolution 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. 

• Could wild relatives growing in “natural” environments suffer an increased 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 “wildtype” 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 relatives (Dale et al., 2002; 

Conner et al., 2003; Stewart et al., 2003; de Nijs et al., 2004; Hails and Morley, 2005). 

There is little scientific support for the assertion that transgene dispersal is a hazard in 

itself. This matter will therefore not be specifically addressed in this review.  
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2.5.1 Principles of gene flow 

Transgene dispersal is often simply seen as pollen flow from the GM crop to its rela-

tive. The process of introgression, however, is not this simple, and actually occurs in 

many steps involving several hybrid generations (Stewart et al., 2003). Gene flow can 

roughly be separated into two processes: hybridization and introgression. For hybridiza-

tion to occur, the transgenic crops and wild plants must grow within pollen dispersal dis-

tance, be sexually compatible, flower at the same time and viable pollen must be deliv-

ered to the stigma. Successful fertilization of the embryo must then be followed by zy-

gote and seed formation. Introgression requires the hybrid seed to germinate and the 

first filial generation (F1) plant to establish and flower in order to further hybridize with 

members of the recipient population (Ellstrand et al., 1999; Stewart et al., 2003). F1 hy-

brids must therefore persist for at least one generation and be sufficiently fertile to pro-

duce 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 de-

termining the likelihood of transgene introgression is the occurrence 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 (Ellstrand et al., 1999). However, only a small frac-

tion of the world’s flora has been domesticated and in modern agricultural systems, 

many crops are grown outside the range of the wild relatives with which they might hy-

bridize (GM Science Review Panel, 2003). 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 con-

sidered in Switzerland (Jacot and Ammann, 1999). 

2.5.2 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 increase the competi-

tiveness 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 population. 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 

(Ellstrand, 2003; Hails and Morley, 2005). 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 

common conclusion is that the transgenes will only confer a selective advantage if the 
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fitness of wild populations is influenced by insect herbivores (Stewart et al., 2003; Hails 

and Morley, 2005). Some studies were able to confirm this hypothesis, e.g., F1 hybrids of 

oilseed rape and Brassica rapa containing Bt-genes were found to have a fecundity ad-

vantage under high insect herbivore pressure (Mason et al., 2003; Vacher et al., 2004). 

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 (Hails and Morley, 2005). In most studies investigating the perform-

ance of transgenic hybrids between agricultural weeds and GM crops in semi-wild condi-

tions, 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 

(Hails and Morley, 2005). 

2.5.3 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 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 condi-

tions with either species as the pollen donor (Hansen et al., 2001; Halfhill et al., 2002; 

Hansen et al., 2003; Warwick et al., 2003; Halfhill et al., 2004; Daniels et al., 2005). 

However, 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 (Warwick et al., 2003; Daniels et al., 2005). In a Cana-

dian 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 sam-

pled in two field experiments (Warwick et al., 2003). 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 grow-

ing 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 incorporated the 

herbicide-tolerant gene (Daniels et al., 2005). The considerable differences in the hy-
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bridization rates found in the two studies have not been elucidated yet. They could possi-

bly be due to several factors:  

• variations in the agricultural practice resulting in different amounts of B. rapa vol-

unteers occurring as agricultural weeds 

• variations in the fertility of the OSR cultivars used (conventional varieties 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 (Moyes et al., 2002) and R. rap-

hanistrum (Darmency et al., 1998; Gueritaine et al., 2002; Gueritaine et al., 2003) 

seems to be very low (Tables 4, 5). The occurrence of spontaneous hybrids in commer-

cial fields is therefore unlikely (Warwick et al., 2003; Daniels et al., 2005). 

2.5.4 Transgenic hybrids out competing 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 (Ellstrand, 2003; Stewart et al., 2003; 

Hails and Morley, 2005). Hybridization-mediated environmental impacts from the cur-

rently commercialized 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. (Reichman et al., 2006). The long-term fate and ecologi-

cal impacts of these transgenes within wild A. stolonifera populations remain to be de-

termined. 

Gene flow from traditional crops has on some occasions created problems by bringing 

wild relatives closer to extinction. 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 (Ellstrand, 2003). Similarly, genetic pres-

sure due to the cultivation of the purple flowering alfalfa (Medicago sativa) has lead to 

the disappearance of the yellow flowering wild-type (M. falcata) from large areas in Swit-

zerland (Rufener Al Mazyad and Ammann, 1999). 
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Table 2: Summary of studies assessing gene flow from oilseed rape (Brassica napus) to wild turnip (Brassica rapa): assessment of fitness consequences 
using hybrids produced by artificial hybridization  

 

Trait / Cultivar Hybrid 
genera-
tion(s) 

Experimental 
conditions 

 

Method / marker 
used to confirm 
hybrid status b) 

Assessed fitness 
parameters 

 Hybridization (H) 

Fitness consequences (F) 

Ref. 

        

Herbicide-tolerant 
(HT) oilseed rape 
(OSR) 
Glufosinate (Glu) 

 

F1, BC1
a) 

BC2 

Experimental 
field trial 

Herbicide spray, 
morphology, ploidy 
level 

Pollen viability H: 
 

F: 

42% of the BC2 plants obtained were Glu-
tolerant 

Pollen fertility of BC1 was greater than 
90% 

Mikkelsen et 
al., 1996 

Non-transgenic 
OSR 
(cvs. Drakkar, 
Topas, Westar) 

F1 Experimental 
field trial 

n.d. Seed development, 
survival in the field, 
pod- and seed set 

H: 

 

F: 

No strong hybridization barrier between 
B. napus and B. rapa. 

F1-hybrids under some conditions nearly 
as fit as parents 

 

Hauser et 
al., 1998b 

Non-transgenic 
OSR 
(cvs. Topas, 
Westar) 

F2, BC1 Experimental 
field trial 

n.d. Seed development, 
survival in the field, 
pod- and seed set 

F: Relatively low average fitness of F2 and 
BC1 as compared to parents 

 

Hauser et 
al., 1998a 

HT OSR (Glu) BC3 Growth chamber PCR, Herbicide spray Pollen fertility, seed 
set, survival 

F: No significant differences between trans-
genic and non-transgenic plants in sur-
vival and number of seeds per plant. 
Costs associated with transgene probably 
negligible 

 

Snow et al., 
1999 

Bt OSR BC1, BC2 Growth chamber PCR, Western Blot, 
ploidy level 

n.d. H: 
 

 

F: 

Bt transgene was present in hybrids and 
protein was synthesized at similar levels 
as corresponding OSR lines 

Not all F1 lines were able to produce BC1, 
but surviving BC1 were able to produce 
BC2 

Halfhill et 
al., 2002 

HT OSR (Glu) F1 Experimental 
field trial 

Morphology, AFLP, 
PCR 

Flower, pollen and seed 
production 

 

F: Male fitness among F1 produced by B. 
rapa is low 

Pertl et al., 
2002 



Chapter 2 - Ecological impacts of genetically modified crops 
  
 

a) Hybrids of F1 and BC1 generations used in this study were produced under natural hybridization conditions; F1= first filial generation, F2= second filial generation, BC1= 
first backcross generation etc. 
b) GFP = green fluorescent protein; PCR = Polymerase chain reaction; AFLP = Amplified fragment length polymorphism; RFLP = Restriction fragment length polymorphism; 
n.d. = not determined 

3
7
 

Table 2 (continued) 
 
Trait / Cultivar Hybrid 

genera-
tion(s) 

Experimental 
conditions 

 

Method / marker 
used to confirm 
hybrid status b) 

Assessed fitness 
parameters 

 Hybridization (H) 

Fitness consequences (F) 

Ref. 

        

Bt / GFP OSR F1, BC1, BC2 Experimental 
field trial 

GFP Vegetative plant mate-
rial produced in an 
insect bioassay 

 

F: No difference found in biomass between 
BCs and non-transgenic parents under 
low insect pressure 

Mason et al., 
2003 

OSR F1, F2, 

sev. BCs 

Experimental 
field trial 

n.d. Seed production F: Hybrids are not generally less fit than 
parents. Fitness of both parents and 
hybrids is strongly frequency-dependent 

 

Hauser et 
al., 2003 

Bt / GFP OSR F1 Green house GFP Biomass, flower num-
ber, seed mass, germi-
nation rate 

F: Herbivore pressure and plant density had 
strong impact on relative biomass and on 
fitness advantages of Bt-hybrids over 
wild type. Greenhouse results can not 
give a quantitative prediction of Bt-
spread and persistence in natural habi-
tats 

 

Vacher et 
al., 2004 

Bt / GFP OSR F1, BC1, BC2 Experimental 
field trial 

GFP Intraspecific competi-
tion with various herbi-
vore pressures and with 
wheat 

F: On average hybrids of various BC gen-
erations have lower potential for growth 
and competitiveness under field condi-
tions than weedy parents 

 

Halfhill et 
al., 2005 

Male-sterile OSR F1, BC1 Growth chamber 

Experimental 
field trial 

Quantitative PCR Photosynthetic capabil-
ity, pollen viability, 
seed set 

H: 
 

F: 

Expression of transgenes is stable in F1 
hybrids. 

Reproductive fitness of hybrids was sig-
nificantly lower than in parents, BC1 had 
significant lower photosynthetic capability 
and reproductive fitness than parents. 
Vegetative vigor of of BC1 is limited. 

 

Ammitzbøll 
et al., 2005 
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Table 3: Summary of studies assessing gene flow from oilseed rape (Brassica napus) to wild turnip (Brassica rapa): assessment of hybridization rates 
under natural hybridization conditions  
 
Trait / Cultivar Hybrid 

genera-
tion(s) a) 

Experimental 
conditions 

Method / marker used to 
confirm hybrid status b) 

 Hybridization (H) 

Fitness consequences (F) 

Ref. 

     

Non-transgenic 
oilseed rape (OSR) 
(cv. Drakkar) 

F1 Agricultural field  
(set-aside) 

AFLP H: First study to show introgression between B. napus 
and B. rapa under natural condition. Hybrids in weedy 
natural populations resembled most closely to BC2 
(obtained by controlled crosses) 

 

Hansen et 
al., 2001 

Bt OSR F1 Experimental 
field trial 

Antibiotic marker H: F1 hybrids have similar levels of expression as crop 
lines (when hybridization occurs under natural condi-
tions) 

 

Halfhill et 
al., 2002 

Herbicide-tolerant 
(HT) OSR 
Glyphosate (Gly) 

F1 Experimental 
field trial 

Herbicide spray, Gly test strip, 
ploidy level, AFLP 

H: Hybridization between B. napus and B. rapa occurred 
at approx. 7% 

 

Warwick et 
al., 2003 

HT OSR (Gly) F1 Commercial field Herbicide spray, Gly test strip, 
ploidy level 

H: Hybridization between B. napus and B. rapa occurred 
at approx. 13.6% 

 

Warwick et 
al., 2003 

GFP OSR F1 Experimental 
field trial 

GFP, morphology, pollen viabil-
ity, ploidy level 

H: Hybridization between B. napus and B. rapa occurred 
at approx. 7% 

 

Warwick et 
al., 2003 

OSR F1, BC1 Agricultural field 
(set-aside) 

Chromosome counting, AFLP H: Introgression progresses primarily with B. rapa as 
maternal plant. Transgenes can be transferred from 
B. napus to B. rapa 

 

Hansen et 
al., 2003 

Bt / GFP OSR F1, BC1 Experimental 
field trial 

GFP H: Hybrids between B. napus and B. rapa occurred over a 
wide range of experimental conditions, BC1 rate was 
0.074% 

 

Halfhill et 
al., 2004 

HT OSR (Glu) F1 Agricultural field Herbicide spray, PCR, ploidy 
level 

H: 2 hybrids found in 9500 seedlings 

 

Daniels et 
al., 2005 
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Table 4: Summary of studies assessing gene flow from oilseed rape (Brassica napus) to charlock (Raphanus raphanistrum)  
 

Trait / Cultivar Hybrid crea-
tion / gen-
eration(s) a) 

Experimental 
conditions 

Method / marker used to 
confirm hybrid status b) 

Fitness parame-
ters used 

 Hybridization (H) 

Fitness consequences (F) 

Ref. 

        

Male-sterile oilseed 
rape (OSR) 
cv. Brutor 

N 

F1, F2, BC1 

Experimental 
field trial 

 Seed production H: Hybrid frequency expected to be at 
max. 0.2%. Seed production of F1 = 
0.4%, F2 = 2% 

 

Darmency et 
al., 1998 

Non-transgenic 
OSR 
(Acetolactat syn-
thase -resistant) 

N 

F1 

Experimental 
field trial 

Morphology, RFLP, ploidy 
level 

Pollen viability H: 

 
 

 
F: 

 

No hybrids were detected amongst 
25’000 seedlings collected from 
R. raphanistrum. Two hybrids were 
detected in more than 52 Mio. OSR 
seedlings. 

Both hybrids had viable pollen and 
were able to set seed when back-
crossed to R. raphanistrum, but not 
OSR 

 

Rieger et al., 
2001 

Herbicide-tolerant 
(HT) OSR (Glu) 

N 

BC6 

Experimental 
field trial 

Herbicide spray, PCR, ploidy 
level 

Seed production 
and survival, plant 
growth and repro-
duction 

H: 

F: 

n.d. 

Fitness level of backcrosses with OSR 
is 100x lower than of BC with 
R. raphanistrum. 

 

Gueritaine 
et al., 2002 

OSR N 

F1 

Experimental 
field trial 

Morphology, ploidy level Seed emergence, 
flowering time and 
frequency, diame-
ter of rosette, dry 
weight 

H: 

F: 

n.d. 

F1 hybrids showed lower seedling 
emergence, significant delay of 
emergence and lower survival than 
both parents 

 

Gueritaine 
et al., 2003 

HT OSR (Gly) A 

F1 

Green house Herbicide spray, AFLP, 
ploidy level 

n.d. H: 

F: 

No hybridization detected 

n.d. 

 

Warwick et 
al., 2003 
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Table 4 (continued) 
 
Trait / Cultivar Hybrid crea-

tion / gen-
eration(s) a) 

Experimental 
conditions 

Method / marker used to 
confirm hybrid status b) 

Fitness parame-
ters used 

 Hybridization (H) 

Fitness consequences (F) 

Ref. 

        

HT OSR (Gly) N 

F1 

Experimental 
field trial 

Herbicide spray n.d. H: 
 

F: 

One hybrid detected in approx. 
32’000 seedlings 

n.d. 

 

Warwick et 
al., 2003 

HT OSR (Gly) N 

F1 

Commercial 
field 

Herbicide spray n.d. H: 

F: 

No hybridization detected 

n.d. 

 

Warwick et 
al., 2003 

OSR (GFP) N 

F1 

Experimental 
field trial 

GFP n.d. H: 

F: 

No hybridization detected 

n.d. 

 

Warwick et 
al., 2003 

Bt OSR containing 
GFP 

N 

F1, BC1 

Experimental 
field trial 

GFP n.d. H: 

F: 

No hybridization detected 

n.d. 

 

Halfhill et 
al., 2004 
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Table 5: Summary of studies assessing hybridization rates between oilseed rape (Brassica napus) and wild mustard (Sinapis arvensis) and dog mustard 
(Erucastrum gallicum)a) 
 

Trait / Cultivar Hybrid crea-
tion / gen-
eration b) 

Experimental 
conditions 

Method / marker used to con-
firm hybrid status c) 

 Result Ref. 

      

Six non-transgenic 
oilseed rape (OSR) 
cultivars 

A / N 

F1 

Green house 

Experimental field 
trial 

PCR, Morphology, Southern blot H: Neither S. arvensis nor B. napus readiliy hy-
bridise with each other in the Greenhouse. 
Unable to detect gene flow from B. napus to 
S. arvensis in the field 

 

Moyes et al., 
2002 

Herbicide-tolerant 
(HT) OSR (Gly) 

N 

F1 

Commercial field Herbicide spray H: No hybridization detected 

 

Warwick et 
al., 2003 

HT OSR (Glu) N 

F1 

Agricultural field Herbicide spray, PCR H: 1 hybrid found in the field 

 

Daniels et 
al., 2005 
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2.5.5 Conclusions on gene flow to wild relatives 

There is general agreement that gene flow from GM crops to sexually compatible wild 

relatives can occur. Experimental studies have shown that GM crops are capable of spon-

taneously mating with wild relatives, however, at rates in the order of what would be 

expected for non-transgenic crops (Ellstrand, 2003). Much empirical information about 

crop-wild relative hybridization is now available (de Nijs et al., 2004) indicating that such 

hybridization occurs when sexually compatible wild relatives are present in close prox-

imity to the crop, albeit at low (and variable) rates (Stewart et al., 2003). Hybridization 

between conventional (non-GM) crops and their wild relatives has occasionally caused 

problems in ecological and evolutionary 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 conse-

quences of transgenes in wild populations is incomplete (Hails and Morley, 2005). It is 

difficult to judge a priori whether a transgenic phenotype will have a special fitness ad-

vantage relative to a non-transgenic counterpart—and if an advantage exists, whether 

this will result in increased weediness. 

2.6 Invasiveness of GM crops into natural habitats 

The awareness of the problems that sometimes accompanied the deliberate or acci-

dental introduction of non-native species into new environments has a long history 

(Elton, 1958). Invasions have been recognized in a growing number 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 (Sakai et al., 2001; D'Antonio and Meyerson, 

2002; Levine et al., 2003). Although the great majority of accidental introductions un-

doubtedly failed to become established, a substantial number became established, and 

some of these became serious pests (Levin, 1988). Not surprisingly, the concern of GM 

crops invading natural habitats was brought up early in the discussion on potential envi-

ronmental risk related to the release of GM crops (Levin, 1988).  

2.6.1 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 environ-

mental 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%) (Beckie et 

al., 2004). It was conceived that the transfer of herbicide-tolerance genes between varie-

ties 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 
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commercial cultivation of GMHT OSR, two triple-herbicide resistant volunteers were re-

ported at a field site in western Canada (Hall et al., 2000) and a study at 11 sites in Sas-

katchewan, Canada, reported double-resistant OSR volunteers (Beckie et al., 2003). The 

results of both studies suggest that HT gene stacking can occur in OSR volunteers. This is 

not surprising given the outcrossing 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 (Hall et al., 2000; Beckie et al., 2004; Legere, 2005). Rotations including many 

GMHT crops having the same trait (e.g., glyphosate tolerance) may result in various crop 

volunteers resistant to the same herbicide and thus make certain cropping systems frag-

ile (Legere, 2005). However, there is no evidence at present that the extensive cultiva-

tion 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 (Hall et al., 

2005). Extensive weed population monitoring has been conducted 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 (Hall et al., 2000; Hall et al., 2005). The 

multiplicity 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 frequent crop to follow OSR in a 

typical 4-year rotation (Beckie et al., 2004). 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 (Hall et al., 2005). 

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. Furthermore, there are a multitude of cultural and mechanical practices that 

are recommended to growers to manage multiple-GMHT OSR volunteers. These include 

(Beckie et al., 2004) (1) leaving seeds on or near the soil surface as long as possible af-

ter harvest because a high percentage will germinate in the fall and be killed by the 

frost; (2) using tillage immediately before sowing; (3) silaging and green manuring to 

prevent seed set in volunteers; (4) isolating OSR fields with different HT traits; (5) fol-

lowing OSR with a cereal crop and rotating 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. 
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2.6.2 Invasiveness of transgenic crop varieties into semi-natural habitats 

Not many experimental studies have been performed comparing the invasiveness of 

transgenic crop varieties to non-transgenic varieties. In an early study, population dy-

namics of GMHT OSR with a resistance to glufosinate and conventional OSR were esti-

mated over a 3-year period in 12 natural habitats and under a range of climatic condi-

tions (Crawley et al., 1993). There was no evidence that genetic engineering for herbi-

cide tolerance increased the invasive potential of OSR in undisturbed natural habitats. 

Furthermore, there was no evidence that transgenic OSR was more invasive or more per-

sistent in disturbed habitats compared to their conventional counterparts. In general, the 

transgenic lines performed even less well than the non-transgenic lines. A more recent 

study compared four different crops (both conventional and GM) grown in 12 different 

habitats and monitored their performance over a period of 10 years (Crawley et al., 

2001). 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 con-

ventional counterparts. 

2.6.3 Conclusions on the invasiveness of GM crops into natural habitats 

Despite the extensive commercial cultivation of GMHT OSR in western Canada for sev-

eral years, there is currently no evidence of GMHT OSR becoming 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 (Hall et al., 

2005). 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 (Warwick and Stewart, 2005). 

Globally, the feral plants that cause much of the economic damage are imported horticul-

tural plants (Sakai et al., 2001; D'Antonio and Meyerson, 2002; Levine et al., 2003). 

Unlike annual crops, these horticultural plants are mostly perennials that have extensive 

sexual and asexual reproduction. 

2.7 Weed management changes related to GM herbicide-tolerant crops 

Environmental impacts due to crop management changes are usually difficult to as-

sess because they are often caused by many interacting factors and do only show up 

after an extended period of time. Not surprisingly, the impacts of modern (non-GM) agri-

culture on biodiversity were only revealed years after these techniques had been intro-

duced (see chapter 2.2.1). Considering the widespread effects modern agricultural sys-

tems had in the last decades, changes in management practices are probably among the 
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most influential factors that could lead to biodiversity changes. It appears that concerns 

related 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. 

2.7.1 Shifts of weed populations and potential impacts on biodiversity 

The impacts on farmland biodiversity due to the use of genetically modified herbicide-

tolerant (GMHT) crops are currently discussed in two contrasting 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 de-

pending on them (Watkinson et al., 2000; Heard et al., 2005), 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 (Firbank and 

Forcella, 2000; Dewar et al., 2003; May et al., 2005). 

The concern that declines in weed number could have adverse effects on farmland 

biodiversity received major public attention due to the interpretations 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 increased in maize compared with conventional treatments (Squire 

et al., 2003). However, the invertebrate groups assessed (herbivores, detritivores, polli-

nators, predators and parasitoids) were much more influenced by season and by crop 

type than by the GMHT management (Hawes et al., 2003). The abundance of many in-

vertebrate groups increased two-fold to five-fold between early and late summer, and 

differed up to 10-fold between crops, whereas GMHT management superimposed rela-

tively 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 af-

fect farmland biodiversity, and especially bird populations. Although the FSE were one of 

the most extensive ecological studies ever conducted, they were not without limitations 

(Chassy et al., 2003; Freckleton et al., 2003). As the authors of the FSE studies stated, 

“the FSE addressed one particular environmental risk of one particular trait in one par-

ticular agro-ecosystem, and the results should not be extrapolated to other socio-

environmental systems” (Firbank et al., 2003). 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 Brit-

ain in any year (Squire et al., 2003), it is unclear if these effects would occur at the land-
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scape-level and how significant they would be. A major factor in the decline in farmland 

biodiversity over the last decades has been the loss of more specialized taxa (Robinson 

and Sutherland, 2002). Thus, many of the birds and butterflies that declined markedly in 

the period prior to 1970 were dependant 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 habi-

tat generalists (Robinson and Sutherland, 2002). More intensive field management, deg-

radation 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 (Squire et al., 

2003). The results are therefore linked to the weed-management system practiced in the 

FSE, for both conventional and GMHT systems. Highly effective 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 (Chassy et al., 2003). 

However, other weed-management systems than the one used in the FSE are possible. 

The use of GMHT technology 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 (Carpenter et al., 2002; Phipps and 

Park, 2002) (see chapter 2.8). These include beneficial impacts on farmland biodiversity, 

because conservation tillage results in a greater availability of crop residues and weed 

seeds improving food supplies for insects, birds, and small mammals (Holland, 2004). 

Similarly, studies conducted in the UK have shown that alternative scenarios to those 

resulting from the FSE are possible for GMHT sugar beet (Dewar et al., 2003; May et al., 

2005). GMHT sugar beet allows to choose an optimal application time and to reduce the 

number of herbicide sprays, resulting in environmental benefits compared with the con-

ventional practice. Depending on the herbicide management chosen, it can either en-

hance weed seed banks and autumn bird food availability, or provide early season bene-

fits to invertebrates and nesting birds (May et al., 2005). 

2.7.2 Selection of resistant weeds by intensive herbicide applications 

The wide adoption of GMHT crops raised concerns that the increasing applications 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 oc-

curred in conventional agricultural systems during the past decades, which resulted in 
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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 resis-

tant biotypes evolved without the selection pressure resulting from the adoption of GM 

herbicide-tolerant crops. Numerous weed species have evolved resistance to a number of 

herbicides in many, if not most, agricultural systems long before the introduction of 

GMHT crops (Owen and Zelaya, 2005; Heap, 2006). The commercialization 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 resis-

tance to atrazine (Owen and Zelaya, 2005; Heap, 2006). It seems that tolerance to gly-

phosate, in contrast, is less likely to develop in weed species (and in volunteers) than 

tolerance to other herbicides, as a result of its chemical properties and its mode of action 

(Bradshaw et al., 1997; CFIA, 2003). After almost three decades of glyphosate use, tol-

erance to glyphosate has only been reported in eight weed species worldwide (Heap, 

2006). 

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 modi-

fication, but of the herbicide management applied by farmers. In Canada, no weed spe-

cies have been observed yet that demonstrated herbicide tolerance to glyphosate (CFIA, 

2003). 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 varieties in combination, or in sequence with other 

herbicides in continuously cultivated no-tillage soybean fields. With the widespread use of 

GMHT soybeans, 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 (VanGessel, 2001). It is clear that the continuous ap-

plication of the same herbicide in one particular crop over multiple years without applying 

appropriate crop rotation will inevitably lead 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 farm-

land value. Although farmers have to add another herbicide to glyphosate to control the 

resistant weed species, there are alternatives to glyphosate that are highly effective and 

provide good flexibility in application timing for most weed species. There is, however, no 



Chapter 2 - Ecological impacts of genetically modified crops 
  
 

48 

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 alternative herbicides 

have limited flexibility in application timing. In this situation, the loss of application flexi-

bility would present a greater cost to many farmers than the additional herbicide ex-

pense. 

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 procedures 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 (EPA, 2006; Health Canada, 2006; HRAC, 2006). 

2.7.3 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 support this view 

(Benbrook, 2001, 2003), but there appear to be more studies that support a small but 

statistically significant reduction in herbicide use (Carpenter et al., 2002; Fernandez-

Cornejo and Mc Bride, 2002; Brimner et al., 2005; Brookes and Barfoot, 2005). Because 

the reduction varies between crops and regions, it is difficult to draw a general conclu-

sion. 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 de-

cline in the potential environmental impact of chemical weed management (Brimner et 

al., 2005). 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 in-

gredients per acreage) (Carpenter et al., 2002; Fernandez-Cornejo and Mc Bride, 2002). 

It would, however, be insufficient to assess herbicide use only by comparing the quanti-

ties of herbicides applied, even if expressed as the total amount of active ingredient. Be-

side 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, how-

ever, is not as straightforward as it may seem, since toxicity and persistence in the envi-

ronment vary across pesticides. Assessing herbicide changes relying purely on the 

amounts used, would assume that the same amount of any two ingredients has equal 

impact on human health and the environment, while in fact the various active ingredients 

in use in herbicides vary widely in toxicity and in persistence in the environment. The 

adoption of GMHT crops has allowed farmers to use herbicides (glyphosate and glufosi-

nate) that are less toxic to humans and to the environment than the previously used 

(Fernandez-Cornejo and Mc Bride, 2002; Duke, 2005). In some countries, especially in 

South America, the adoption of GMHT soybeans increased the volume of herbicides used 

relative to the amounts used before GMHT adoption (Trigo and Cap, 2003; Brookes and 
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Barfoot, 2005; Qaim and Traxler, 2005). 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 con-

servation tillage system. The increase in the net volume of herbicides used should, how-

ever, be placed in the context of the environmental benefits of the new conservation till-

age systems (see chapter 2.8.2). 

2.8 Possible ecological benefits of GM crop cultivation 

2.8.1 Pesticide reductions due to insect-resistant crops 

Studies on the economic impacts of insect-resistant GM crops are revealing 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 (FAO, 2004; Raney, 2006). 

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 protein Cry1Ab has resulted in only modest reductions in in-

secticide applications due to the small area of conventional maize treated with insecti-

cides, the commercial cultivation of Bt-cotton has proven to have resulted both in a sig-

nificant reduction in the quantity and in the number of insecticide applications (FAO, 

2004; Fitt et al., 2004). Cotton is highly susceptible to several serious insect pests be-

longing 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. Conventional cotton cultivation therefore relies heavily on repeated 

insecticide applications throughout the growing season. Although estimates on pesticide 

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 (Fitt et al., 2004). Moreover, most studies estimate a reduction in the amount of 

pesticides used (Phipps and Park, 2002; Fitt et al., 2004; Brookes and Barfoot, 2005). 

Direct environmental benefits of reduced insecticide applications in Bt-cotton resulted in 

fewer non-target effects (Head et al., 2005; Torres and Ruberson, 2005) and in reduced 

pesticide inputs in water (FAO, 2004). 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 (Wu and Guo, 

2005). 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 re-
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sulted in a general change in the pest spectrum leading to an overall increase of pesticide 

applications. In addition to direct environmental 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 (Pray et al., 2002; Bennett et al., 2003; Hossain et 

al., 2004; Huang et al., 2005). 

2.8.2 New weed control strategies offered by GM herbicide-tolerant crops 

The adoption of GMHT crop varieties has resulted in several weed management 

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 applica-

tions (Fernandez-Cornejo and Mc Bride, 2002; Brimner et al., 2005; Duke, 2005). The 

herbicides used in GMHT crops (glyphosate or glufosinate) are foliar-applied, post-

emergence herbicides, which usually allow using herbicides in a more targeted 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 re-

duced herbicide amounts. Post-emergence herbicides are thus generally applied at lower 

rates than soil-applied, pre-emergence herbicides, also because absorption by soil col-

loids and degradation are reduced (Burnside, 1996). Glyphosate and glufosinate are con-

sidered being less toxic to human health and the environment than many of the herbi-

cides they replace (Fernandez-Cornejo and Mc Bride, 2002; Duke, 2005). Both have rela-

tively short soil half-lives and they persist almost half as long in the environment com-

pared to the replaced herbicides. Neither moves readily to ground water, which results in 

fewer losses of chemicals by leaching and run-off from the field (Duke, 2005). 

Perhaps the most important environmental benefit of the adoption of GMHT crops is 

the possibility to use broad spectrum herbicides, which encouraged growers to adopt 

conservation tillage strategies (CCOC, 2001; Carpenter et al., 2002; Fawcett and Towery, 

2002; Duke, 2005). Prior to the introduction of transgenic HT crop varieties, most grow-

ers 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 environmental damage that can 

last for centuries. Since the early 1990s, growers have been reducing their tillage opera-

tions for soil conservation benefits. According 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 conventional soybean (Fernandez-Cornejo and Caswell, 2006). 

Gianessi (2005) 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 
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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 (Fawcett and Towery, 2002). A richer soil biota develops that can 

improve nutrient recycling and this may also help combat crop pests and diseases 

(Holland, 2004). Earthworm populations are generally higher in no-till fields than in con-

ventionally tilled fields (Fawcett and Towery, 2002). In addition to a reduction in soil ero-

sion and degradation, less frequent soil cultivation also results in a decrease in the emis-

sion of greenhouse gases, partly arising from a reduction in fuel use (Brookes and Bar-

foot, 2005). 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 in-

sects, birds, and small mammals (Holland, 2004). 

2.9 Scientific debates on the ecological impact of GM crops 

The interpretation of collected scientific data is debated controversially by different 

stakeholders involved in the debate on potential impact of GM crops on biodiversity. Al-

though some groups argue that experience and solid scientific 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 baseline 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 sys-

tem. 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. Ecol-

ogically significant effects are only judged unacceptable (i.e., representing a damage) by 

the society if they are perceived as being linked to a deterioration in quality of a particu-

lar entity (e.g., biodiversity). Valuation of scientific data is thus influenced by the individ-

ual and subjective perceptions of the terms safety, risk and uncertainty by the society 

and particularly by the persons involved in decision-making. The following list intends to 

highlight a number of issues, which mainly in Europe are currently debated controver-

sially in the discussion on the safety of GM crops. 
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Effects of GM crops on non-target organisms 

• There is scientific controversy on the baseline that should be applied when assess-

ing potential effects of insect-resistant GM crops. It is discussed whether this 

should be the most common agricultural practice used (e.g., integrated pest man-

agement), 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 natural 

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 subject to 

high variation, and the baseline comparison for ecological implication 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 naturally occur-

ring in soils due to the soil bacteria Bacillus thuringiensis, and that Bt-spray for-

mulations are commonly used for insect control in agriculture 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 distin-

guished from “agricultural weeds”, a clear definition of what plant species are con-

sidered being truly wild plants is lacking.  

• Should effects occurring within agricultural or peri-agricultural environments 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 that non-transgenic 
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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 consequences 

• 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) pro-

viding food for insects and birds? 

• Should herbicide-resistant weeds that have been caused by GMHT crops be valu-

ated differently than herbicide-resistant weeds that have been caused by conven-

tional (non-transgenic) weed management? 

2.10 Conclusions 

The risks of GM crops for the environment, and especially for biodiversity, have been 

extensively assessed worldwide over the past 10 years of commercial 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 cu-

mulative effects are difficult. 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 meth-

ods (the “unknowable”). There is thus a need to develop scientific criteria for the evalua-

tion of effects of GM crops on the environment in order to assist regulatory authorities 

when deciding whether environmental 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 cropping systems can help to reduce some 

environmental impacts associated with conventional agriculture, but they will also intro-

duce new challenges that must be addressed. When discussing the risks of GM crops, one 

has to recognize 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 be-

tween GM crops and current conventional pest and weed management practices, all pos-
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sibly having positive and negative outcomes. To ensure that a policy is truly precaution-

ary, one should therefore compare the risk of adopting a technology against the risk of 

not adopting it (Goklany, 2002). We thus believe that both benefits and risks of GM crop 

systems should be compared with those of current agricultural practices. 
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3.1 Abstract 

Genetically modified plants (GMPs) may soon be cultivated commercially in several 

member countries of the European Union (EU). According to EU Directive 2001/18/EC, 

post-market monitoring (PMM) for commercial GMP cultivation must be implemented, in 

order to detect and prevent adverse effects on human health and the environment. How-

ever, no general PMM strategies for GMP cultivation have been established so far. We 

present a conceptual framework for the design of environmental PMM for GMP cultivation 

based on current EU legislation and common risk analysis procedures. We have estab-

lished a comprehensive structure of the GMP approval process, consisting of pre-market 

risk assessment (PMRA) as well as PMM. Both programmes can be distinguished concep-

tually due to principles inherent to risk analysis procedures. The design of PMM pro-

grammes should take into account the knowledge gained during approval for commer-

cialization of a specific GMP and the decisions made in the environmental risk assess-

ments (ERAs). PMM is composed of case-specific monitoring (CSM) and general surveil-

lance. CSM focuses on anticipated effects of a specific GMP. Selection of case-specific 

indicators for detection of ecological exposure and effects, as well as definition of effect 

sizes, are important for CSM. General surveillance is designed to detect unanticipated 

effects on general safeguard subjects, such as natural resources, which must not be ad-

versely affected by human activities like GMP cultivation. We have identified clear con-

ceptual differences between CSM and general surveillance, and propose to adopt sepa-

rate frameworks when developing either of the two programmes. Common to both pro-

grammes is the need to put a value on possible ecological effects of GMP cultivation. The 

structure of PMM presented here will be of assistance to industry, researchers, and regu-

lators, when assessing GMPs during commercialization. 

3.2 Introduction 

In 2004, the estimated global area of genetically modified plant (GMP) cultivation was 

more than 81 million hectares, with five countries, i.e., USA, Argentina, Canada, Brazil 

and China, growing 97 percent of these crops (James, 2004). None of these countries 

requires legally binding post-market monitoring (PMM) activities, or they limit them to 

very specific areas, such as insect resistance monitoring of Bt-maize cultivation, as in the 

United States (Jaffe, 2004). The regulatory frameworks of these countries recognize that 

products that have received regulatory approval are judged to be substantially equiva-

lent, and do not represent a greater risk than comparable products with a history of safe 

use. Environmental PMM or long-term population health surveillance are therefore not 

considered necessary. However, this principle is being questioned, since short-term ex-

periments and general characterization of plant traits may not detect all environmental 
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effects of GMPs (NRC, 2002). In the United States, PMM activities are being discussed in 

order to determine if pre-market testing protocols adequately assess risks. In Europe, 

the principle of substantial equivalence is not followed, and a precautionary approach is 

chosen instead. In the European Union (EU), the principles for regulating the release of 

GMPs into the environment are laid down in EU Directive 2001/18/EC (European Com-

munity, 2001). Everyone who intends to commercially introduce GMPs into the environ-

ment is obligated to present a PMM plan to identify possible adverse effects on human 

health and the environment, which could arise directly or indirectly from the released 

GMP. To date, no EU-wide consensus on how to design such PMM programmes has been 

defined, although monitoring concepts are currently developed in several European coun-

tries. In addition, new EU regulations on approval, labelling, threshold values and trace-

ability of GMPs have become effective in November 2003 (European Union, 2003a, b). In 

some EU member countries the commercial cultivation of GMPs could soon be approved, 

which results in an urgent need for conceptual frameworks and guidance on how PMM 

programmes should be planned and performed. Despite the fact that the use of GMPs in 

Swiss agriculture seems unlikely in the near future, commercial releases of GMPs would, 

as in the EU, also have to be monitored in Switzerland. According to the EU Directive and 

to Swiss laws, the ultimate responsibility for a PMM programme would lie with the com-

panies holding the consent for commercial release of a specific GMP. However, there cer-

tainly is a need for governmental structures to coordinate PMM programmes. For provid-

ing consistent and comparable results, consent holders would also have to design and 

run their PMM programmes according to a general framework using standardized meth-

ods and protocols. 

The aim of this study was to develop a conceptual framework that would propose 

structures and procedures that could be used to implement such PMM programmes. The 

conceptual framework should represent a pragmatic approach to realistic and feasible 

PMM programmes. We limited our study to GMPs and to potential adverse effects on the 

environment that could occur during their commercial cultivation. We took EU Directive 

2001/18/ EC and its respective guidance notes (European Community, 2001; European 

Commission, 2002; European Council, 2002) as a basis for our study, since Swiss legisla-

tion (GTG, SR 814.91; FrSV, SR 814.911) remains relatively unspecific with respect to 

aims, design and planning of PMM programmes. The approach we chose was to analyze 

the basic requirements for effective environmental monitoring, and to determine whether 

such activities do meet the needs of a PMM according to EU Directive 2001/18/EC. Using 

this approach two specific principles had to be combined: (1) the approval process for 

GMPs in Europe and (2) general principles of environmental monitoring programmes. 
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3.3 Principles considered for the development of the conceptual 

framework 

3.3.1 Procedure for the approval to commercially cultivate GMPs in Europe 

Each approval for commercial cultivation of a specific GMP has to be preceded by 

case-by-case risk assessments of potential adverse effects on human health and the en-

vironment. Furthermore, the introduction of GMPs into the environment should generally 

be performed according to the step-by-step principle, which means that the scale of GMP 

releases can only be increased if a risk assessment based on information of the preceding 

step has resulted in an estimation of an acceptable risk for the next step (European 

Community, 2001). Potential adverse effects of a GMP have to be investigated in a first 

step under containment in the laboratory and in the greenhouse. In a first environmental 

risk assessment (ERA I), it is decided whether a limited experimental release of the GMP 

under controlled conditions can be performed. Approval for commercial cultivation is only 

granted after a thorough second environmental risk assessment (ERA II), in which the 

characteristics of the GMP are compared to those of the corresponding non-modified 

plant under comparable conditions (European Commission, 2002). Due to the complexity 

of the issues addressed, ERA II may not always result in final answers. The resulting lack 

of data may be due to the spatial and temporal restrictions of the experiments performed 

during pre-market risk assessment (PMRA). For a final assessment of the long-term ef-

fects of GMP cultivation, data from PMRA may be limited. These data can only be pro-

vided by PMM. Case-specific monitoring (CSM) shall assess whether the decision based 

on ERA II regarding the occurrence and the impact of anticipated adverse effects is cor-

rect, whereas general surveillance shall detect unanticipated adverse effects (European 

Community, 2001). The consent for commercial cultivation is limited to ten years, after 

which the results of CSM, general surveillance and any other new information have to be 

presented in a third environmental risk assessment (ERA III) to the competent authority 

in order to allow renewal of the consent (European Community, 2001). The procedure 

used to decide whether a GMP meets the requirements for approval for commercial culti-

vation leads to conceptual differences between PMRA and PMM, which have to be consid-

ered when designing a PMM programme. 

3.3.2 Distinction between pre-market risk assessment and post-market 

monitoring 

Even though PMM, according to Part C of EU Directive 2001/18/EC, covers commercial 

cultivation of GMPs, we noticed that activities belonging to a PMM programme are not 

clearly distinguished from tasks performed during a PMRA. We found, however, that 

based on their different purposes, the two phases can be distinguished. Approval for 

commercial cultivation can be regarded as an important step during the evaluation proc-
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ess of GMPs, and is based on the knowledge gained from risk assessments in laboratory, 

greenhouse and field trials (ERA II). It therefore represents a consolidated risk conclu-

sion by the competent authority. Since these PMRAs have been carried out in a scientifi-

cally sound manner and according to accepted risk assessment approaches (CBD, 2000; 

European Commission, 2002), it can be assumed that the risks related to the cultivation 

of the approved GMPs are judged to be acceptable, otherwise consent would not be 

given. However, risk assessments are always limited by some uncertainties (Hill and 

Sendashonga, 2003; Levidow, 2003). The Cartagena Protocol on Biosafety explicitly rec-

ognizes that these scientific uncertainties exist, and that decisions must be made recog-

nizing that those uncertainties may not be resolved (CBD, 2000). This is also recognized 

by the European Commission, which states that the precautionary approach (Ammann, 

2004) is particularly relevant to the management of risks (European Commission, 

2000a), and risk management should control an identified risk but also cover possible 

uncertainties (European Commission, 2002). Activities like PMM programmes therefore 

represent appropriate tools to address and reduce such uncertainties. It is interesting 

that EU Directive 2001/18/EC does not consider possible benefits for the approval of 

GMPs. Only possible adverse effects on human health and the environment are evalu-

ated, although a risk/benefit assessment should be common practice in an approval 

process, as common for many other hazards (European Commission, 2000b). The ap-

proval process for commercial cultivation of a GMP should include a risk/benefit assess-

ment where the benefits and the risks of a GMP are weighed by comparing positive and 

negative effects with current agricultural practice. 

We established a scheme that clearly presents and distinguishes the different phases 

and activities during development and commercialization of a GMP (Fig. 1). PMRA is lim-

ited to the phase prior to approval for commercial cultivation, whereas PMM is limited to 

activities related to the commercial cultivation of GMPs. It is important to bear in mind 

that PMM programmes are tools to provide decision-makers with science-based data on 

possible effects of GMP cultivation and to support decisions when corrective action will be 

needed in order to prevent ecological damage. Without reliable information on changes in 

the state of the environment, and on the causes of these changes, decision-making can 

not efficiently deal with these issues (Vos et al., 2000). In this context it is important to 

emphasize the difference between the terms change and damage. Damage is an adverse 

effect and is always linked to deterioration in quality of a particular subject (e.g., human 

health or the environment). Definition of a damage is based on a value judgement, and 

differs thus from a change, which is a neutral description. Unless there is an appropriate 

value judgement, change is not per se harmful and may represent a natural process. It is 

not possible to scientifically define ecological damage, as scientific methods are only ca-
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pable of showing ecological changes. To put a value on these changes, scientific, social, 

ethical, and economic factors have to be considered. 
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Figure 1: Stepwise procedure of ecological risk assessment during the life cycle of a specific geneti-
cally modified plant (GMP). Pre-market risk assessment and post-market monitoring are two dis-
tinct phases during the evaluation of possible risks of GMPs. The two phases are separated by the 
approval for commercial cultivation, which represents a significant step in this process (ERA = en-
vironmental risk assessment). 

3.3.3 Principles of environmental monitoring programmes 

We felt a strong need for a clear definition of the specific functions and differences of 

CSM and general surveillance, as well as for a definition of what tasks should be per-

formed in each programme. In order to clearly distinguish the differences between the 

two programmes, we analyzed the general principles of existing environmental monitor-

ing programmes (Hellawell, 1991; Vos et al., 2000). The terminology used in Directive 

2001/18/EC is not very precise, since the term monitoring is used as an umbrella term in 

PMM, and subsequently two specific programmes are distinguished, of which one is called 

CSM. The term monitoring is often used in a very broad sense, although based on con-

ceptual differences it can be clearly distinguished from the term surveillance. The pur-

pose of monitoring is defined as the detection of changes and effects related to specific 

causes (Hellawell, 1991), such as the cultivation of GMPs. The purpose of surveillance is 

defined as the detection of changes without focusing on a specific cause. Various envi-

ronmental indicators are analyzed in order to detect shifts in environmental quality as a 
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pure assessment of state (Hellawell, 1991). Based on these conceptual differences, CSM 

and general surveillance can more clearly be defined, and their respective limits can be 

identified (Table 1): 

• CSM has the objective to assess whether GMP-related adverse effects on the envi-

ronment do occur. It is based on specific risks that a certain GMP could present. 

CSM can be regarded as the continuation of the investigations performed during 

PMRA, since defined hypotheses on possible anticipated effects are tested. The 

hypotheses can be confirmed or rejected after a defined period of time, and CSM 

can be terminated (Fig. 1). As CSM is performed in close relation to the cultivation 

of a certain GMP, it should be possible to draw conclusions on the causes of de-

tected changes. The gain of knowledge from PMM may lead to new questions, 

which have to be answered in specific risk assessment studies. CSM helps to re-

duce remaining uncertainties, and its results may influence the PMRA of new GMPs 

with comparable properties. 

• General surveillance has the objective to detect unanticipated adverse environ-

mental effects that were not identified and considered in ERA II. Results obtained 

from general surveillance cannot be linked to any specific attributes of GMP culti-

vation, since the programme provides a general assessment of the state of the 

environment, independent of any preconception. It can provide information on ex-

ceptional environmental events and changes, and possibly provide basic informa-

tion to forecast the likely development of the environment. General surveillance is 

not designed to determine the cause of possible environmental changes, as a mul-

titude of factors could be involved. If environmental changes are observed, and it 

is likely that the cultivation of a specific GMP has caused them, the causality will 

have to be determined through specific risk assessment studies (Fig. 1). 

3.4 Conceptual structure for case-specific monitoring 

Many existing monitoring programmes face the problem of providing only limited in-

formation on quality and changes of the environment, because their purposes have not 

been exactly defined (Vos et al., 2000). We propose to develop CSM programmes accord-

ing to a strict framework, following four distinct phases, each consisting of three defined 

steps (Table 2). The responsibility for CSM lies with the consent holder (European Com-

munity, 2001). In most cases this will be a company, which has obtained approval for 

marketing a specific GMP. Each application for placing a GMP on the market must contain 

a plan for CSM. The plan must describe how the applicant plans to carry out the monitor-

ing programme, and has to be approved by the competent authority (European Commu-

nity, 2001). 
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Table 1: Objectives of a monitoring programme for genetically modified plants (GMPs) according to 
EU Directive 2001/18/EC, plus a judgement on the possibilities and limits of case-specific monitor-
ing and general surveillance.  

 Case-specific monitoring General surveillance 

   

Objectives ac-
cording to 
2001/18/EC 

To assess, if anticipated adverse environ-
mental effects related to a specific GMP do 
occur (confirm assumptions of environ-
mental risk assessment - ERA) 

 

To detect unanticipated adverse environ-
mental effects which were not identified in 
the ERA 

Approach Detection of changes related to GMP cultiva-
tion during a defined time period 

Assessment of state of the environment 
independent from any preconception and 
time period 

 

What the pro-
gramme can 
provide 

Case-specific confirmation or rejection of a 
previously formulated hypothesis in com-
parison to a reference system 

Draw conclusions on the cause of detected 
changes 

Provide information on the state of the envi-
ronment and of possible environmental 
changes 

Provide fundamentals to forecast the likely 
development of the environment (early 
warning system) 

 

What the pro-
gramme can not 
provide 

Draw conclusions on the long term devel-
opment of the environment 

Determine the cause of an environmental 
change 

Draw conclusion on the effects of GMP culti-
vation 

 

 

3.4.1 Phase I: Defining the CSM strategy 

The first step involves the identification of possible risks that could be caused by the 

cultivation of the specific GMP. One can assume that they are mostly known from PMRA, 

and that they depend on the plant, its genetic modification and on the cultivation area. 

Sometimes influencing factors, such as the presence of wild relatives of a plant can be 

excluded, while other risks can be more important due to specific geographic conditions. 

ERAs and CSM are closely linked, since the risk assessments provide the basis for the 

subsequent CSM. A CSM strategy should identify how data obtained from PMRA can be 

validated. In addition, detection of possible effects that may only arise in large-scale and 

long-term releases may also be part of CSM (European Council, 2002). The second step 

concentrates on determining potentially affected environmental safeguard subjects, such 

as biodiversity and the natural resources: air, soil and water. The term “safeguard sub-

ject”1 is used here to denote an environmental subject that is commonly accepted as 

valuable for the society and thus needs to be protected. Step three consists in defining 

effects that could occur in these safeguard subjects. Current proposals for ERA limit 

analysis of environmental effects of GMPs mainly to two safeguard subjects, biodiversity 

                                                     
 
1 The term „safeguard subject“, as initially used in the original publication, was amended in later 
publications to “protection goal”. 
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and soil (for review see Wolfenbarger and Phifer, 2000; Pretty, 2001; Dale et al., 2002; 

Conner et al., 2003). This restriction of safeguard subjects, however, is based on results 

of PMRAs performed on the currently commercially available GMPs. 

For CSM we propose six different environmental risk categories that could be of rele-

vance for monitoring (Fig. 2): (1) introgression into wild relatives, (2) invasiveness of 

GMPs, (3) environmental behaviour of transgenic products, (4) effects on non-target or-

ganisms, (5) resistance development in the target organisms and (6) effects due to 

changes in agricultural practice and cropping systems. In each risk category possible ef-

fects can be separated into consecutive steps. Depending on the characteristics of the 

GMP, the applicant has to identify on a case-by-case basis, whether a CSM of certain risk 

categories is necessary and at which step the effects shall be monitored. This involves an 

initial evaluation of possible effects that are regarded as relevant and worthwhile moni-

toring. For each effect that will be monitored, a hypothesis has to be formulated that can 

be tested using scientific methods. If the ERA II has not identified a risk, or if possible 

adverse effects are negligible, CSM may not be required (European Council, 2002). Ac-

cording to Directive 2001/18/EC, confirmation of the assumptions made in the ERA prior 

to commercial approval is thus not per se mandatory. 

3.4.2 Phase II: Determining the scale of CSM 

Step four aims at defining the effect sizes that have to be considered in CSM (Table 

2). CSM is usually hypothesis driven, i.e., one tests if expected effects do occur during 

cultivation of a specific GMP. The detection of environmental effects is closely related to 

the sensitivity or the discriminatory power of the test used (for review see Fairweather, 

1991; Marvier, 2002). The required sample size thereby is inversely proportional to the 

expected effect size, i.e., increased sample sizes are required to detect smaller effects 

(Lang, 2004). In order to reduce costs, one aims to keep sample sizes as low as possible. 

It is consequently crucial to pre-define the effect size that needs to be detectable for 

each indicator. For the Farm-Scale Evaluation project in the UK, detection of a 1.5-fold 

difference was chosen as effect size and a power analysis suggested that a replication of 

about sixty fields per crop over three years was needed to provide sufficient information 

for valid statistical inferences (Perry et al., 2003). Although sixty fields represent a rather 

large number of samples, a 1.5-fold difference in population sizes appears quite drastic. 

Consequently, the aim to detect a 5% or a 50% difference in the population sizes of a 

species can have a considerable impact on the sampling effort needed (Lang, 2004). In 

the last two steps of this second phase, where and for how long CSM needs to be per-

formed should also be defined. According to EU Directive 2001/18/EC, the time period 

may not necessarily correspond to the ten year period given for the consent (European 

Community, 2001), but it could be extended beyond the consent period for detection of 

delayed effects (ACRE, 2004). However, it is important to consider that the lifespan of 
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modern crop varieties may be shorter than the ten year period. While during the 1980s 

the average life-span of an oilseed rape cultivar, for example, was about ten years, it 

dropped to three years by 1997 (Lindner, 2004). Therefore, it might become difficult to 

perform CSM over a long period of time for a specific GMP variety. 

Table 2: Procedure to be followed for developing a case-specific monitoring (CSM) programme for 
genetically modified plants (GMPs). 

Phase Step  Description Examples 

 CSM strategy   

1 Risk identification What risks could occur due to the GMP 
in a geographic area? 

Non-target effects due to Bt-
maize (Cry1Ab) in the Swiss 
plateau 

2 Safeguard sub-
jects 

Which relevant safeguard subjects 
could be at risk? 

Biodiversity (non-target 
arthropods e.g., butterflies) 

I 

3 Effect definition What are potential effects? Formulate 
hypothesis 

Increased larval mortality of 
Bt-sensitive non-target but-
terflies 

 Determination of scales  

4 Effect size What effect size should be detected? 0.5-fold change in population 
size compared to an equiva-
lent non-transgenic crop 

5 Spatial scale Where should the safeguard subjects 
be assessed? 

In habitats adjacent to Bt-
maize fields (< 10m from 
field edge)  

II 

6 Temporal scale How long should the safeguard sub-
jects be assessed? 

No exceeding of the defined 
threshold within the next five 
years 

 Planning   

7 Indicator selection Select suitable indicators according to 
defined criteria and define trigger val-
ues for each indicator 

Bt-sensitive butterfly species 
living as larvae in habitats 
adjacent to Bt-maize. A 
trigger value might for ex-
ample be a 50% reduction in 
population size. 

8 Feasibility study Select method, define organization 
structure and data management, de-
termine synergies with existing pro-
grammes 

Counts of adults of butterfly 
species 

III 

9 Sampling plan Design sampling plan  Parameters, frequency of 
sampling, sample size, re-
sources and costs 

 Operational programme  

10 Data collection 
and analysis 

Assessment of potential effects by 
measuring specific indicators 

 

11 Data evaluation Evaluation of analysed data – confirm 
or reject hypothesis 

Compare population changes 
to previously defined trigger 
values 

IV 

12 Decision Decision by competent authority on 
immediate action 

No action required 
Risk management is required 
Cultivation has to be sus-
pended 
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Figure 2: Differences in the questions investigated during pre-market risk assessment and the effects monitored during post-market monitoring. Possible 
effects of genetically modified plants (GMPs) can be subdivided into consecutive steps (no. 1 to no. 4). Possible indicators for post-market monitoring are 
proposed. The authors do not consider horizontal gene transfer as a possible risk that should be part of a post-market monitoring programme.  
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3.4.3 Phase III: Planning the operational CSM programme 

Step seven consists in selecting specific indicators to test the specified hypothesis 

(Table 2). The term indicator is used according to Duelli and Obrist (2003a), who defined 

that “an indicator should be a measurable portion of an entity that correlates with this 

larger entity”. The safeguard subject “biodiversity in agricultural landscapes” could be 

such an entity, while the biodiversity of butterflies could represent one indicator among 

others, used to represent the biodiversity of agricultural landscapes. For biodiversity as-

sessments, several indicators such as flowering plants, birds, and butterflies are often 

combined to assure the quality of the data obtained (Hintermann et al., 2002; Jeanneret 

et al., 2003). The term parameter is used as contributory to the term indicator, since an 

indicator is often assessed by the measurement of several parameters. Indicators for 

CSM have to be selected according to the effect that has to be monitored, or more gen-

erally, according to the hypothesis that has to be tested. Since every risk category can 

be subdivided into several steps, it is important to determine at what step the effects are 

best monitored (Fig. 2). Taking the possible risk of introgression from genetically modi-

fied plants into wild relatives as an example, PMRA will mainly have allowed to determine 

how far pollen can disperse, how frequently gene flow occurs, whether resulting hybrids 

are viable and fertile, and whether the transgene confers increased fitness. Since pollen 

dispersal and gene flow do not per se represent ecologically adverse effects, monitoring 

transgenic pollen dispersal would be an inappropriate indicator to assess introgression. 

PMM should rather concentrate on assessing the establishment and spread of hybrid 

plants and determine whether they replace other species, due to increased fitness ac-

quired by the uptake of genetically engineered DNA sequences. 

Based on experience with a monitoring programme on biodiversity in agricultural land-

scapes (Jeanneret et al., 2003), we underline the importance of the indicator selection 

process. The selection of species or groups of species should be based on objective crite-

ria (Table 3) to assure quality and acceptability of the indicators (Noss, 1990; Hunsaker, 

1993; Pearson, 1995; Stork and Samways, 1995) Beside pure scientific criteria, the se-

lection could also be driven by social, ethical and economic factors. Indicators may to a 

certain degree be selected based on their perceived value for the society, such as flag-

ship species, which serve as symbols for conservation awareness (e.g., butterflies and 

bees). In addition, specific trigger values should be defined for each indicator selected, in 

order to allow for later data evaluation and decision making in the operational CSM pro-

gramme. The function of these trigger values is to initiate subsequent action by compe-

tent authorities. Since selection criteria for a robust indicator include knowledge on natu-

ral variability of the species selected, a definition of an approximate trigger value should 

be based on existing scientific knowledge. However, if definition of trigger values is not 

possible due to incomplete ecological knowledge, the selected indicator may not be 
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suited for the assessment of possible adverse effects on biological diversity. The indicator 

selection process should be followed by the selection of an appropriate method for indica-

tor assessment, i.e,. a feasibility study, in which experts have to determine in detail how 

selected indicators can be assessed. Feasibility studies include the definition of the or-

ganization structure needed to perform data collection and management, as well as the 

determination of synergies with existing monitoring programmes. 

Table 3: Criteria for the selection of species or groups of species for the assessment of biological 
diversity (according to Hunsaker, 1993; Noss, 1990; Pearson, 1995; Stork and Samways, 1995). 
Specific criteria relevant for indicators for case-specific monitoring of genetically modified plants 
(GMPs) are added. 

 General criteria  

1 The taxonomy of the group is well known and its identification is easy 

2 The functional importance of the group within the ecosystem is known 

3 The higher taxa occur over a broad geographical range 

4 The populations of a single species are closely associated to a specific habitat 

5 The populations are readily monitored, i.e., the species are always present and easy to locate 

6 The taxonomic and ecological diversity is high, i.e., there are many species in each habitat 

7 The indicator taxon should be sufficiently sensitive and responsive to changes in order to provide an 
early warning 

8 Monitoring is easy and inexpensive 

 Specific criteria relevant for GMPs 

9 The higher taxa occupy a spectrum of habitats in the agricultural landscape 

10 The indicator taxon shows patterns of sensitivity to a specific GMP or to changes in agricultural man-
agement practices related to GMPs 

 
 

In some cases it may be difficult to relate environmental effects that could be detected 

during CSM unambiguously to the GMP or its cultivation. All crops and all farming sys-

tems do cause environmental impacts, and the effects detected could have been caused 

by other factors than the GMP. Furthermore, a range of environmental stresses, like 

weather conditions, might have an important additional impact on ecological parameters. 

An unbiased evaluation therefore has to consider a reference system, which displays the 

environmental effects occurring without the cultivation of GMPs. For CSM, a comparable 

cropping system without GMP could serve as a parallel control. The evaluation of CSM 

requires the comparison of both crop systems in parallel over the same period of time 

and in a comparable ecosystem. Nevertheless, a paired comparison might become diffi-

cult in practice, if for example the non-transgenic control is not cultivated in the same 

region or in a comparable agricultural landscape. An additional difficulty could arise from 

differences in crop management techniques for GM and non-GM plants. For example, GM 

herbicide-tolerant crops should be managed best by using a no-till strategy, while this 

technique may not be advisable for cropping systems based on conventionally bred 
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plants. The last step in the planning phase involves the design of sampling plans based 

on the feasibility study. For each indicator the set of parameters has to be defined and 

the extent of sampling has to be specified. This allows determination of resources and 

funding needed to perform the CSM programme. 

3.4.4 Phase IV: Running the operational CSM programme 

The first two steps of the operational monitoring programme will involve data collec-

tion, analysis, and evaluation (steps ten and eleven, Table 2), where the consent holder 

or a contractor will in most cases perform all three operations. The competent authority, 

however, will also have to perform a separate data evaluation. Data evaluation clearly 

needs to consider effects of all currently applied agricultural practices. Intensification of 

agriculture, for example had a range of impacts on biodiversity, with widespread declines 

in the diversity of many groups of organisms associated with farmland in Europe (Hails, 

2002; Robinson and Sutherland, 2002). If a parallel control with a comparable cropping 

system without GMP is not possible, environmental impacts of GMP cultivation need to be 

compared to the effects caused by current agricultural practice. While the cultivation of 

Bt-maize for example may have weak effects on non-target arthropods, the use of a syn-

thetic insecticide can significantly affect a large number of plant dwelling non-target ar-

thropods (Candolfi et al., 2004). Step 11 leads to a conclusion whether the formulated 

hypothesis can be confirmed or rejected. 

In the last step, the competent authority has to consider two questions (1) have any 

relevant adverse effects been detected during CSM, and (2) if relevant adverse effects 

have been detected, do they exceed the defined trigger value. If a relevant adverse ef-

fect or damage can be excluded based on the pre-determined trigger value, CSM can be 

terminated. If the trigger value has been exceeded, the competent authority will have to 

decide if immediate corrective action relating to GMP cultivation is needed in order to 

avoid environmental damage. Possible measures include termination of the cultivation of 

that GMP variety, suspension of the consent for cultivation followed by further risk as-

sessment studies, or specific risk mitigation measures. The final decision on renewal of 

consent (ERA III), on the other hand, will consider all results of the various CSMs for a 

specific GMP that have been performed in different regions and possibly with different 

designs. 
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3.5 Conceptual structure for general surveillance 

General surveillance follows a different approach than CSM (Table 4), since it is not 

based on anticipated risks of a specific GMP, but has the scope to detect unexpected 

changes in the environment (see chapter 3.3.3). There is an inherent challenge in trying 

to detect the unexpected. Due to its scope, general surveillance must therefore concen-

trate on the environmental subjects that need to be preserved, rather than focusing on a 

specific hypothesis, as is done for CSM. However, since the term environment is much 

too unspecific for practical use, there is a need for defining specific safeguard subjects, 

which will be the focus of general surveillance. 

3.5.1 Defining safeguard subjects for general surveillance 

The protection of natural resources is primarily dominated by factors necessary for 

humans and the society, such as the quality of air and water as fundamentals for life, or 

the fertility of the soil as prerequisite for a sustainable agriculture. Natural resources that 

should not be affected by the cultivation of GMPs are identical to those that should not be 

affected by agriculture in general. Among other fields, the OECD has identified key agri-

environmental issues for soil, water, air and biodiversity, which may reflect changes in 

the environment caused by agricultural practice (OECD, 1997). When taking into account 

possible effects that could arise from the cultivation of various GMPs, these key issues 

could be adapted to define safeguard subjects for general surveillance (Table 5). 

Table 4: Procedure to be followed while developing a monitoring plan for general surveillance of 
genetically modified plants (GMPs).  

 Step Description 

1 Definition of safeguard subjects Which safeguard subjects should not be affected by the cultivation of 
GMPs? 

2 Collection of reports on adverse 
incidents 

Collect reports on adverse incidents via existing surveillance pro-
grammes and reporting system on adverse environmental effects 

3 Analysis of reports on adverse 
incidents 

Detect changes that lie outside of expected variation 

4 Valuation of reports on adverse 
incidents 

Decide if relevant changes represent an environmental damage 

5 Determination of likelihood to 
GMP cultivation 

Determine if causality to the cultivation of a specific GMP is likely 

Decide if cultivation of a specific GMP must be suspended 

6 Determination of causality to 
GMP cultivation 

Determine causality through risk assessment study 

7 Final decision Decide if causality is unambiguous and the consent for cultivation of 
a specific GMP has to be withdrawn 
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Table 5: Safeguard subjects to be covered by general surveillance, plus possible unanticipated ef-
fects that could occur in agricultural landscapes due to the cultivation of genetically modified plants 
(GMPs).  

Safeguard subject Possible unanticipated effects of GMPs or their use 

Biodiversity Adverse effects on biodiversity (species, habitats and landscapes) due to the cultiva-
tion of GMPs, especially: 

- the spread of transgenic plants in habitats, where an occurrence would be unusual 

- the spread of certain plant species due to selection advantages of transgenic hy-
brids 

- an increased mortality of prominent non-target organisms 

- an increase of pests, diseases and weeds due to changes in cropping systems, 
e.g., soil tillage, cropping intervals, pesticide use etc. 

- an increase of resistant target organisms due to insufficient resistance manage-
ment 

- the spread of herbicide tolerant weeds 

Soil Effects on soil functions caused by environmentally and/or ecotoxicologically relevant 
transgenic products 

Adverse effects on soil fertility and soil functions due to increased erosion or compac-
tion which is caused by the cultivation of GMPs 

Water Pollution of water caused by environmental and/or ecotoxicologically relevant trans-
genic products 

Pollution of water due to an increased application of fertilizer or pesticides caused by 
the cultivation of GMPs 

Air / climate Increase of climate relevant gases and volatile organic compounds due to the cultiva-
tion of GMPs 

 

3.5.2 Collecting reports on adverse incidents in general surveillance 

Reporting systems as part of risk management after commercial approval already ex-

ist in other fields, such as pharmaceuticals and medical devices (FDA, 2005; MHRA, 

2005). These reporting systems are maintained by regulatory authorities, and aim to 

collect reports on adverse incidents or serious problems detected and reported by health-

care professionals, manufacturers and consumers. The programmes allow to report inci-

dents either by sending in specific forms or by using an online reporting system (FDA, 

2005; MHRA, 2005). Collected data is used as a basis to decide whether corrective action 

is needed to prevent possible harm. Taking these existing reporting systems for health-

care products as an example, it may be possible to build up similar reporting systems for 

general surveillance of GMPs, using, e.g., specific questionnaires, forms and online re-

porting systems. 

There exist various organizations that will be able to report adverse effects occurring 

in the environment. It is likely that most of the unanticipated effects will be related to 

agricultural practices and will occur in the agricultural landscape (Table 5). Effects such 

as the increase of pests and diseases, or the occurrence of new weeds, would be ob-

served first by farmers working in the field, or by personnel working in close relation to 

the topic, such as plant protection services. Effects on biodiversity, like unusual spread of 

certain plant species, or increased mortality of prominent non-target organisms, may be 
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more difficult to observe. Nature protection organizations, bird watching societies and 

bee-keepers have an ecological knowledge of their respective field, and they are likely to 

detect unanticipated ecological changes that lie outside of the expected variations they 

have experienced over years. Specific national biodiversity monitoring programmes such 

as the Swiss Biodiversity Monitoring (BDM) (Hintermann et al., 2002) can also be used 

for general surveillance. The Swiss BDM combines existing data series on the presence 

and distribution of species, with an additional data collection of new biodiversity indica-

tors using standardized sampling methods and a regular sampling grid. In contrast to 

many existing programmes, which often focus on rare species, the BDM concentrates on 

common and widespread species. By surveying species that are typical of the prevailing 

landscapes, the BDM programme aims at providing evidence for significant changes in 

large areas. To detect environmental effects other than those occurring on biodiversity, 

national or regional water quality surveys, soil quality or air monitoring programmes 

could also be used for general surveillance. Unanticipated effects will only be detectable 

by relying on these existing programmes. 

According to Directive 2001/18/EC, the main responsibility for general surveillance lies 

within the consent holder. The consent holder has to provide organizational structures, 

and show how it intends to retrieve relevant information collected through established 

routine programmes (European Council, 2002). We believe that governmental structures 

have to be established at an early stage, in order to centralize collection and analysis of 

reports on adverse incidents, or at least evaluation of these reports. An organizational 

structure involving three different bodies is proposed (Fig. 3). Collection and analysis of 

reports on adverse incidents could be performed by a central reporting office, while the 

evaluation and subsequent decision processes could be performed by a decision-making 

authority. Both offices could be part of the competent authorities of their respective 

countries and possibly linked within the EU. For guidance on scientific questions, the two 

offices could consult an expert panel, which could be composed of scientists from various 

fields, e.g., environmental sciences, agriculture, biology, and statistics.  

3.5.3 Analyzing reports on adverse incidents from general surveillance 

The linkage of reports on adverse incidents originating from various sources will repre-

sent a challenge for the central reporting office. In contrast to CSM, the data is not deriv-

ing from scientifically designed studies but rather from observations, which may be bi-

ased by subjective perception of the observer. Analysis consists in identifying similarities 

and correlations among the reports, such as the accumulation of events in certain areas 

or for certain safeguard subjects. A multitude of reports has to be compared to the base-

line of existing knowledge in order to identify exceptional changes. In addition, there ex-

ists knowledge on species distribution and on ecological interactions occurring in agricul-

tural landscapes (Swiss Web Flora, 2004). Although these studies are often restricted to 
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a specific country or region, they may provide important information, and be of assis-

tance in decision-making. In Switzerland for example, studies on biodiversity and eco-

logical changes occurring in agricultural habitats have been performed for vegetation 

(Dietl, 1995; Studer-Ehrensberger, 1995), birds (Schifferli, 1999, 2001) and invertebra-

tes (Duelli, 1997; Duelli and Obrist, 1998, 2003b). 

Inherent to the concept of general surveillance is the fact that a practicable pro-

gramme will only be able to detect major environmental changes. We believe that minor 

environmental changes, i.e., small effect sizes, will not be detectable by general surveil-

lance, simply because these effects will not be noticed. One might criticize this as a weak 

point of the proposed model, but the model would guarantee that the reported effects 

have been weighed based on the knowledge of the reporting person and the judgement 

of its significance in the respective ecological context. In addition, we believe that the 

model is a cost-effective possibility to fulfil the requirements of general surveillance. 
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Figure 3: Possible organization structure for general surveillance of genetically modified plants 
(GMPs) involving several existing monitoring programmes related to agricultural landscapes. A 
central reporting office would collect and analyze reports on adverse environmental effects while 
valuation of reports and the subsequent decision process could be performed by a decision making 
authority. For guidance on scientific questions both offices could consult an expert panel 



Chapter 3 – Conceptual framework for GMP monitoring 
  
 

73 

3.5.4 Evaluating reports on adverse incidents from general surveillance and 

determining the likelihood with GMPs  

After consultation with the scientific expert panel, the central reporting office would 

report relevant environmental changes to the decision-making authority. Evaluation of 

reports on adverse incidents by the decision-making authority will have to answer two 

questions: (1) do the relevant changes represent an environmental damage and (2) if 

they represent an environmental damage, is it likely that these changes have been 

caused by GMP cultivation. In most cases, it may be impossible to establish causality to 

the cultivation of GMPs, since many other factors may be the cause of environmental 

changes. If it is regarded likely that the cultivation of a specific GMP has caused that 

damage, the causality will have to be determined through specific risk assessment stud-

ies. First, reasonable risk assessment studies will need a plausible hypothesis, which links 

the detected damage to a specific GMP cultivation. Determination of causalities should 

also consider data from PMRA and the corresponding CSM of this specific GMP, and aim 

to link these results with the hypotheses derived from general surveillance. The decision-

making authority will also have to decide whether approval for cultivation of a specific 

GMP must be suspended or other precautionary measures taken. 

3.5.5 Determining possible causalities with GMPs and taking a final decision 

The risk assessment studies to determine the causality between a GMP and the de-

tected change will have to be performed on a similar basis as the studies performed dur-

ing PMRA. Causalities can be confirmed or rejected by testing specific hypotheses. The 

results of the studies will have to be presented to the central reporting office, which will 

summarize them and present a report to the decision making authority (Fig. 3). They will 

finally decide if the causality is unambiguous, and risk mitigation measures have to be 

undertaken, or consent for the cultivation of a specific GMP has to be withdrawn. 

3.6 Conclusions 

Environmental PMM of GMPs represents a new challenge for farmers, the agricultural 

industry, scientists and regulators, since comparable monitoring programmes have not to 

be performed for conventional crops. However, the challenge to obtain information on 

the state of the environment is not new, and the underlying principles have been estab-

lished previously. Although these monitoring programmes were originally designed for 

general environmental protection, the inherent principles remain also valid for environ-

mental PMM of GMPs. The existing experience documented in the literature shows that 

monitoring programmes require defined aims and a rigid structure in order to provide the 

desired information. PMRA and PMM are two different phases during the development 

and commercialization of a GMP. While the character of the activities during PMRA still 
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remains related to research, PMM activities are strongly related to the implementation 

and enforcement of legal requirements. Competent authorities will make decisions on 

maintaining consents for GMP cultivation based on the results of PMM. PMM is composed 

of two conceptually different programmes. CSM focuses on potential risks and effects of a 

specific GMP that need to be monitored. This requires definition of effect sizes and detec-

tion limits. Therefore, standardized methods and protocols have to be developed for 

CSM. The focus for general surveillance lies on unanticipated effects in the environment, 

which will only be detectable by using existing monitoring networks. Both programmes 

have to be designed and implemented according to a pragmatic and realistic approach to 

be feasible. Competent authorities can support this approach by applying comparable 

valuation criteria for the effects of GMP cultivation as for effects caused by current agri-

cultural practice. 
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4.1 Abstract 

Within the legal frameworks regulating post-market monitoring (PMM) of genetically 

modified (GM) crops, both notifier and regulatory authorities have to decide whether an 

observed environmental effect is relevant, i.e., whether the effect is considered to repre-

sent an environmental damage and therefore requires corrective action. Given that pres-

ently there is no consensus on applicable criteria to valuate “environmental damage”, 

notifier and regulatory authorities are facing a number of challenges when being con-

fronted to environmental decision-making related to PMM of GM crops. In the present 

paper, we argue that these challenges mainly have two causes. First, there are methodo-

logical limits in data collection and analysis, which in turn challenge decisions whether 

the observed effects fulfil the proposed criteria for environmental damage. Second, scien-

tific data is valued controversially due to differing value judgement on the environmental 

entities that should not be affected by the cultivation of GM crops. We analyse both chal-

lenges and propose potential perspectives how they could be addressed. 

4.2 Introduction 

According to European Union (EU) and Swiss legislation, post-market monitoring 

(PMM) must be implemented in order to detect and prevent adverse effects on the envi-

ronment possibly deriving from commercial cultivation of genetically modified (GM) crops 

(European Community, 2001; GTG, SR 814.91). Within these legal frameworks, both 

notifier and regulatory authorities have to decide whether environmental effects ob-

served during PMM are relevant, i.e., whether they are considered to represent an envi-

ronmental damage and thus need corrective action. Such decisions require that there is a 

comprehensible definition of the term “environmental damage” and that there exist ap-

plicable, i.e., measurable criteria to valuate this damage. Unfortunately, there is pres-

ently no consensus on both a comprehensible definition and on applicable criteria to per-

form such a valuation. Common to all currently proposed definitions is the aim to detect 

changes that lie outside the natural range of variability. The European Directive 

2004/35/EC on environmental liability, for example, defines environmental damage as 

“any damage representing a measurable adverse change in a natural resource or a 

measurable impairment of a natural resource service” (European Commission, 2004a). 

The German Advisory Council on the Environment issued a legally non-binding definition, 

defining the term as “changes that go beyond the natural range of variability for a par-

ticular asset of value” (SRU, 2004), and the United Kingdom Advisory Committee on Re-

leases to the Environment proposed to evaluate environmental damage according to cri-

teria such as “extent”, “severity” and “reversibility of the change” (ACRE, 2002b). Taking 

environmental impacts of GM crops on biodiversity as an example, we argue that both 
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proposed definitions and criteria are difficult to apply in actual situations of environ-

mental decision-making. We believe that these difficulties are mainly due to two causes. 

First, there are methodological limits in data collection and analysis, which in turn chal-

lenge decisions whether the observed effects fulfil the proposed criteria for environmental 

damage. Second, scientific data is valued controversially by different stakeholders in-

volved in the debate on potential impact of GM crops. These differing valuations result 

from the broad description of environmental protection goals in current legislation (such 

as “protection of biodiversity”), which in turn lead to different interpretations of the envi-

ronmental entities that should not be affected by the cultivation of GM crops. In the fol-

lowing we will analyse both challenges and propose possible perspectives how they could 

be addressed. 

4.3 Challenges in data collection and analysis 

We argue that there are mainly two methodological limits that challenge decision-

making during PMM of GM crops. The first refers to the difficulty of finding an appropriate 

baseline for the analysis of collected monitoring data, and the second concerns the com-

plexity of determining the causality between detected environmental effects and the cul-

tivation of GM crops. 

4.3.1 Finding an appropriate baseline 

Scientific methods are only partially capable of assessing the magnitude of change of 

a particular biodiversity indicator. Environmental sciences can help to assess the abun-

dance of a particular biological indicator in an agro-ecosystem. It is, however, usually 

difficult to determine whether an observed change is exceeding the existing variability, 

because appropriate baseline data is often lacking. A main challenge for both notifier and 

regulatory authorities when analysing data from PMM of GM crops is the separation of GM 

crop effects from effects that are due to existing variability, i.e., distinguishing “unusual” 

from “usual” variation in a specific biodiversity indicator, such as the abundance of a par-

ticular species. It is generally recognized that when interpreting collected PMM data, one 

should consider existing environmental conditions and activities in order to determine an 

appropriate baseline (European Council, 2002). There are two suggestions how this base-

line could be determined, either by monitoring the environmental conditions prior to the 

introduction of GM crops, or by a parallel monitoring of “GMO-areas” and “non-GM areas” 

(European Council, 2002). We believe that both approaches are difficult to implement in 

practice. First, it may be difficult to use the environmental state prior to the introduction 

of GM crops as a baseline given that agricultural systems display considerable dynamics 

in time and space (Wilhelm and Schiemann, 2006). Similarly, a parallel monitoring may 

be difficult considering the variability between landscapes and regions. This may make it 
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almost impossible to find two agricultural regions differentiating themselves only by the 

factor GM crop cultivation. In addition to the challenge to assess the magnitude of a 

change within the existing variability, usually long time periods are needed for environ-

mental changes to become apparent. The decline in British farmland biodiversity, for ex-

ample, became only apparent decades after agricultural intensification had started 

(Chamberlain et al., 2000; Donald et al., 2001; Robinson and Sutherland, 2002). These 

time periods may exceed the period in which regulatory authorities have to take their 

decisions, e.g., because a specific GM crop variety has been replaced by other varieties. 

4.3.2 Determining the causality between detected effects and GM crop 

cultivation 

The variability of any biological indicator is influenced by a multitude of interacting 

factors such as the biogeographical region, landscape characteristics, the habitat type 

and the agricultural management applied. This makes it difficult to ascribe an observed 

effect to a particular cause such as the cultivation of GM crops. This would, however, be 

necessary since decision-making is not possible without reliable information on changes 

in the state of the environment and on the causes of these changes (Vos et al., 2000). 

The influence of various factors on the variability that is found in an environmental indi-

cator may be illustrated with an example on the variability of butterfly communities in 

Switzerland. The example was based on the often mentioned hypothesis that Bt-maize 

expressing the insecticidal protein Cry1Ab could have adverse effects on butterflies, and 

that a case-specific monitoring protocol should enable detecting these effects and possi-

bly relate them to the cultivation of Bt-maize. Based on an extensive dataset describing 

the presence and abundance of butterfly species in three agricultural regions in the Swiss 

lowlands (Herzog and Walter, 2005), we determined the percentage of variability in but-

terfly communities that could be explained by different influencing factors that had been 

recorded to describe the environmental context of sampled fields at the field, landscape 

and regional scales (Aviron et al., 2006). The analysis showed that butterfly communities 

displayed a strong variability in space and time and that, despite the extensive dataset 

used, almost half of the total variability remained unexplained. Butterfly communities 

varied mostly due to regional location, habitat type, landscape context, field manage-

ment and site conditions (Aviron et al., 2006). The transfer of this result to the GM crop 

context suggests that only a strong effect caused by Bt-maize would be detectable within 

the existing variability of butterfly communities. One may then argue that it would be 

unlikely that such a massive effect would not have been detected during pre-market risk 

assessment, i.e., prior to the approval of Bt-maize crop varieties. 



Chapter 4 – Decision-making during post-market monitoring of GM crops 
  
 

79 

4.3.3 Perspectives to address challenges in data collection and analysis 

Although there is no obvious solution to the fact that long time periods are needed for 

relevant changes to become apparent, landscape ecology offers some perspectives how 

the described limits could be addressed. To determine the magnitude and if possible the 

sources of variability, it is crucial to understand the interactions between farming activi-

ties and ecological processes. It is important to link spatial patterns and ecological proc-

esses at a landscape scale since most ecological processes and interactions depend on 

scales much larger than a single habitat (Steffan-Dewenter et al., 2002). To determine 

the drivers of biodiversity in agricultural landscapes, a hierarchical approach will have to 

be adopted (Baudry et al., 2000; Aviron et al., 2006). Two spatial scales are especially 

relevant for the collection and analysis of PMM data, the field scale describing land use 

and cultivation practices, and the landscape scale describing regional land use and crop 

patterns (Aviron et al., 2006). Landscape classification and typology (Bailey and Herzog, 

2004; Bürgi et al., 2004; Groom et al., 2006) may be used to classify landscapes along 

varying gradients of GM crop cultivation and other parameters describing land use / land 

cover. Stratified sampling strategies, i.e., grouping landscapes into relatively homogene-

ous, non-overlapping subgroups before sampling, may then allow determining more or 

less similar landscapes for sampling. Sampling in different types of regions, landscapes 

and habitats will help to determine the existing variability of a particular biodiversity indi-

cator, which will constitute the baseline for comparison of monitoring data. 

4.4 Challenges in data valuation 

In our second assertion, we argue that the valuation of PMM data is hindered by differ-

ing value judgements on the environmental entities that should not be affected by the 

cultivation of GM crops. This results in a controversy on what has to be considered an 

ecologically relevant effect caused by GM crops. This controversy can be illustrated by 

the debate following the interpretation of the results of the UK Farm Scale Evaluations 

(FSE). The FSE had found that, as a result of lower abundance of flowering weeds, lower 

numbers of butterflies and bees were found in both genetically modified herbicide toler-

ant (GMHT) sugar beet and oilseed rape; whereas generally higher numbers of inverte-

brates were found in GMHT maize when compared to conventional varieties (Brooks et 

al., 2003; Haughton et al., 2003; Bohan et al., 2005). The British authorities concluded 

that growing conventional beet and spring rape was better for many groups of wildlife 

than growing GMHT beet and spring rape given that there were more insects in and 

around the conventional crops because there were more weeds to provide food and shel-

ter (DEFRA, 2005). In their valuation of the FSE results, the authorities considered the 

sustainability of arable weed populations in British fields as a protection goal since weeds 

in the UK are considered to play a role within agroecosystems in supporting biodiversity 
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(Marshall et al., 2003). However, the FSE results have also been interpreted differently. 

As an example, in Australia, it was judged unlikely that a more effective weed control 

would harm the biodiversity of Australian conservation areas (CSIRO, 2003). They con-

cluded that, given that weeds are considered to represent exotic species, their mainte-

nance on farms is not the main focus of national biodiversity efforts. The example shows 

that, depending on the value criteria applied in a specific country, regulatory authorities 

can have rather differing opinions on the role of weeds in arable fields and on the ques-

tion whether they should be promoted to sustain invertebrates and birds that are de-

pending on them as food sources. The promotion of weeds to support farmland biodiver-

sity can furthermore be conflicting since weed control is a necessary consequence of ag-

riculture. In every farming system, farmers have to keep weeds below certain densities 

to avoid reduced yields or harm to the harvested product. In many European countries, 

however, large areas are dominated by human activities and the conservation of species 

and communities within the farmed landscape is an emerging paradigm (Marshall et al., 

2003). There is thus a need to find a balance between adequate weed control and the 

requirements for some plants to support biological diversity. 

A few other points should be considered when interpreting the FSE results to conclude 

on the environmental impacts of GMHT crops. Even though the FSE did only assess one 

particular weed management strategy, the effects found in the FSE have often been con-

sidered to be generally valid for GMHT crops (Chassy et al., 2003; Freckleton et al., 

2003; Sanvido et al., 2007). The results from the farm scale were also inadvertently ex-

trapolated to the landscape scale although it is unclear whether these effects would occur 

at this scale. It was furthermore not taken into account that GMHT crop varieties allow 

other weed management strategies than the one used in the FSE, which might amelio-

rate farmland biodiversity (Pidgeon et al., 2007; Sanvido et al., 2007). From a scientific 

point of view, it would have been more reasonable to valuate the observed effects based 

on the weed management applied than on the technology used to create the crops. There 

is no logical justification to judge environmental effects of GMHT crops differently than 

the same effects resulting from conventional herbicide application. It would thus be more 

objective to follow the same approach when managing risks of technologies that result in 

similar environmental effects.  

4.5 Conclusions 

There are a number of challenges for the analysis of PMM data. These include the long 

time periods needed for environmental changes to become apparent, the high magnitude 

a particular effect must have to be clearly recognized given the inherent strong variability 

of any biological indicator, and the difficulties in identifying the impacts of various influ-

encing factors. Considering these challenges, PMM could become an extremely demand-
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ing endeavour in time and costs. Keeping this in mind, it must be questioned if such high 

costs would be proportional and comply with the cost-effectiveness laid down in the EU 

legislation. Regulatory authorities should acknowledge the limits of environmental moni-

toring programmes as a tool for decision-making. The objective of PMM as intended by 

the European legislation, i.e., to detect adverse environmental effects caused by the cul-

tivation of GM crops within a reasonable time period for decision-making, may thus be 

difficult to attain and should be critically discussed. It may furthermore be difficult to find 

an unambiguous definition of environmental damage. Damage can not be defined on a 

purely scientific basis, but only together with a value judgement. What we choose and 

define to be a damage is based on a certain normative background since the notion of 

damage or benefit depends on our negative or positive valuation of effects. In practice, 

decision-making processes are thus not only based on scientific data, but they are also 

influenced by ethical values, as well as political, social, and economical factors. Practica-

ble and science-based decision criteria to valuate effects of GM crops on biodiversity 

could be defined using an approach where GM cropping systems are compared to current 

agricultural management practices (ACRE, 2007; Sanvido et al., 2007). Such a compara-

tive approach would allow relating the effects of GM crops to the effects caused by other 

agricultural practices. This may help to harmonize protection goals within similarly regu-

lated sectors such as plant protection products and finally to define generic protection 

goals that are worth to be protected in most environmental contexts. 
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5.1 Abstract 

A major concern related to the adoption of genetically modified (GM) crops in agricul-

tural systems is the possibility of unwanted GM inputs into non-GM crop production sys-

tems. Given the increasing commercial cultivation of GM crops in the European Union 

(EU), there is an urgent need to define measures to prevent mixing of GM with non-GM 

products during crop production. Cross-fertilization is one of the various mechanisms that 

could lead to GM-inputs into non-GM crop systems. Isolation distances between GM and 

non-GM fields are widely accepted to be an effective measure to reduce these inputs. 

However, the question of adequate isolation distances between GM and non- GM maize is 

still subject of controversy both amongst scientists and regulators. As several European 

countries have proposed largely differing isolation distances for maize ranging from 25 to 

800 m, there is a need for scientific criteria when using cross-fertilization data of maize 

to define isolation distances between GM and non-GM maize. We have reviewed existing 

cross-fertilization studies in maize, established relevant criteria for the evaluation of 

these studies and applied these criteria to define science-based isolation distances. To 

keep GM-inputs in the final product well below the 0.9% threshold defined by the EU, 

isolation distances of 20 m for silage and 50 m for grain maize, respectively, are pro-

posed. An evaluation using statistical data on maize acreage and an aerial photographs 

assessment of a typical agricultural landscape by means of Geographic Information Sys-

tems (GIS) showed that spatial resources would allow applying the defined isolation dis-

tances for the cultivation of GM maize in the majority of the cases under actual Swiss 

agricultural conditions. The here developed approach, using defined criteria to consider 

the agricultural context of maize cultivation, may be of assistance for the analysis of 

cross fertilization data in other countries. 

5.2 Introduction 

There are concerns that the adoption of genetically modified (GM) crops in agriculture 

could lead to unwanted GM-inputs in non-GM crop production systems. This concern has 

become of particular interest when the European Union (EU) entered the first GM Bt-

maize varieties into the Common EU Catalogue of Varieties in September 2004 

(European Commission, 2004b), making it likely that the commercial cultivation of Bt-

maize will further expand in several European countries (GMO compass, 2006). Given the 

specific regulations in the EU on labelling, threshold values and traceability of GM organ-

isms (European Union, 2003a, b), an urgent need to define the conditions and measures 

required to ensure coexistence of GM and non-GM crops on a scientific, legal, and admin-

istrative basis has become apparent. The term ‘‘coexistence’’ is hereby defined as the 

ability of farmers to make a practical choice between conventional, organic and GM-crop 
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production given that GM-free production is warranted (European Commission, 2003). 

This, however, requires specific measures to prevent mixing of GM with non-GM products 

during crop production. Taking into account that adventitious presence of GM material 

cannot be entirely avoided, the EU has defined a 0.9% threshold as the maximum per-

centage of GM material that may be contained in food and feed without the need to be 

specifically labelled as containing GM material (European Union, 2003a). Similar to the 

EU, Swiss legislation stipulates that protection of GM-free production and consumers’ 

freedom of choice must be guaranteed if GM crops were commercially cultivated (GTG, 

SR 814.91). Swiss legislation has also adopted the 0.9% threshold for food and feed de-

fined by the EU (LGV, SR 817.02). 

As a general principle, the farmer introducing GM crops should bear the responsibility 

of implementing the farm management measures necessary to limit mixing of GM and 

non-GM crops (European Commission, 2003; GTG, SR 814.91). Apart from specific agro-

nomic measures that are necessary to ensure the coexistence of GM and non-GM crop 

production systems, there are a number of economic and social aspects that also need to 

be clarified. These aspects include, for example, the costs of implementing and coordi-

nating coexistence measures among GM and non-GM farmers, incentives for non-GM 

farmers to support specific measures, as well as liability issues related to accidental ad-

mixtures exceeding the legal threshold. Although these economic and social aspects are 

of fundamental importance when discussing the success of any coexistence-strategy, 

they exceeded the scope of the present study and were thus not addressed. In the pre-

sent study, we focussed on the agronomic aspect of coexistence and particularly on the 

necessary isolation distances measures to reduce cross-fertilization between GM and 

non-GM maize. 

Various mechanisms have been identified, which may lead to a mixing of GM and non-

GM products in the agricultural production chain (Bock et al., 2002; Tolstrup et al., 2003; 

Sanvido et al., 2005b). These mechanisms include introductions via seed impurities, vol-

unteers from GM pre-cultures, cross-fertilization by pollen from GM crops, as well as seed 

dispersal through mixing in machinery during sowing, harvesting and transport. Taking 

into account the experiences from existing systems to maintain the purity of specific ag-

ricultural commodities (identity preservation) (Sundstrom et al., 2002), several technical 

and organizational measures have been proposed, which can help farmers to reduce 

these GM inputs (Bock et al., 2002; Tolstrup et al., 2003; Sanvido et al., 2005). Inputs 

due to seed impurities can be minimized by using certified seeds. Volunteers can be con-

trolled by using crop rotation as well as by ensuring optimal soil preparation techniques 

after harvest or before sowing (Pekrun et al., 1998; Gruber et al., 2004). The extent of 

cross-fertilization between fields of GM and non-GM crops can effectively be reduced by 

using isolation distances and/or buffer zones as pollen barrier (Ingram, 2000; Eastham 



Chapter 5 – Isolation distances for transgenic maize cultivation 
  
 

86 

and Sweet, 2002). The risk of mixing in machinery can be reduced by adequate cleaning 

practices of machines after use on GM crop fields or by using machinery separately for 

GM or non-GM crops. A clear segregation of harvested material and the documentation of 

procedures during storage, processing and transport from field to delivery of harvest can 

further minimize the risk of mixing. 

Among the various mechanisms that could lead to GM-inputs into non-GM crop pro-

duction systems, cross-fertilization is certainly one of the most widely discussed issues. 

Given that maize is a cross-pollinating species and its pollen is transported by wind, the 

commercial cultivation of Bt-maize in several European countries has arisen specific con-

cerns related to unwanted GM-inputs from GM maize fields into non-GM maize products 

through cross-fertilization. The importance of cross-fertilization in contributing to GM in-

puts is, however, still subject of controversy both amongst scientists and regulators. This 

is particularly apparent for the question of adequate isolation distances between GM and 

non-GM maize fields in order to keep GM-inputs below the 0.9% threshold. Several Euro-

pean countries have proposed largely differing isolation distances for maize ranging from 

25 m in the Netherlands (van Dijk, 2004) up to 800 m in Bulgaria (GMO safety, 2006). 

Most of these recommendations were based on scientific studies assessing cross-

fertilization rates in maize, but a general interpretation of the different results is often 

difficult because experimental conditions usually differ between studies and various fac-

tors are known to influence cross-fertilizations rates (Ingram, 2000; ACRE, 2002a; Devos 

et al., 2005). These factors include pollen viability and longevity, male fertility or sterility, 

synchrony in flowering between anthesis of the pollen donor and silking of the recipient 

field, wind direction and velocity, weather conditions, size, shape and orientation of both 

pollen source and recipient field, as well as distance, topography and vegetation between 

pollen source and recipient field. 

There is a need for scientific criteria when analysing cross-fertilization data of maize to 

define isolation distances between GM and non-GM maize fields. The scope of the here 

presented study was therefore restricted to this particular aspect. The objectives of this 

study were (1) to review existing studies, which have assessed cross-fertilization in 

maize, (2) to establish relevant criteria for evaluating these studies, and (3) to apply 

these criteria for the definition of isolation distances. Evaluation criteria should consider 

biological and physical parameters, as well as the agricultural conditions relevant for 

maize cultivation. Since biological and physical parameters influencing cross-fertilization 

in maize have been largely reviewed by others (Raynor et al., 1972; Aylor, 2004; Devos 

et al., 2005), they will not be specifically addressed here. The present study is focusing 

on agronomic criteria, while biological and physical criteria will only be considered where 

necessary. In addition, two different approaches were used to assess whether the pro-

posed isolation distances could be implemented in Switzerland when growing GM maize 
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under actual Swiss agricultural conditions. The first approach used statistical data on the 

acreage of maize cultivation in Switzerland, while the second approach consisted of an 

assessment of aerial photographs covering an agricultural landscape in the eastern part 

of Switzerland by means of a Geographic Information Systems (GIS). 

5.3 Approach and methods 

5.3.1 Selection of studies for the definition of isolation distances 

Cross-fertilization rates in maize have principally been studied for two motivations: (1) 

the maintenance of a specific purity in maize seed production and (2) concerns related to 

the adoption of GM maize varieties leading to unwanted inputs into non-GM maize crop 

production systems. Existing cross-fertilization studies were evaluated according to six 

defined criteria in order to select studies, which were relevant for the definition of isola-

tion distances between GM and non-GM maize fields. The first four criteria aimed at ex-

cluding studies that have been based on conditions not relevant for GM maize cultivation 

under current agricultural practice. Subsequently, one criterion was applied to identify 

studies that had been performed under conditions representing the agricultural context of 

modern maize cultivation and another criterion was used to allow for a better comparison 

of cross-fertilization rates among the considered studies. Studies not providing specific 

cross-fertilization rates as a function of a given distance from the pollen source were not 

considered (Garcia et al., 1998; Luna et al., 2001). 

Studies assessing dynamics and mechanisms of maize pollen dispersal 

When considering measures to reduce cross-fertilization, it is important to clearly dis-

tinguish cross-fertilization from pollen dispersal, simply because pollen dispersal does not 

necessarily result in fertilization. Successful cross-fertilization is depending on a series of 

biological and physical factors once pollen has reached the receptor crop (Ingram, 2000; 

Eastham and Sweet, 2002; Devos et al., 2005). Although studies investigating the flow-

ering dynamics and mechanisms of maize pollen dispersal (Raynor et al., 1972; Di Gio-

vanni et al., 1995; Aylor et al., 2003; Klein et al., 2003; Lizaso et al., 2003; Aylor, 2004; 

Fonseca et al., 2004; Yamamura, 2004; Fonseca and Westgate, 2005) are important in 

understanding these components, pollen dispersal rates are not equivalent to cross-

fertilization rates. These studies were therefore not considered for the here presented 

analysis.  

Studies conducted under seed production conditions 

In order to maintain the purity of maize varieties in seed production, cross-fertilization 

rates have been investigated in several early studies performed around the 1950s’ 

(Salamov, 1940; Bateman, 1947; Jones and Brooks, 1950, 1952) as well as in some 
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more recent studies (Das, 1983; Narayanaswamy et al., 1997; Burris, 2001). The results 

of these studies, and the general experiences gained in seed production, were used to 

define recommendations for isolation distances in maize seed production, which subse-

quently entered various national legislations. Experimental data obtained from studies 

growing maize for hybrid seed production (Das, 1983; Narayanaswamy et al., 1997; 

Burris, 2001) was not taken into account, because common agricultural production of 

maize differs largely from hybrid seed production. Maize fields growing grain for use as 

food and feed contain 100% fertile parent plants, while fields for the production of hybrid 

seed, in contrast, contain rows of pollen-producing (male) plants alternating with rows of 

sterile or detasseled (female) plants acting as pollen receptors. Usually only about 20% 

of the plants in these fields produce pollen resulting in a low amount of competing pollen 

within the field. Female flowers are therefore much more receptive for fertilization of pol-

len from the male parent but also from neighbouring fields (Brookes et al., 2004). 

Studies with experimental limitations 

The studies by Bateman (1947) and by Salamov (1940) were excluded due to experi-

mental limitations. While the study performed by Bateman (1947) was considered un-

suitable due to its experimental setup using single maize plants as pollen receptors, the 

cross-fertilization results reported by Salamov (1940) were partially affected by seed 

impurities in the white kernel variety resulting in yellow kernel-producing plants growing 

within the white maize receptor field. Although Salamov (1940) reports a reduction of the 

cross-fertilization rate within the first 50 m, the number of yellow kernels (so-called xe-

nia grains) in cobs of the white kernel variety located further away did not continuously 

decrease with distance (e.g., 0.02% at 400 m but 0.79% at 600 m). The author states 

that ‘‘finding xenia grains away from the yellow maize could not be taken as a marker for 

the effective flight of the pollen from the yellow grain maize plot, because xenia was 

found even in the (purest) white maize (seed), as is visible from the field testing data’’ 

(Salamov, 1940). 

Studies performed with open-pollinated maize varieties 

Open-pollinated maize varieties (i.e., varieties that were produced through open polli-

nation of parental plant populations) were commonly used before the widespread intro-

duction of modern maize hybrid varieties (Poehlman and Sleper, 1995). A study con-

ducted with open-pollinated varieties by Jones and Brooks (1950) was compared to stud-

ies conducted with modern hybrid varieties. Based on the results of this comparison, the 

study was not considered for the definition of isolation distances because cross-

fertilization rates of open-pollinated varieties are hardly comparable to the currently 

grown hybrid varieties (for the detailed reasoning see chapter 5.4.1). 
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Studies performed under atypical agricultural conditions 

Cross-fertilization rates obtained in a number of studies have probably been partly in-

fluenced by the size of experimental donor and receptor fields, as this determines the 

amount of competing pollen (Ingram, 2000; Devos et al., 2005). A high donor to recep-

tor ratio (large donor field, small receptor field) leads to a higher amount of pollen from 

the donor field resulting in high cross-fertilization rates in the receptor field due to low 

competition against incoming pollen (Jemison and Vayda, 2001). On the contrary, a low 

donor to receptor ratio generally leads to lower cross-fertilization rates due to a relatively 

large pollen cloud in the receptor field with competing incoming pollen (Bénétrix et al., 

2003; Messeguer et al., 2003). Experimental studies performed with donor fields being 

more than fifteen times larger than the receptor fields (or vice versa) were excluded 

(Jemison and Vayda, 2001; Bénétrix et al., 2003; Messeguer et al., 2003) because their 

experimental conditions are likely to represent atypical agricultural conditions for GM 

maize cultivation (Table 1c). 

Studies yielding distances to meet specific thresholds 

Cross-fertilization rates are usually determined by taking samples at different dis-

tances from the pollen source. Cross-fertilization rates are thus expressed as a function 

of distance to the pollen source. Unfortunately, only few published studies include di-

rectly comparable single value results, while most studies summarize their results and 

primarily indicate distances where average cross-fertilization rates remain below a spe-

cific threshold (often 0.9%). The studies giving detailed cross-fertilization rates as per-

centage of cross-fertilization per distance (Table 1a) (Bannert et al., 2003; Byrne and 

Fromherz, 2003; Brookes et al., 2004; Ma et al., 2004; Matsuo et al., 2004; Della Porta 

et al., 2006) are hardly directly comparable to studies indicating minimum distances to 

meet specific thresholds (Messéan, 1999; Henry et al., 2003; Meier-Bethke and Schie-

mann, 2003; POECB, 2004; Weber et al., 2007). The latter were therefore not used for 

the analysis performed to define the required isolation distances. Nevertheless, because 

these studies have been performed under conditions relevant for GM maize cultivation, 

they were subsequently used to validate the results of the analysis (Table 1b). Similarly, 

the study by Foueillassar and Fabié (2003) could not be used for direct comparison, be-

cause cross-fertilization rates have been given for the entire field. 
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Table 1: Studies assessing cross-fertilization in maize in the context of coexistence of genetically modified (GM) and non-GM crops 

a) Studies considered for direct comparison of cross-fertilization rates and for definition of isolation distances 

Reference 
Experim. 
Designa) 

Seasons 

Locations 
 

Methods / marker used 

Reference cross-fertilization 
rate b) 

Pollen source 

Field size / variety 

Pollen receptor 

Field size / variety 
Countryc) 

Bannert et al., 2003  
1 season 

1 location 
 

Phenotypic marker 

(% yellow kernels per total ker-
nels) 

 

approx. 1,5 ha 

Hybrid variety with yellow kernels 

1,4 ha 

Hybrid variety with white kernels 
CH 

Bannert, 2006 
No synchrony of 
flowering 

1 season 

2 locations 
 

1,1 ha and 1,8 ha 

Hybrid variety with yellow kernels 

1,1 ha and 1,8 ha 

Hybrid variety with white kernels 

Bannert, 2006 
Synchrony of 
flowering 

 

 
1 season 

1 location 
 

Phenotypic marker 

(% yellow kernels per total ker-
nels) 0,13 ha 

Hybrid variety with yellow kernels 

1,07 ha 

Hybrid variety with white kernels 

CH 

Brookes et al., 2004  
1 season 

14 locations 
 

PCR  
(% transgenic DNA per grain 
sample) 

 

1,28 – 6,1 ha 

Bt-maize (Bt 176 and MON 810) 
n.a. E 

Byrne and From-
herz, 2003  

1 season 

2 locations 
 

Exp. A. Phenotypic marker 

(% blue kernels per total kernels) 

 

Exp. B. Germination test (% 
herbicide tolerant seedlings per 
sowed seeds) 

 

n.a. (size) 

Exp. A: Hybrid variety with blue 
kernels 

Exp. B: Herbicide tolerant maize 
(Roundup Ready) 

n.a. (size) 

 

Conventional hybrid variety lack-
ing the respective trait 

USA 

Della Porta et al., 
2006 

Experiment 1 
 

 
0,62 ha 

Hybrid variety with yellow kernels 

7,7 ha 

Hybrid variety with white kernels 

Della Porta et al., 
2006 

Experiment 2 

 

 

 

1 Season 

2 Locations 

 

Phenotypic marker 

(% yellow kernels per total ker-
nels) 1,4 ha 

Hybrid variety with yellow kernels 

2 x 1,05 ha 

Hybrid variety with white kernels 

I 
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Table 1a (continued) 

Reference 
Experim. 
Designa) 

Seasons 

Locations 
 

Methods / marker used 

Reference cross-fertilization 
rate b) 

Pollen source 

Field size / variety 

Pollen receptor 

Field size / variety 
Countryc) 

Ma et al., 2004 
 

3 seasons 

3 locations 
 

Phenotypic marker 

(% yellow kernels per total ker-
nels) 

 

0,07 ha 

Hybrid variety with yellow kernels 

0,68 ha and 1 ha 

Hybrid varieties with white ker-
nels 

CAN 

Matsuo et al., 2004  
2 seasons 

1 location 
 

Phenotypic marker 

(% yellow kernels per total ker-
nels) 

 

4,5 ha 

Hybrid variety with yellow kernels 

4,5 ha 

Hybrid variety with white kernels 
JP 
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Table 1b: Studies considered for validation of the suggested isolation distances 

Reference 
Experim. 
Designa) 

Seasons 

Locations 
 

Methods / marker used 

Reference cross-fertilization 
rate b) 

Pollen source 

Field size / variety 

Pollen receptor 

Field size / variety 
Countryc) 

gmo-safety.eu, 
2002; 
Meier-Bethke and 
Schiemann, 2003 

 
2 seasons 

1 location 
 

PCR 
(% transgenic DNA per grain) 

Germination (% herbicide toler-
ant seedlings per sowed seeds) 

 

1 ha 

Herbicide tolerant maize 

(LibertyLink T25) 

5,5 ha 

Conventional hybrid variety 
D 

Erprobungsanbau 
2004 

Weber et al., 2007 

 

 
1 season 

28 locations 
 

PCR 
(% transgenic DNA per total DNA 
whole plant ) 

1 – 20 ha 

Bt-maize (MON 810) 

approx. 4 –12 ha 

Conventional hybrid variety 
D 

Foueillassar and 
Fabié, 2003  

2 seasons 

12 locations 
 

Phenotypic marker 

(% cross-fertilization per field) 

 

0,6 ha – 12 ha 

Waxy maize 

0,7 ha – 13 ha 

Conventional hybrid variety 
F 

Henry et al., 2003  
3 seasons 

55 locations 
 

PCR 

(% transgenic DNA per total 
DNA) 

 

approx. 5 ha 

Herbicide tolerant maize 

(LibertyLink T25) 

approx. 5 ha 

Conventional hybrid variety 
UK 

Messéan, 1999 
 

1 season 

1 location 

 

 
Phenotypic marker 

(% blue kernels per total kernels) 

n.a. (size) 

Hybrid variety with blue kernels 

n.a. (size) 

Hybrid variety with yellow kernels 
F 

POECB, 2004 
 

1 season 

1 location 
 

PCR 

(% transgenic DNA per grain 
sample) 

 

2,27 ha 

Bt-maize (MON 810) 

6,7 ha 

Isogenic hybrid variety 
F 
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Table 1c: Studies excluded because of atypical agricultural conditions 

Reference 
Experim. 
Designa) 

Seasons 

Locations 
 

Methods / marker used 

Reference cross-fertilization 
rate b) 

Pollen source 

Field size / variety 

Pollen receptor 

Field size / variety 
Countryc) 

Messeguer et al., 
2003; 
gmo-safety.eu, 2004 

 
 

1 season 

1 location 
 

PCR 

(% transgenic DNA per total 
DNA) 

0,25 ha 

Bt-maize (Bt 176) var. Compa 

7,5 ha 

Conventional hybrid variety (Bra-
sco) 

E 

Jemison and Vayda, 
2001  

2 seasons 

1 location 
 

Germination test (% herbicide 
tolerant seedlings per sowed 
seeds) 

 

0,35 ha 

Herbicide tolerant maize 

(Roundup Ready) 

282 m2 (0,02 ha) 

Conventional hybrid variety 
USA 

Bénétrix and Bloc, 
2003; Bénétrix et 
al., 2003 

 
 

1 season 

3 locations 
 

PCR 

(% transgenic DNA per grain 
sample) 

0,4 – 0,8 ha 

Bt-maize (MON 810) 

approx. 16 ha 

Isogenic hybrid variety 
F 

 

n.a. = no data available 

 

Not considered: 

Studies not providing specific cross-fertilization rates as a function of a given distance from the pollen source (Garcia et al., 1998; Luna et al., 2001). 

Studies performed under seed production conditions, which are not transferable to the regular cultivation practice (Das, 1983; Narayanaswamy et al., 1997; Burris, 2001). 

Studies with experimental limitations (Salamov, 1940; Bateman, 1947) and studies conducted with open-pollinating maize varieties (Jones and Brooks, 1950). 

 

a) Experimental design (dark = pollen source, light = pollen receptor) 

b) The method / marker used is principally determining to what the cross-fertilization rate is referring to (except where the cross-fertilization rate refers to the whole 
field). Where the data is given in italics, the respective studies make no specific indications – the reference is therefore assumed based on the method used (PCR = Po-
lymerase chain reaction) 

c) CH = Switzerland, D = Germany, E = Spain, F = France, I = Italy, JP = Japan, UK = United Kingdom, USA = United States of America 
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5.3.2 Definition of isolation distances between GM and non-GM maize 

Consideration of the agricultural context 

Given the uncertainty that other sources than cross-fertilization such as seed impuri-

ties, mixing in machinery, or post-harvest procedures could lead to GM-inputs into the 

agricultural production chain, we believed that defining isolation distances between GM 

and non-GM maize to meet the legal threshold of 0.9% was not accurate. We concluded 

that GM-inputs from cross-fertilization should remain substantially below 0.9% in order 

to allow for a safety margin up to the labelling threshold in the final product. Assuming 

the worst-case of having impurities of 0.5% GM in the seed (corresponding to the pro-

posed legal threshold in the EU), inputs from other sources including cross-fertilization, 

mixing in machinery and post-harvest procedures should not exceed 0.4%. We further 

sensed that it was inappropriate to define an isolation distance to remain below the tar-

geted 0.4% purely based on point wise measured cross-fertilization rates (given as per-

centage per distance), because using this approach, one did not consider that harvest 

always represent a mixture of the harvested area. We believed that this fact had to be 

considered because this mixing process will substantially reduce the potential GM-content 

in the harvest. This reduction is due to the fact that cross-fertilization rates are usually 

higher at the field margin and decrease rapidly within the receptor field due to increasing 

competition from the therein produced pollen (Devos et al., 2005). However, the final 

GM-content in the harvest is depending on various factors such as field size and harvest-

ing procedure, and modelling of this reduction is currently not possible. An alternative 

approach had thus to be chosen. This approach consisted in defining an arbitrary level of 

maximal 0.5% cross-fertilization at the margin of a non-GM maize field. Considering the 

above mentioned reduction of GM-contents induced by mixing during harvest, the chosen 

approach should ensure that the GM-content in the harvested product should remain 

considerably below 0.4% allowing for the required safety margin up to the legal threshold 

of 0.9%. Cross-fertilization rates of the studies considered (Table 1a) were then plotted 

(157 data points in total) and classified according to their distance to the pollen source 

into four categories (0–10, 10–25, 25–50 and above 50 m). Mean and standard deviation 

of the cross-fertilization rates were determined for each category, as well as the number 

of data points exceeding the set level of 0.5%. 

Consideration of the different uses of harvested maize 

The different uses of maize were considered relevant for the definition of isolation dis-

tances. In Europe, maize is primarily used as animal feed and as raw material for indus-

trial products. Maize for animal feed is mostly harvested as entire plant (green and silage 

maize) and as grain maize. Two different isolation distances were defined for grain and 
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for silage maize considering that cross-fertilization is only affecting maize kernels, and 

that vegetative plant parts are unaffected. The use of the entire plant for green or silage 

maize thus results in a reduction of the transgenic fraction. The reducing factor depends 

on the proportion of the kernels compared to the entire plant and this proportion varies 

among different varieties and stages of maturity during harvest. In Swiss maize varie-

ties, for example, kernels account for approximately 35–45% of the dry matter of the 

entire plant (Mathias Menzi, Agroscope ART, personal communication). Assuming an av-

erage proportion of 40% grain in the whole dry plant tissue, any GM input is reduced by 

a factor of 2.5 when harvesting the entire plant as compared to grain maize harvest. The 

isolation distance valid for grain maize can thus be reduced by this factor when applied to 

silage maize. 

5.3.3 Estimation of the capacity for spatial coexistence in Switzerland 

Landscape structures are important when assessing the possibilities for a spatial coex-

istence of GM and non-GM agricultural systems. The cultivation of arable crops in Swit-

zerland is restricted to the climatically favourable lower parts and is characterized by 

small fields of an average size of less than two hectares as well as by the application of 

crop rotation. Agricultural landscapes are thus relatively fragmented and typically consist 

of a mix of several crops and grassland. Because the cultivation of maize is of major im-

portance in Switzerland and covers on average more than 20% of the total arable land, 

two different approaches were used to assess whether the proposed isolation distances 

could be implemented in Switzerland when growing GM maize. The first approach used 

statistical data on the acreage of maize cultivation in Switzerland obtained from the farm 

structure survey of the Swiss Federal Statistical Office, while the second approach was 

based on an aerial pictures assessment using Geographic Information Systems (GIS). 

Statistical data from the Swiss farm structure survey 

The first approach was based on statistical data provided by the farm structure survey 

of the Swiss Federal Statistical Office yielding data of the maize acreage and the total 

arable land of 2206 communes (the smallest administrative district in Switzerland) culti-

vating maize (BFS, 2003). In order to evaluate whether the available arable land in these 

communes was large enough to allow for isolation of an assumed GM maize cultivation 

area, five assumptions were made: (1) 10% of the total maize area of every commune is 

cultivated with GM maize and needs to be isolated from the remaining non-GM maize 

area, (2) the arable land represents a continuous entity in each commune, (3) all maize 

fields are evenly distributed within the arable land of each commune, (4) all maize fields 

are of equal size and rectangular shape, either 1 ha (50 x 200 m) or 2 ha (100 x 200 m), 

and (5) each GM maize field is surrounded by an isolation belt of the respective isolation 

distance. In order to determine whether the available arable land in a specific commune 
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allowed for spatial isolation of 10% GM maize, the total isolation area needed per com-

mune (i.e., the sum of all isolation belts) was compared to the available arable land mi-

nus the total maize area. Spatial coexistence in a commune was defined being possible if 

the arable land was larger than the area needed for isolation of GM maize (isolation area 

≤ total arable land - total maize area). 

Geographic Information Systems (GIS)-analysis of a selected agricultural region 

The second approach was based on an assessment of aerial photographs covering a 

164 km2
 area in the eastern canton Zurich (Schüpbach et al., 2003). The selected region 

is an agricultural landscape in the eastern part of the Swiss plateau where arable land is 

often distributed within a mix of urban areas, forests, lakes and rivers. Infrared-aerial 

photographs taken in August 2000 were used for a supervised semiautomatic land cover 

classification by means of a Geographic Information System (GIS). The approach allowed 

localizing maize areas over the whole region with a resolution of 25 x 25 m. A grid square 

(25 x 25 m) was classified containing ‘‘maize’’ when at least 50% of the grid area was 

covered with maize. For quality assurance, the classification was further revised by a 

visual screen on aerial photographs. An error rate of 5% (i.e., classifying a grid square 

mistakenly as containing maize although this was not the case and vice versa) was de-

termined by verifying the results of the classification in a field survey on location. The 

software FRAGSTATS (McGarigal et al., 2002) was used to analyse the resulting map and 

to calculate the shortest distance between each maize area and its nearest neighbouring 

maize area (Euclidian Nearest-Neighbour Distance). Due to the resolution of the applied 

grid and because the distances between two grids were calculated from the centre of the 

grid squares, the minimum measurable distance between two maize areas was set to be 

50 m (=25 m between two grids and two times 12.5 m from the centre to the border of 

each grid). Considering the highly diverse landscape structure of the selected region, the 

distances between maize areas obtained with the GIS-analysis were compared consider-

ing a previously performed landscape typology of the region (Szerencsits et al., 2004). 

Statistical analysis for each type of landscape included calculation of means and medians 

of resulting distances between maize areas, as well as calculation of the percentage of 

areas, which were located within 100 and 200 m to another maize area. 

5.4 Results and discussion 

5.4.1 Comparison of cross-fertilization in open-pollinated and hybrid maize 

varieties 

A comparison between studies conducted with modern hybrid varieties (Table 1) and a 

study conducted with open-pollinated varieties (Jones and Brooks, 1950) clearly showed 

that cross-fertilization rates among open-pollinated varieties were distinctively higher 
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than those reported for hybrid varieties (Fig. 1). Unfortunately, the results reported by 

Jones and Brooks (1950) are often used to estimate isolation distances in the context of 

coexistence of GM and non-GM maize (Ingram, 2000; Feil and Schmid, 2002; Wolt et al., 

2004). We believe that such a comparison is critical because this early study aimed at 

providing recommendations on isolation distances needed for maize seed production of 

open-pollinated varieties. Open pollinated varieties were probably more receptive for 

cross-fertilization from other maize fields as compared to current modern hybrid varie-

ties. This could be due to the biology of maize flowering. In order to avoid self-

fertilization, maize is a protandric species, i.e., pollen is released from the tassels before 

female flowers (silks) on the same plant are receptive. The silks of an individual plant are 

therefore usually fertilized by pollen from another maize plant in the same field. In open-

pollinated varieties the variability of individual traits was higher because seeds of these 

varieties were produced through open pollination of a heterogeneous parental plant 

population (Poehlman and Sleper, 1995). In a maize field containing an open pollinated 

variety, individual plants were less homogenous for particular traits such as flowering 

time of female flowers, which is specifically relevant for fertilization. Maize fields with 

open-pollinated varieties thus probably had a larger time frame in which female flowers 

were receptive, especially after own (in-field) pollen shed was completed. This in turn 

increased the probability that these maize plants would be fertilized by pollen originating 

from neighbouring fields. 
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Figure 1: Distinction of early cross-fertilization studies conducted with open-pollinating maize varie-
ties (Jones and Brooks 1950) and more recent studies performed with modern hybrid varieties (see 
Table 1). Cross-fertilization rates of open pollinated varieties are distinctively higher than those of 
modern hybrid varieties 
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In modern hybrid varieties, in contrast, the likelihood that cross-fertilization occurs 

from neighbouring fields is smaller, because a major breeding target for modern hybrid 

varieties is to minimize protandry and to synchronize the development of male and fe-

male flowering in order to shorten the anthesis-silking interval to attain higher yield sta-

bility (Duvick, 2005). This leads to a relatively small variability in modern hybrid varieties 

for individual traits such as pollen shed and receptivity of female flowers, which in turn 

increases pollination by plants of the same field. The synchrony between male and fe-

male flowering is thus higher in modern hybrid varieties, reducing the time period in 

which female silks are still receptive after male pollen shed is terminated. This reduces 

the probability of cross-fertilization by pollen from neighbouring fields. This difference 

between open-pollinated and modern hybrid varieties allows to explain the results ob-

tained by Jones and Brooks (1950), who to our opinion do not provide the necessary in-

formation for defining recommendations on isolation distances between GM and non-GM 

maize. It is, however, important to distinguish asynchrony in flowering between male and 

female flowers in the same field, which is due to protandry of maize, and asynchrony in 

planting dates and flowering between different maize fields of different farmers. The lat-

ter generally leads to a decrease in cross-fertilization rates between fields (Brookes et 

al., 2004), although an increase may be possible if pollen shed is finished and female 

silks are still receptive. 

5.4.2 Definition of isolation distances between GM and non-GM maize 

Results of studies considered for direct comparison of cross-fertilization rates (Table 

1a) (Bannert et al., 2003; Byrne and Fromherz, 2003; Brookes et al., 2004; Ma et al., 

2004; Matsuo et al., 2004; Bannert, 2006; Della Porta et al., 2006) showed that cross-

fertilization rates rapidly decreased with increasing distance (Fig. 2). While some studies 

showed cross-fertilization rates up to 46% at the immediate border between the two 

fields (Byrne and Fromherz, 2003), cross-fertilization rates dropped in most studies be-

low 1% within a distance of 10 m and then decreased to a very low level, but did not 

reach zero. A relatively high variability was found within the first 10 m with a mean 

cross-fertilization rate of 5.72% (SD ± 9.67%) and 45 out of 48 data points exceeding 

the 0.5% threshold (Table 2). In contrast, mean cross-fertilization rates in the three 

categories above 10 m showed a rapid decrease of the cross-fertilization rate with 0.35% 

(SD ± 0.30%) at 10–25 m, 0.23% (SD ± 0.24%) at 25–50 m, and 0.19% (SD ± 0.13%) 

above 50 m. Likewise, data points exceeding the arbitrary 0.5% level dropped from ten 

(out of 41) in the category 10–25 m down to two (out of 35) in the 25–50 m category. In 

spite the variability among the data due to varying experimental conditions, the analysis 

showed that mean cross-fertilization rates of the considered studies generally remained 

below 0.5% above a distance of 50 m from the pollen source (Table 2). One data point 

(out of 33) was exceeding the 0.5% level above 50 m, indicating a cross-fertilization rate 



Chapter 5 – Isolation distances for transgenic maize cultivation 
  
 

99 

of 0.55% at 57 m (Della Porta et al., 2006). This one data point was estimated not con-

tradicting the general trend observed, considering the large amount of data points lying 

below the defined level of 0.5%. The analysis suggests that an isolation distance of 50 m 

for grain maize is sufficient to meet the arbitrary level of 0.5% at the field border. Con-

sidering the rapid decrease within the first 10 m and given the reduction of the trans-

genic fraction in silage maize, the isolation distance of 50 m for grain maize can be re-

duced by a factor of 2.5 resulting in an isolation distance of 20 m for silage maize (for 

the detailed reasoning see chapter 5.3.2). 
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Figure 2: Comparison of cross-fertilization rates of studies considered for the definition of isolation 
distances between genetically modified (GM) and non-GM maize (see Table 1a). The box repre-
sents a magnification of the original graph with a limited scale of the respective axis 

The results of a number of recent large-scale studies performed in several European 

countries (Table 1b) support the here proposed isolation distances. A study conducted 

during the Farm Scale Evaluations in the United Kingdom including 55 locations over 

three seasons showed that average cross-fertilization rates remained below 0.9% at a 

distance of 25 m, and that distances of 80 m and 258 m, respectively, were sufficient to 

reach levels of 0.3% and 0.1% (Henry et al., 2003). Results of the German ‘‘Erprobung-

sanbau’’ revealed similar results for grain as well as for silage maize, indicating cross-

fertilization rates of 0.98% for grain maize (1.12% for silage maize) at 0–10 m, 0.34% 

(0.24%) at 20– 30 m and 0.11% (0.18%) at 50–60 m distance from the Bt-maize field 

(Weber et al., 2007). A number of other studies confirmed that distances ranging from 

25 to 50 m were sufficient to keep cross-fertilization rates either below 0.9 or 1% 

(Messéan, 1999; Foueillassar and Fabié, 2003; Meier-Bethke and Schiemann, 2003; 



Chapter 5 – Isolation distances for transgenic maize cultivation 
  
 

100 

POECB, 2004). Given that all these studies have been performed under conditions rele-

vant for GM maize cultivation, their results are useful for validating the above performed 

analysis and the proposed isolation distances. 

Table 2: Statistical analysis of cross-fertilization studies (see Table 1a) considered for the definition 
of isolation distances between genetically modified (GM) and non-GM maize 

  Cross-fertilization-rate (%)  Data points 

Distance from pollen source  Mean ±SD  exceeding 0.5% total 

0 – 10 metres  5.72 9.67  45 48 

10 – 25 metres  0.35 0.30  10 41 

25 – 50 metres  0.23 0.24  2 35 

above 50 metres  0.19 0.13  1a) 33 

a) Data point from Della Porta et al. 2006 (57 m / 0.55%) 

 

Detection and quantification methods  

Comparison of results from different studies is challenged by the different methods 

used to detect and quantify cross-fertilization rates in maize. Cross-fertilization rates are 

always expressed as percentage of a certain entity, but the reference varies depending 

on the method used (Table 1). Detection of cross-fertilization events is thereby based on 

identifying the presence of defined traits in the progeny such as the presence of yellow 

kernels in a white kernel maize variety, or the detection of specific transgenic DNA se-

quences. The presence of a defined trait in the progeny, however, depends on its genetic 

background, i.e., if the trait is present as a homo- or heterozygous allele in the respec-

tive parental plants. The phenotypic marker for yellow kernel colour, for example, is a 

dominant trait, which is expressed in every pollen grain if the maize variety used as pol-

len donor is homozygous. Every pollination event therefore leads to a transfer of the yel-

low kernel colour trait. In contrast, most transgenic traits in currently commercialized GM 

maize hybrid varieties (e.g., MON 810) are hemyzygous (i.e., there is only a single copy 

of the inserted transgenic DNA sequence instead of the customary two copies). This is 

because current GM maize hybrid varieties are usually produced by crosses of a specific 

selected non-GM line with a GM line (Brookes et al., 2004; Devos et al., 2005; Pla et al., 

2006). As a result, only half of the pollen carries the transgenic trait and only every sec-

ond pollination event is leading to a transfer of the GM trait. Quantification based on DNA 

analysis should thus theoretically result in only half of the GM amount when compared to 

methods using a homozygous phenotypic marker like the yellow kernel colour. In fact, a 

recent study indicated an excellent correlation between cross-fertilization rates obtained 

by phenotypic estimation and a PCR based quantification method when the percentage of 
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cross-fertilization obtained through phenotypic marker was divided by a factor of 2 (Pla 

et al., 2006). 

Experimental design 

Cross-fertilization rates can be influenced by the experimental design of donor and re-

ceptor fields as this determines the amount of competing pollen within a given distance. 

The experimental design of donor and receptor fields can be divided into three different 

types, i.e., adjacent, separated and concentric fields (where the pollen source is sur-

rounded by the pollen receptor) (Table 1). Isolation distances should ideally be defined 

based on experimental studies that were performed with separated fields given that in 

actual situations of coexistence, maize fields are often separated by other crops or struc-

tures. The majority of cross-fertilization studies has, however, been performed using ei-

ther the adjacent or the concentric design. Given that such an experimental design does 

only partially represent a situation with separated maize fields, cross-fertilization rates 

obtained in studies with adjacent or concentric experimental designs have to be trans-

ferred with care to the coexistence context. This is mainly due to the fact, that a pollen 

barrier consisting of non-GM maize has proven to reduce cross-fertilization rates more 

effectively than an isolation of the same distance with open ground or low growing crops 

(Messeguer et al., 2006; Pla et al., 2006). Mean cross-fertilization rates obtained in stud-

ies with an adjacent or concentric experimental design typically drop below 0.5% at a 

distance ranging from 10 to 25 m (Table 2). In situations with separated fields, where 

the observed decrease may be less pronounced, isolation distances between donor and 

receptor fields have to be increased. Considering the rapid decrease of cross-fertilization 

rates within 25 m obtained in studies with adjacent fields, the here proposed isolation 

distance of 50 m for grain maize represent a cautious approach adding a safety margin 

for separated fields. In fact, cross-fertilization rates in agricultural maize fields of compa-

rable size and isolated by distances ranging from 52 to 4440 m always remained below 

0.02% when calculated for the entire field (Bannert and Stamp, 2007). In addition, a 

number of recent studies demonstrated that for a pollen donor of a given size, cross-

fertilization rates decreased with increasing recipient field sizes (Devos et al., 2005), in-

dicating that a cautious approach may be particularly relevant for small-scale agricultural 

systems as they are typical for Switzerland. 

A cautious approach was also chosen because a number of factors, which could influ-

ence the amount of adventitious GM inputs under different agricultural conditions, are 

either difficult to consider in an experimental setup or still have to be clarified. These 

include five different points: (1) the point of reference for applying the threshold ‘‘maxi-

mum of 0.9% GM of the food ingredients’’ as referred to in the European legislation 

(European Union, 2003a) and how the threshold will be applied in practice. Although the 

term ingredient is defined as “any substance, including additives used in the manufacture 
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or preparation of a foodstuff and still present in the finished product, even if in altered 

form’’ (European Community, 2000), it is still not fully understood to what the labelling 

threshold of 0.9% is referring to, i.e., how it can be translated to the molecular level 

(Weighardt, 2006), (2) methodological challenges for the detection and quantification of 

adventitious GM amounts in agricultural products considering the hemizygosity of trans-

genic traits, and the dilution of transgenic fractions by vegetative plant parts (Ma et al., 

2005; Weighardt, 2006), (3) the different use of maize plant products and the influence 

of post-harvest processes. Currently, only few studies (POECB, 2004) have investigated 

the influence of these processes (such as drying, storage and transport) on resulting GM 

amounts in the final product, (4) the influence of multiple GM sources (e.g., different Bt-

maize events) on a landscape level. Apart from Messeguer et al. (2006), cross-

fertilization has not been assessed considering the influence of various GM maize fields 

with different Bt-maize events within an agricultural landscape, (5) the consequences of 

low seed impurities up to the proposed legal threshold of 0.5% GM on the GM amounts in 

the final product. 

The proposed isolation distances should be applied when no additional measures are 

used to minimize cross-fertilization. If additional measures are applied, it may be possi-

ble to use shorter isolation distances resulting in similar reductions of cross-fertilization 

rates. Separate harvest of the first few rows of a non- GM field facing a GM crop field, for 

example, is an effective measure to reduce the level of cross-fertilization in the recipient 

plot, as it has been shown by a number of studies (Devos et al., 2005). In the case of 

insect-resistant Bt-maize, isolation can also be provided by planting the necessary non-

GM maize refuges for insect resistance management at one or more borders of the GM 

field. In addition, shorter isolation distances may be applied if isolation is provided by 

natural barriers in the agricultural landscape such as trees or hedgerows. 

Given that probably not all questions may be resolved using an experimental set up, 

approaches for modelling maize pollen dispersal and cross-fertilization between fields on 

a landscape level (Di Giovanni et al., 1995; Angevin et al., 2001; Aylor et al., 2003; Klein 

et al., 2003; Lizaso et al., 2003; Aylor, 2004; Fonseca et al., 2004; Yamamura, 2004; 

Fonseca and Westgate, 2005) may help to gain additional information and assist deci-

sion-makers. 

5.4.3 Estimation of the capacity for spatial coexistence in Switzerland 

Statistical data from the Swiss farm structure survey 

The results of the approach based on data of the Swiss farm structure survey showed 

that, depending on the chosen field size and isolation distance, between 93.0 and 95.6% 

(Table 3) of Swiss communes disposed of sufficient arable land to allow for spatial isola-

tion of 10% GM maize. The results further demonstrate that the feasibility for spatial iso-
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lation largely depends on the region and the prevalent agricultural system (Fig. 3a). 

While spatial isolation was possible within most communes situated in the main maize 

cultivating regions in the Swiss plateau (Fig. 3b), the area required for spatial isolation 

was not available in some communes in the pre-alpine regions. The area allowing for iso-

lation declines if the proportion of maize within the arable land increases, and if the pro-

portion of arable land decreases within the total agricultural land of a commune. Both 

factors are typical for the pre-alpine regions, where maize typically covers more than 

40% of the available arable land and where arable land is often concentrated in the plane 

areas of the communes, whereas the slopes are mainly used as pastures or meadows. 

Two points have to be considered when interpreting the results of this approach: 

• The chosen approach represents a ‘‘worst-case’’ scenario for the isolation area 

needed since it was based on the assumption that each maize field needs a com-

plete isolation belt. Actually, the isolation area per field decreases if two GM fields 

are adjacent and their isolation belts partially overlap. The approach does further 

not consider the whole area available for isolation in an agricultural landscape, be-

cause statistical data of the used parameter ‘‘arable land’’ does not include per-

manent grassland, which could allow for additional isolation. Moreover, the arable 

land of a commune does probably not form a continuous entity, but is likely to be 

fragmented. Trees, hedgerows or other structures may be located between maize 

fields representing ‘‘natural’’ isolation barriers further reducing the isolation area 

required. 

• Calculations were made for an assumed cultivation of 10% GM maize. The spatial 

situation will become more critical with an increasing percentage of GM maize. 

However, a higher percentage of GM maize will also increase the likelihood of GM 

maize fields to border other GM maize fields resulting in a reduction of the re-

quired isolation area. On the other hand, a higher percentage of GM maize fields 

will further increase the ratio of donor to recipient field area, thus potentially in-

creasing cross-fertilization rates in non-GM fields due to a higher amount of com-

peting GM maize pollen. 

The results of the approach also showed that the area needed for isolation is depend-

ing on the field size of the GM fields since smaller fields need proportionally more isola-

tion than larger fields (Table 3). Considering that the average maize field size in Switzer-

land is between 1 and 1.5 ha, the isolation area needed for each field is relatively high 

when compared to the effective field size. Larger maize fields would decrease the isola-

tion area needed. 
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Table 3: Number (and percentage) of Swiss communes in which the remaining arable land culti-
vated with other crops than maize is large enough to incorporate the area needed to isolate an 
assumed cultivation of 10% genetically modified maize from conventional maize. 

 Isolation distance 

Field size 20 m 50 m 

1 hectare 2097 (95.1%) 2052 (93.0%) 

2 hectares 2108 (95.6%) 2081 (94.3%) 

 

 

(a)  

(b)  

Figure 3 (a): Results of the approach estimating the capacity for spatial coexistence in Switzerland 
using statistical data from the Swiss farm structure survey. In the communes depicted in red, ar-
able land is not sufficiently large to apply an isolation distance of 50 m for an assumed cultivation 
of 10% GM maize and a field size of 1 ha. The perimeter of the agricultural area selected for the 
GIS-analysis (see Fig. 4) is indicated in the northeastern part of Switzerland. Communes where no 
maize is cultivated are shown in grey. (b) Percentage of maize cultivation in Switzerland relative to 
the total agricultural land per commune. Data basis: Generalized Commune Boundaries of Switzer-
land 2003, Farm Structure Survey 2003, Swiss Federal Statistical Office 
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Geographic Information Systems-analysis of a selected agricultural region 

The results of the GIS-analysis indicated that mean distances between maize areas in 

the communes of the selected agricultural region (Fig. 4) varied between 75 m (SE ± 3 

m) and 149 m (SE ± 10 m) among the different landscape types, with a mean distance 

of 112 m over all landscape types considered (Table 4). Distances between maize areas 

were shorter in landscape types, which are more suited for arable farming (such as the 

valley bottom area), than in landscape types with less arable farming such as the upland 

area. The median distance among all considered landscapes was 90 m, i.e., half of the 

maize areas in the selected region were separated by more than 90 m from the next 

maize area. In the valley bottom area, the region with the highest maize density, the 

median distance was 56 m. The analysis further showed that 57% of all maize areas in 

the selected region had a neighbouring area within a distance of 100 m, while 88% had 

one within a distance of 200 m. 

Because the GIS-analysis was based on an interpretation of aerial photographs, two 

points should be considered when interpreting the results of this approach: 

• The calculated distances between two maize areas could be overestimated, be-

cause the distance between two grids was calculated from the centre of the grid 

squares. The effective distance could therefore be shorter than the minimum 

measurable distance of 50 m between two maize areas. The resolution of the ap-

plied grid (25x25 m) did, unfortunately, not allow to calculate the percentage of 

fields located within a range of 20–50 m. This is especially important considering 

that the median shows that in the valley bottom area nearly half of the maize ar-

eas have a neighbouring maize field close to or below the minimal measurable dis-

tance of 50 m, which equals the proposed isolation distance for grain maize. The 

situation is, however, less critical considering that approximately two thirds of the 

maize area cultivated in Switzerland is used as silage maize where an isolation dis-

tance of 20 m could be applied. 

• The number of maize areas may be underestimated because two adjacent fields 

lying in the same grid were interpreted as one contiguous maize area. If these two 

fields would belong to two different farmers, the cultivation of GM maize would not 

be possible in that particular case, because minimum distances cannot be re-

spected. 

Although the approach using data of the Swiss farm structure survey showed that all 

communes lying within the agricultural region selected for the GIS-analysis disposed of 

sufficient arable land to allow for spatial isolation of 10% GM maize (Fig. 3a), the more 

precise GIS-analysis demonstrated that depending on the landscape type both the den-

sity of maize cultivation as well as the distances between maize fields can strongly differ 
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between landscape types within a small-scale (Table 4). Taking into account the limita-

tions of the selected approach, the GIS-analysis also showed that the proposed isolation 

distances of 50 m for grain maize and 20 m for silage maize may be implemented in 

many cases, because over the whole selected region half of the maize areas were sepa-

rated by more than 90 m from the next maize area. Nevertheless, only in a few cases, 

the cultivation of GM maize will be possible without coordination with neighbouring 

farms. Certain landscape types such as the valley bottom area revealed a relatively high 

density of maize cultivation making agreements between farmers necessary for nearly 

half of the fields when implementing an isolation distance of 50 m. In order to facilitate 

farmer agreements, GM site registers, possibly coordinated by public administration, 

would help to facilitate compliance with the necessary coexistence measures. In fact, 

public GM site registers are mandated by the European legislation (European Community, 

2001) for monitoring possible effects of GM crops on the environment. They could also be 

used for other purposes provided that privacy is warranted. It is further conceivable that 

such registers could be based on existing data bases that are already supported by public 

administration (e.g., for the coordination of agricultural subsidies). The German Federal 

Office of Consumer Protection and Food Safety (BVL), for example, coordinates an inter-

net based GM site register listing all sites where farmers intend to cultivate a GM crop 

variety. Every farmer is thereby obliged to notify the planned cultivation three months 

prior to seeding. 

Table 4: Means (±SE) and medians of shortest distances between maize areas, as well as percent-
age of areas which were located nearer than 100 and 200 m to another maize field in six different 
types of landscapes in the selected agricultural region 

Mean distancea) 
 

Median 
distancea) 

 
No. maize 

areas

 % of areas neighbouring 
another area

within a range ofType of landscape 

(m) ±SE (m) (= n) 100 m 200 m

1 Hill slopes 142 12 95 94 50 76

2 Alluvial cones of the lake 102 8 75 50 56 92

3 Valley bottom 75 3 56 137 80 100

4 Drumlin landscape 110 3 100 473 50 89

5 Moraine landscape 103 5 79 159 58 92

6 Upland area 149 10 103 126 46 78

 Total area Greifensee 112 90 57 88

a) based on calculation of “Euclidian Nearest Neighbour distance” (ENN) 
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Figure 4: Localization of maize fields in an 164 km2 area in the eastern canton of Zurich based on 
an assessment of aerial photographs using a land cover classification by means of a Geographic 
Information Systems (GIS) (Schüpbach et al. 2003). The map was used to calculate the shortest 
distance between maize fields. (Reproduced by permission of swisstopo BA071508) 

5.5 Conclusions 

The definition of isolation distances should be based on experimental studies that have 

assessed cross-fertilization in maize under realistic agricultural conditions including simi-

lar field sizes of both pollen donor and receptor. In order to infer the necessary isolation 

distances between GM and non-GM maize fields, current experimental data has to be 

carefully evaluated, mostly because actual agricultural conditions have only been partially 

considered in some studies. When applying the here defined criteria, relevant cross-

fertilization studies can be selected and recommendations for isolation distances between 

GM and non-GM maize fields can be made. Although several factors (experimental de-

sign, seasons, locations, methods used, size of pollen donor and receptor fields) were 

varying considerably among the studies considered, all studies showed a characteristic 

rapid decrease of cross-fertilization rates with increasing distance. A major challenge in 

the interpretation of cross-fertilization results lies within the adaptation of the results to 

the agricultural context of current maize cultivation. Both distribution of cross-fertilization 

within the field as well as the different uses of maize (green or silage maize) have to be 

considered when deducing science-based isolation distances. The results of the per-

formed analysis showed that an isolation distance of 20 m for silage maize, and 50 m for 

grain maize, respectively, is sufficient to keep GM-inputs from cross-fertilization below an 
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arbitrary level of 0.5% at the border of a non-GM maize field. The results of a number of 

studies performed under agricultural conditions in several European countries (Henry et 

al., 2003; POECB, 2004; Bannert, 2006; Della Porta et al., 2006; Weber et al., 2007) 

suggest that the here proposed isolation distances represent a rather conservative ap-

proach leaving an additional safety margin up to the current legal threshold of 0.9% in 

the final product. The two chosen approaches assessing whether the proposed isolation 

distances could be implemented in Switzerland when growing GM maize under actual 

Swiss agricultural conditions showed that the potential for spatial coexistence is strongly 

depending on the prevalent landscape structures. The results of both approaches demon-

strated that in the main maize cultivating areas in Switzerland, the isolation of GM maize 

fields using the proposed isolation distances is possible in the majority of the cases. In 

regions with a high ratio of maize cultivation within the arable land, however, agree-

ments between farmers will probably be necessary in half of the cases when implement-

ing an isolation distance of 50 m. The results of the present study confirm the conclu-

sions of a number of studies, which state that coexistence between GM and non-GM 

maize cultivation would be possible in European agriculture (van Dijk, 2004; Devos et al., 

2005; Messéan et al., 2006). 
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6 General conclusions and outlook 

The main objective of this thesis is to provide regulatory authorities with science-

based conceptual approaches to exemplify how the cultivation of genetically modified 

crops could be managed under current EU biotechnology regulation. An important ques-

tion is thus how far regulatory authorities do consider scientific recommendation and how 

far scientific data influences decision-making processes. In theory, rational policy solu-

tions should be facilitated by considering the objective information provided by science 

(Sarewitz, 2000; Rayner, 2004). This includes the (wrong) belief that “correct” decisions 

result if decision-makers are told what science reveals and that more science leads to 

better decisions (Raybould, 2007). This idea is deeply embedded both in the science and 

policy communities, to the extent that when a new environmental controversy starts to 

emerge, the intuitive reaction is to call for more research (Sarewitz, 2000). It has, how-

ever, been recognized that in reality environmental decision-making is much more com-

plex and never exclusively based on science (Sarewitz, 2000; Johnson et al., 2007; 

Lawton, 2007; Raybould, 2007). Decision-making is influenced by a number of factors 

including the consideration of economic, social and political aspects, cultural and ethical 

values, differing interests among the institutions involved and different interpretations of 

the scientific data provided. The contested case of agricultural biotechnology in Europe is 

a good example to exemplify the complexity of decision-making processes  and the role 

of science within these processes. 

6.1 Ecological impacts of genetically modified crops 

The here performed review of the available scientific literature showed that the risks of 

GM crops for the environment, and especially for biodiversity, have been extensively as-

sessed over the past 10 years of worldwide commercial cultivation of GM crops. Although 

a number of issues related to the interpretation of the obtained scientific data are de-

bated controversially, it can be argued that there is currently no scientific evidence that 

the commercial cultivation of GM crops has caused environmental impacts that exceed 

the impacts caused by conventional agricultural management practices. Despite this con-

clusion, the environmental safety of GM crops is contested both by the public and by cer-

tain regulatory authorities in the European Union. A majority of Europeans is more or less 

reluctant towards agricultural biotechnology and GM food is seen as not being useful, 

morally unacceptable and as a risk for society (Gaskell et al., 2006). In addition, a num-

ber of EU member states have repeatedly invoked safeguard clauses to adopt protective 

measures to ban the commercial cultivation of approved GM crop varieties on their terri-

tory. They provided scientific reasons that should support a prohibition of the use and 
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distribution of seeds of these varieties. In each case, the European Food Safety Authority 

(EFSA) concluded that, in terms of risk to the environment, no new scientific evidence 

had been presented that would invalidate the risk assessment of the approved Bt-maize 

varieties (EFSA, 2004, 2005, 2006b). Ultimately, all arguments put forward both by the 

member states invoking the safeguard clauses and by EFSA rejecting them are claimed 

to be scientific. Both parties refer to the legal frameworks regulating the approval and 

the use of GM crops, which aim at protecting the environment. Both claimed to evaluate 

whether observed environmental changes are relevant, that is whether the changes rep-

resent an environmental damage and thus need corrective action. The debate shows that 

scientific data is interpreted controversially by the different stakeholders involved. The 

here performed analysis suggests that the ongoing debate is generally not due to a lack 

of scientific data, but more to an ambiguous interpretation of what is considered an ecol-

ogically relevant effect of GM crops. Regulatory authorities currently lack criteria for the 

evaluation of effects of GM crops on the environment to decide whether environmental 

effects of GM crops represent relevant environmental impacts (see chapter 6.3). 

6.2 Conceptual framework for post-market monitoring of GM crops 

Post-market monitoring (PMM), as intended by the current EU legislation, aims at de-

tecting and preventing adverse effects on the environment that could result from com-

mercial cultivation of GM crops. Since comparable monitoring programmes are not man-

datory for conventional crops, they represent a new challenge for farmers, the agricul-

tural industry, scientists and regulators. In the present thesis, two conceptual frame-

works were developed that propose structures and procedures that could be used to im-

plement such PMM programmes. Three important conclusions can be drawn regarding the 

implementation of these programmes. First, the challenge to obtain information on the 

state of the environment is not new and the underlying principles have been established 

before. Although these monitoring programmes were originally designed for the purpose 

of environmental protection, the inherent principles remain valid for environmental PMM 

of GM crops. Second, pre-market risk assessment (PMRA) and PMM are two different 

stages during the development and commercialization of a GM plant. While PMRA is fo-

cused on the assessment of potential risks prior to the approval of a GM plant, PMM is a 

risk management option to control an identified risk and cover remaining, but acceptable, 

uncertainties. PMM is thus not a programme to repeat studies that have been performed 

during PMRA on a larger, commercial scale to confirm the previously obtained results. 

Third, PMM is composed of two conceptually different programmes. Given their different 

aims they have to be developed according to two different frameworks. 

Case-specific monitoring (CSM), focusing on anticipated effects of a specific GM crop, 

is linked to the investigations performed during PMRA. The decision to initiate a CSM pro-
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gramme requires open issues arising from PMRA that are subject to a degree of uncer-

tainty, for example, possible effects which could not be adequately addressed during 

PMRA because they may only appear after large-scale releases. The framework proposed 

for CSM is a bottom-up approach that includes the identification of a plausible risk hy-

pothesis seeking whether harm occurs in a particular environmental resource. To allow 

decision-making, the hypothesis must be formulated as such that ecologically relevant 

changes are detected with the maximum possible accuracy. 

General surveillance (GS), in contrast, has the aim to detect adverse effects on the 

environment that were not anticipated during PMRA. GS should follow a top-down ap-

proach concentrating on the subjects of environmental concern (so-called protection 

goals) that need to be preserved and that should not be adversely affected by GM crop 

cultivation, or by any other factor in general. Unanticipated environmental changes in the 

defined protection goals may be detected by using existing monitoring networks and by 

establishing appropriate reporting systems to collect reports on adverse incidents. Any 

result from GS can, however, not be directly linked to any specific attribute of GM crop 

cultivation. Causality between the detected changes and the cultivation of GM crops will 

have to be determined via specific risk assessment studies. Common to both pro-

grammes is the need to put a value on detected environmental changes. 

6.3 Decision-making during post-market monitoring of GM crops 

Regulatory authorities will make decisions on maintaining approvals for GM crop culti-

vation based on the results of PMM programmes. This will require decisions whether ob-

served environmental effects represent an environmental damage and whether this dam-

age can be ascribed to the cultivation of GM crops. Even if the above mentioned concep-

tual frameworks are followed, regulatory authorities are facing a number of challenges 

during decision-making related to PMM of GM crops. Based on the here performed analy-

sis, two main conclusions have to be considered for further developments. First, explicit 

evaluations what constitutes an environmental damage are difficult given that this ques-

tion can hardly be answered only from a scientific point of view. The current debate on 

the environmental safety of GM crops (see chapter 6.1) shows that the definition of dam-

age involves a value judgement, which is not only based on scientific but also on ethical, 

political, social, and economical criteria. Second, a number of methodological limits chal-

lenge the analysis of PMM data. Given that most biological indicators have an inherent 

strong variability, long time periods are generally needed for environmental changes to 

become apparent and a particular effect must have a high magnitude to be clearly recog-

nized. In addition, there could be difficulties in identifying the influence of the GM crop in 

comparison to the influence of various factors such as the bio-geographical region, land-

scape characteristics, the habitat type and the agricultural management applied. The 
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multitude of interacting factors will make it difficult to ascribe an observed effect unam-

biguously to the cultivation of a particular GM crop. The objective of environmental PMM 

programmes to detect adverse environmental effects caused by the cultivation of GM 

crops within the time periods available for decision-making may thus not be sufficiently 

addressed from a scientific point of view. Following the here performed analysis, it can be 

argued that this objective is difficult to attain and that an alternative approach will be 

necessary to allow a practicable decision-making. Such an alternative approach could 

consist in comparing the environmental effects of GM crops to known effects of currently 

accepted agricultural management practices (such as pesticide use, tillage, mowing, crop 

rotation, cultivar choice). Provided that it is justified to compare GM crops to conven-

tional crops, this comparative approach could allow to decide which GM crop effects are 

judged ecologically relevant and unacceptable when compared to impacts caused by cur-

rent agricultural practices. If the prevention of environmental damage is one of the main 

purposes of regulation, one could argue that protection goals should be the same for 

similar sectors. Decision criteria to valuate the effects of GM crops on the environment 

should thus be equivalent to the criteria that are applied to currently accepted agricul-

tural management practices.  

6.4 Isolation distances for transgenic maize cultivation 

The debate on the question of effective isolation distances between GM and non-GM 

maize fields is another example for a risk management area where scientific data is only 

one criterion considered by regulatory authorities during decision-making. Currently sev-

eral European countries have proposed largely differing isolation distances for maize 

ranging from 25 m up to 800 m. In the here performed review of existing cross-

fertilization studies in maize, it was shown that an isolation distance of 50 m would be 

sufficient to keep GM-inputs in the final product well below the 0.9% threshold defined 

by the EU. The results of a number of studies performed under agricultural conditions in 

several European countries (POECB, 2004; Bannert, 2006; Della Porta et al., 2007; We-

ber et al., 2007; Weekes et al., 2007) even suggest that the here proposed isolation dis-

tances represent a rather conservative approach leaving an additional safety margin. 

Such a conservative approach may be justified given that cross-fertilization is only one 

mechanism that may lead to a mixing of GM and non-GM products in the agricultural 

production chain (Bock et al., 2002; Tolstrup et al., 2003; Sanvido et al., 2005). In prac-

tice, however, regulatory decisions on the necessary measures to ensure the coexistence 

of GM and non-GM crop production systems are also influenced by political and economi-

cal aspects. From a political point of view, regulatory decisions may to a certain extent be 

influenced by public opinion currently being more or less reluctant towards agricultural 

biotechnology in the EU (Gaskell et al., 2006). From an economical point of view, deci-
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sions may be influenced by concerns related to liability issues following accidental admix-

tures, which would lead to redress claims by non-GM farmers. It seems that in many 

countries of the EU, these aspects are currently given a great importance, maybe also 

because in most countries the cultivation of GM crops is only of minor economic value. 

Regulatory authorities may thus weigh the interests of farmers cultivating non-GM crops 

higher than those cultivating GM crops. This translates into precautionary coexistence 

rules that impose a higher burden on the farmer introducing GM crops. The situation may 

change when the proportion of GM farmers increases and they would be able to exert a 

greater influence on political discussions and decisions. It may also be likely that coexis-

tence rules are relaxed with growing experiences with the cultivation of GM crops. The 

importance of scientific data in the definition of appropriate rules may then increase.  

6.5 Final conclusions 

Although science is not the only factor influencing environmental decision-making, the 

consideration of scientific principles (e.g., objectivity and reproducibility) is important to 

provide consistent decision-making processes and to ensure fairness towards the differ-

ent actors involved. The adherence to risk analysis principles is crucial for the functioning 

of a regulatory system that aims at addressing product safety. Consistent decision-

making processes require that risk assessments and risk management of potential haz-

ards of GM crops follow a structured approach and that standard scientific methods are 

used. It is, however, also important to recognize the limits of science and research in 

environmental decision-making. Science is not detached from values and decisions are 

therefore never entirely objective. Subjective decisions include choices on what environ-

mental resources are of value for the society and are thus relevant to be included in a 

risk assessment or monitoring programme. Similarly, the definition of ecological rele-

vance and of environmental damage is strongly subjective, because it is based on a value 

judgement of what we choose to be worthy of protection. The current controversial de-

bate on the environmental impacts of GM crops is mainly a dispute over differing value 

judgements. As long as there is dispute over values, science can offer little to resolve 

those value differences; any scientific debate may instead be transformed into a political 

debate (Pielke Jr, 2007). The debate on GM crops is thus probably less caused by a lack 

of scientific data, but more by the contrary, by an excess of scientific data. As argued by 

Sarewitz (2004), in the case of most environmental controversies, the vast amount of 

scientific data currently available can be interpreted in different ways and it is possible to 

compile diverse sets of scientifically legitimated facts that support different predeter-

mined, value-based position. Those holding different value positions may see in the huge 

and diverse body of scientific information different facts, theories and hypothesis consis-

tent with their own normative framework (Sarewitz, 2004). The answer to resolve the 



Chapter 6 – General conclusions and outlook 
  
 

114 

current debate on GM crops lies thus not primarily in performing more research to gener-

ate additional scientific data, but more in an attempt to resolve the debate over values. 

The debate can only be solved by clarifying the different existing value positions to pos-

sibly find a consensus on the role of agricultural biotechnology in Europe. This process is 

far from being straightforward and small, iterative steps will be required in order to facili-

tate consensus finding. It includes clarifying the role of agricultural biotechnology within 

modern agriculture and, more generally, clarifying the role of modern agriculture in our 

European society. In such a process, science can provide the necessary knowledge for a 

better understanding of the likely consequences of different options. Science does thus 

not provide the solutions, but it can help to understand the consequences of different 

choices (Lubchenco, 1998). 
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