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Abstract

Field releases of genetically modified crops may have irreversible consequences for the ecosystem, such as biodiversity loss, and risk management needs to take these potential irreversibilities into account. Recently, the precautionary principle has received widespread attention in decision making under uncertainty. We discuss policy responses to risk, in particular, how the precautionary principle and the criteria proposed in the European Environment Agency report “Late lessons from early warnings” may be applied in risk management of GMO. Moreover, we discuss Bayesian analysis as a means for improving the informational basis for decision making under uncertainty about potentially irreversible effects on the ecosystem. 
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1. Introduction

It is frequently argued that genetic modification techniques provide a faster and more effective method for a process that has been carried out for ages, namely, the development of desirable characteristics in crops and animals through selective breeding. However, this implied argument overlooks the qualitative difference between the two types of processes. Selective breeding permits the concentration of certain characteristics which are already inherent within a particular species, or which are enhanced by hybridization between closely related species. On the other hand, the unpredictability created by the introduction of genetic material from entirely unrelated species is a qualitatively different issue that raises a number of environmental and health related safety concerns.

In this paper we focus on the environmental risks associated with genetically modified organisms, mainly crop plants, and we also discuss health risks as well as possible interactions between the environmental, health related, social and economic consequences of adoption of genetically modified organisms (GMO). The complexity of ecological systems presents considerable challenges for experiments to assess the risks and benefits and inevitable uncertainties of GMO. Field releases of genetically modified crops may have irreversible consequences for the ecosystem, and the risk management needs to take these potential irreversibilities as well as the ethical questions into account. The lack of relevant and reliable empirical data makes it difficult to apply traditional risk management methods based on probability distributions. 

The policy responses to GMO have lately been divergent in the United States and in the European Union. In the United States field releases of GMO may be implemented after notifying the US Department of Agriculture, without any formal public risk assessment before field testing (Goldburg 2000, p.70). With regard to food safety regulation, the US Food and Drug Administration requests that companies voluntarily consult with the agency before marketing GMO food. However, transgenic crops that produce insect toxins must undergo two separate reviews of environmental safety, by the EPA and the USDA, before they can be sold commercially (Marvier 2001). 

In the European Union, a de-facto moratorium has been implemented on GMO food since 1999. In Norway, an official committee in 2000 rejected the prospect of a moratorium for GMO food, based on a consideration of health effects, not taking environmental risks into account (NOU 2000:29). At the moment, the Norwegian Food Control Authority has not yet approved any GMO food. An application for approval of vitamin E derived from Roundup Ready soya is currently under consideration. A particular feature of the GMO regulations in Norway is the import ban on food, forage and seeds that contain genes coding for antibiotics resistance.

This paper attempts at approaching the problem of GMO risk from the diverse approaches of biology, ecology, economics and statistical decision theory. We try to bridge the gap between the informational contributions from each of these scientific traditions in order to obtain a more comprehensive approach to risk management. Recently, the precautionary principle has received widespread attention in decision making where the situation is characterized by threats of irreversible damage as well as considerable lack of statistical information. We discuss the application of the precautionary principle in the risk management of GMO as well as the related informational problems. In particular, we discuss Bayesian analysis as a means for improving the informational basis for decision making under large uncertainty about potentially irreversible effects on the ecosystem. We argue that the decision-making under uncertainty needs to incorporate a precautionary principle based on environmental responsibility. 

2. Health effects of genetically modified food

It is difficult to assess the health effects of GMO food. Experiments with randomly selected groups eating GMO food and non-GMO food over a certain period have never been undertaken on humans. Moreover, many potential health effects of GMO food would appear as additional effects to other adverse health impacts, making it difficult to assess causal relationships. Some of the main concerns related to human health risks include toxic or allergic reactions of genetic modification, and direct uptake of genetic material, which might e.g. lead to increased antibiotics resistance. Potential health effects of GMO food have been  extensively discussed in the British report by Donaldson and May (1999) and by a Norwegian expert committee, see NOU (2000:29).

First, it has been debated whether the inserted gene may itself have adverse health effects. It has been argued that the direct uptake of genetic material into human cells is extremely unlikely. Traavik (1999), however, argues that the lack of reliable data on the direct uptake of genetic material into human cells precludes any assessments of risk levels, and that the precautionary principle should be applied in the risk evaluation. The unpredictability created by the introduction of genetic material from entirely unrelated species, such as genes from Arctic flounder to improve cold tolerance in potatoes, raises a number of environmental and health related concerns.

A further concern is that the inserted gene may code for a protein that is toxic to human beings or produces an allergic reaction. The much debated results of Arpad Pusztai, reported in Ewen and Pusztai (1999), indicate that rats fed on genetically modified potatoes suffered from stunted growth, intestinal damage, and immune system problems. The potatoes were genetically modified to produce a protein, known as lectin, with strong pesticidal properties. However, the addition of the lectin to non-modified potatoes did not lead to the adverse effects, and this suggests that the effects were being caused by the process of genetic modification itself, rather than by the toxicity of the lectin. 

The Pusztai experiments lead to substantial controversies in the scientific community. Following the media interest in the case while the paper was still under review, Dr. Pusztai was suspended from the Rowett Research Institute and subjected to investigation, see Hadfield (2000) for a further discussion. The controversies surrounding the research of Arpad Pusztai not only illustrate the extent of the scientific disagreement on the health effects of GMO food, but also the ethical dilemma in the close ties between research and biotechnological industry.

The possibility that antibiotic resistance genes might be transferred from GMOs needs particular consideration. Antibiotic resistance genes are used in order to select those organisms that have been successfully genetically modified. The health concern relates to whether antibiotic resistance genes may be transferred to bacteria and hence impair the effect of clinical antibiotics and possibly contribute to the further evolution of antibiotics resistance. Although excessive use of antibiotics is more dangerous for the evolution of antibiotics resistance, the widespread use of antibiotic resistance genes may potentially contribute to additional resistance problems. 

3. Environmental risks of genetically modified crops

Ecologists, botanists and other scientists have long expressed concerns about the potential irreversible impacts of releasing GMOs into the natural environment, while others emphasize their potential benefits in increasing agricultural output and enhancing certain aspects of food quality, as well as potential environmental benefits such as reduced pesticide and herbicide use, soil conservation and phytoremediation of polluted soil and surface water. The release of GMOs highlights the general difficulty in predicting the occurrence and extent of long-term environmental effects when non-native species are introduced into ecosystems. Wolfenbarger and Phifer (2000) review the literature on empirical studies on the potential environmental risks and benefits of GMO, and Marvier (2001) outlines the discussion of the ecology of transgenic crops. The environmental risks related to GMO crops include herbicide resistance and the development of superweeds, nontarget adverse effects on beneficial organisms such as pollinators, loss of biological and genetic diversity, and the development of antibiotics resistance.

Field adoptions of GMO crops raise the issue of how the introduced species will interact with the native ecosystems. The analogy between planting of transgenic crops and the introduction of non-native plant species suggests several additional factors to consider when assessing the environmental risks of GMO. While many nonindigenous species are regarded as harmless or beneficial, other introduced species, commonly referred to as invasive species, have spread widely in their nonnative ecosystems and caused unintended degradation of natural ecosystem functions and structure. Indeed, invasive species have been categorized as one of the three most pressing environmental problems, in addition to global climate change and habitat loss (Wolfenbarger and Phifer 2000). Genetic modifications, whether through traditional breeding or genetic engineering, can potentially create changes that enhance the ability of an organism to become an invasive species. In practice, few introduced organisms become invasive, yet an issue for the management of all introduced organisms, including GMOs, is how to identify those modifications that may lead to or augment invasive characteristics (Warwick and Small 1999).

The vulnerability of ecosystems, for example to invasive species, is exacerbated by human activity, such as clear cutting of forests and other changes in land-use. An example is bracken Pteridium aquilinum that displaces other vegetation and is considered to be a threat to natural woodland and grassland, in particular after logging and excessive grazing. Rapid changes in land-use lead to large increases in wasteland and other uncultivated areas that increasingly are colonized by invasive weeds.

Recent studies show that herbicid-resistance has been transferred from GMO crops to weeds (Ellstrand, Prentice and Hancock 1999). Herbicide-tolerant weeds, called superweeds, may evolve through the transfer of herbicide-tolerant traits by way of gene flow from transgenic plants to wild plants. For example, glyphosate tolerance is now known in rigid rygrass, a pernicious weed. If glyphosate resistance spreads, there is the concern that more toxic herbicides may be required.

The empirical question is to what extent it is likely that the GMO crop or its hybrids with wild relatives will persist outside cultivation. Wolfenbarger and Phifer (2000) review a number of studies on rapeseed that indicate that self-sustaining populations of transgenes outside cultivation seem unlikely, whereas establishment through hybridization with wild relatives seems more likely. GMO rapeseed pollen has been found in honey several miles from the field. The analogy between invasive species and the establishment of populations of transgenes suggests that cost estimates of invasive species may be used in empirical risk evaluations of GMOs. A study by Pimentel et al. (2000) indicates that the costs of invasive species in the United States amounted to 137 billion dollars annually.

Another source of uncertainty is the direct nontarget effects on beneficial and native organisms. Plants engineered to produce proteins with pesticidal properties, such as Bacillus thuringiensis (Bt) toxin, may have both direct and indirect effects on populations of nontarget species, such as the pollinators of our orchards. Laboratory experiments suggest that adverse effects may occur when monarch butterfly larvae ingest Bt corn pollen (Losey, Raynor and Carter 1999). Ladybird larvae, who contribute to controlling harmful insects, have also been adversely affected by genetically modified corn. Bt corn can release toxin through its roots into the soil and may thereby affect the soil microfauna important for the decomposition of organic material in the soil (Saxena et al. 1999). Moreover, gains may be short-lived. The development of resistance for Bt toxins may be a likely scenario, supported by evidence from China where Bt cotton after few years use again has been reported pest affected.

Ecosystems are complex, and not every risk associated with the release of new organisms, including GMO, can be identified, much less taken into account. Potential outcomes are unknown and unpredictable. Some risks derive from rare events, and it may take many years for problems to emerge. Monitoring of GMO crops is discussed by Marvier, Meir and Kareiva (1999), and Marvier (2001) suggests that 30 or more years of sampling might be required. Unknown risks may surface as the frequency and scale of the introduction of new species increase. At larger spatial scales, there is a greater possibility for contact with sensitive species or habitats or for landscape-level changes because at larger scales more ecosystems could be altered. As agricultural areas expand, the risks associated with field releases of GMO amplify. Most of the empirical studies have focused on agricultural habitats, not on natural ecosystems. Laboratory-based research may not be representative of conditions on real farms. In experimental studies, the dynamics of gene flows from GMO crops to weeds will best be described by the use of commercial-sized plots (Klinger and Ellstrand 1999). 

Adoption of GMO crops may reduce the biological diversity and hence, the genetic diversity in important food crops. Wild maize originated in Mexico and has been cultivated for at least 3500 years. Although the wild maize became extinct 2000 years ago, its genes have survived in a large number of local varieties. This unique resource is now being threatened by genetically modified corn that may crowd-out the local varieties, effectively contributing to their extinction and leading to an irreversible loss of genes. GMO maize contaminating neighbours’ fields represents a threat to the right to grow and guarantee GMO-free maize.

A recent study of the effect of GMO adoption on local maize varieties in Mexico again illustrates the scientific controversies on the environmental risks of GMOs as well as the ethical dilemma in the close ties between research and biotechnological industry. In November 2001 Nature published an article by Eric Quist and Ignacio Chapela of University of California, Berkeley, showing that transgenes are found in five out of seven native varieties of maize in Mexico. After a number of critical reviews of the Quist and Chapela results, Nature surprisingly claimed in an editorial note of 11 April 2002 that “the evidence is not sufficient to justify the publication of the original paper”. Later it has been reported by the Guardian that the strong pressure on Nature to disclaim the article may have been initiated and sponsored by the biotechnology industry.

Critical questions are crucial for scientific improvements. A constructive criticism, however, would be to initiate new research, to test the results of Quist and Chapela by new analyses of gene flows in maize, as well as testing the results of Pusztai by new rat experiments. In both cases, the criticism has created an atmosphere of suspicion and lack of confidence in researchers who pose the difficult question: What happens when genes unintendedly are transferred to new species and new habitats? What are the ecological, genetical, health related, social and economic consequences of genetic modifications? In order to improve our understanding of these questions, it is crucial to ensure the possibilities for independently financed research.

4.
Long-term uncertainty, irreversibility and the precautionary principle

The long-term uncertainty about the environmental effects of genetically modified crops is amplified by the irreversibility of releasing such crops in the field. If GMOs subsequently are found to have detrimental effects in terms of for example invasiveness or nontarget effects on beneficial species, there is no way of “calling back” the organisms that carry the undesirable traits. This extent of irreversibility may be illustrated by comparing the uncertainty related to GMO to the uncertainty caused by the adoption of other types of new technology, say cellular telephones, possibly causing harmful radiation. 

If future research should substantiate links between that particular type of electromagnetic fields and brain injuries, the use of cellular telephones may, in principle, be discontinued. Although the harmful health effects are irreversible for the individuals affected, they are reversible, in principle, for society, since the objects that carry the undesirable traits may be called back. The adoption of new technologies that directly influence the relationship between species in the natural ecosystems, like superweeds that never could be called back, may create irreversible effects of another magnitude than other types of technology adoption. In light of the substantial uncertainty related to the effects of GMO food, hypothesis testing needs to be supplemented by other tools, for example the precautionary principle that has been proposed as offering guidance in situations where scientific knowledge is so incomplete that probability distributions are not established.

The precautionary principle was introduced at the 1992 Rio conference on environment and development in its principle 15, which states that “where there are threats of serious or irreversible damage, lack of full scientific knowledge shall not be used as a reason for postponing cost-effective measures to prevent environmental degradation.” The European Union officially endorsed the precautionary principle in article 174 of the EU Treaty. The precautionary principle can be seen as an expression of collective self-interest in promoting the environmental values of prudence and good stewardship, see Francis (1996) and O’Riordan and Jordan (1995).

Over the last decade, the controversy over how to interpret the precautionary principle and apply it as a decision-making tool has inspired a substantial literature, see for example Gollier (2001) and Gollier, Jullien and Treich (2000) for an economic perspective. According to the latter paper, the intuition behind the precautionary principle is that in light of substantial uncertainty, other preventive strategies may be justified than what is usually called for by the notion of risk aversion in standard decision-making under uncertainty.

However, it can be argued that the precautionary principle finds its expression in terms of risk aversion. Consider the choice between two decisions being evaluated to give the same expected annual monetary loss. A standard risk aversion argument, as applied in insurance and given in Natvig and Gåsemyr (1996) and Natvig (1987) leads to preferring the decision based on larger probabilities for less severe consequences compared to the one with smaller probabilities for more severe consequences. This risk aversion argument is strengthened if the uncertainties in probabilities and consequences are larger, and even more if the ethical problems are more apparent, in the latter decision. Hence, risk aversion considerations can be viewed as an application of the precautionary principle. 

Gollier (2001) points out a number of arguments that support the application of the precautionary principle. The vulnerability of future irreversible damage of ecosystems induces a precautionary motive for risk-prevention and future flexibility represents an option value. Moreover, since imperfect knowledge of the risk makes it difficult to insure, the social cost of risk should include a risk premium. Finally, uncertainty about the economic and environmental situation of future generations should be taken into account. 

In 2001 the European Environment Agency (EEA) published a report, entitled “Late lessons from early warnings: The precautionary principle 1896-2000”, on how precaution was used, or not used, in dealing with some well-known occupational, public health and environmental hazards. The report describes the environmental and health costs of not responding to credible scientific “early warnings” and summarizes some of the “late lessons” that may be drawn from these experiences, EEA (2001), pp. 168-169:

1. Acknowledge and respond to ignorance, as well as uncertainty and risk, in technology appraisal and public policy-making.

2. Provide adequate long-term environmental and health monitoring and research into early warnings.

3. Identify and work to reduce “blind spots” and gaps in scientific knowledge.

4. Identify and reduce interdisciplinary obstacles to learning.

5. Ensure that real world conditions are adequately accounted for in regulatory appraisal.

6. Systematically scrutinize the claimed justifications and benefits alongside the potential risks.

7. Evaluate a range of alternative options for meeting needs alongside the option under appraisal, and promote more robust, diverse and adaptable technologies so as to minimize the costs of surprises and maximize the benefits of innovation.

8. Ensure use of “lay” and local knowledge as well as relevant specialist expertise in the appraisal.

9. Take full account of the assumptions and values of different social groups.

10. Maintain the regulatory independence of interested parties while retaining an inclusive approach to information and opinion gathering.

11. Identify and reduce institutional obstacles to learning and action.

12. Avoid “paralysis by analysis” by acting to reduce potential harm when there are reasonable grounds for concern.

A key element in recent applications of the precautionary principle is the recognition that not all future outcomes may be well defined at the time of risk assessment. Hence, a precautionary approach to regulation requires a greater willingness to acknowledge the possibility of ignorance and surprise in potential future outcomes. What is often referred to as uncertainty may actually hide the distinction between uncertainty, risk and ignorance, see Stirling (1999).

The environmental and health related uncertainties are intertwined with economic and political uncertainties. The biotechnological industry as well as the national governments are faced with uncertainty about international regulations of GMO and stakeholder reactions, such as consumer response to information about the effect of GMO food. Public opposition to the genetic engineering of food crops has not been based solely on concern about environmental and health related risks, see Burton (2001) and Noussair, Robin and Ruffieux (2002). Economic risks have been widely cited too, as dicussed by Harhoff, Régibeau and Rockett (2001). Such economic risks include the fear that the world’s food supply increasingly will be concentrated in the hands of a few large firms, the concern over such firms engaging in anti-competitive practices such as the integration of seed and agri-chemical manufacturers, as well as the issues of ownership rights over genetic resources being transferred to the private sector. The introduction of terminator genes gives rise to particular consideration. This type of genetically modified crops does not yield fertile seeds. Farmers can no longer depend on own production of seeds, but have to buy seeds and may be threatened by litigation even if their native crops unintentionally are polluted by windspread GMO (Warwick and Meziani 2002). 

A precautionary approach to biotechnology may challenge trade liberalization in agriculture, see Eggers and Mackenzie (2000). As demand for non-GMO maize increases, prices for non-GMO maize increase as well, and there are stronger incentives for dumping of GMO maize in poor countries. Policy makers face a dilemma: a stringent regulatory approach may enhance food quality and food safety, but at the cost of increasing market concentration (Batie and Ervin 2001).

Given the complexity of the uncertainties, it is of outmost importance to refine the statistical methods for improving the informational basis for decision-making under uncertainty. Recently, more attention has been given to the Bayesian approach of updating probabilities based on new information. The Bayesian approach could be a highly promising avenue for applying a precautionary principle. In the following section, we discuss an example that illustrates how Bayesian analysis offers a consistent framework for revising probabilities in view of new information.

5. A Bayesian approach

Let us illustrate the Bayesian decision problem by the following simple example, adapted from Natvig (1999). Assume now that the decision maker is a government, considering whether to impose a moratorium on GMO food in the country, or whether to "wait and see", which in this context means that GMO food may be introduced subject to given regulations and standards.

As discussed above, the uncertainty in this decision problem is of two types, a biological and ecological uncertainty related to the health and environmental effects of GMO food, and a political and economic uncertainty related to international regulations and other stakeholder reactions, such as consumer and industry responses. The decision maker faces two possible decisions, the radical option (R) of imposing a moratorium and the more conservative option (C) of wait and see:

R  =  a moratorium on GMO food is imposed

C  =  wait and see.

Consider the states good (G) and bad (B) with regard to the safety of GMO food:

G  =  GMO food is safe relative to anticipated standards

B  =  GMO food is not safe relative to anticipated standards.

Government experts assess the following subjective probability distribution for the safety of GMO food: 
[image: image1.wmf]()0.4and()0.6

==

PGPB

.

In order to improve the basis for the decision problem, independent experts are consulted on the safety issue. Two groups of experts evaluating the same data may reach opposite conclusions, depending for example on how they view the burden of proof. Assume that the experts may give either of two conclusions:
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  =  positive evaluation, that is, GMO food is safe relative to anticipated standards
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  =  negative evaluation, that is, GMO food is not safe relative to anticipated standards.

Consider now the situation where the experts arrive at the first conclusion, that is, GMO food is safe relative to anticipated standards. The experts emphasize, however, that their evaluation is subject to large uncertainty. We will now discuss how the uncertainty of the expert evaluation will influence the decision problem of whether to impose a moratorium or not.
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 the conditional probability of a positive evaluation given that GMO food in fact is safe, and by 
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 the conditional probability of a positive evaluation given that GMO food in fact is not safe. The experts conclude that 
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Hence, there is a 20 per cent probability that the experts will give a positive evaluation even if GMO food is not safe.

Based on the positive evaluation of the experts, the decision maker would like to update the à priori probability distributions 
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 and use the new conditional probabilities 
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 in the decision problem. Recall that the definition of conditional probability is



[image: image13.wmf](

)

(

)

(

)

()

()

()

Ç+

+=

+

PGE

PGE

PE

.

In order to find 
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and hence we obtain 
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In order to find 
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Hence, we obtain
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Similarly, we obtain 
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As compared to the situation before the positive expert evaluation, the probability that GMO food is safe has increased from 
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The precautionary approach taken by the decision maker is reflected in their evaluation of risk. In order to choose between R and C the decision maker has to evaluate the risk, that is, subjectively assess the gain or loss of each decision relative to the inherent uncertainty. The decision maker is faced with two types of loss, the environmental cost in the event that GMOs are not safe and a moratorium is not imposed, and the loss of potential gains from GMO products in the event that GMOs are safe and a moratorium is imposed. Table 1 illustrates the trade-off between the two types of loss, relative to the correct decisions of imposing a moratorium when GMOs are not safe and not imposing a moratorium when GMOs are safe.

Table 1.
A numerical example of risk evaluation: Gain from decisions “Moratorium” vs. “Wait and see”

	
	State

	
	GMO safe
	GMO not safe

	Decision
	Moratorium (R)
	(100
	
	0
	

	
	Wait and see (C)
	0
	
	(1000
	


Table 1 illustrates a scenario where it is assumed that the most serious mistake is not to impose a moratorium in the event that GMO food is not safe. In this case the loss is 1000, representing the environmental and health damage that may result from hazardous GMO food. If, on the other hand, data indicate that GMO is safe, and a moratorium nonetheless is imposed, the loss is 100, representing the loss of potential gains from safe GMO products. The correct decisions where a moratorium is imposed in a situation where data indicate that GMO food is not safe, and not imposing a moratorium when GMO food is safe, correspond to zero loss.

Combining the value function 
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[image: image29.wmf](

)

()0.75

+=

PGE

 and 
[image: image30.wmf](

)

()0.25

+=

PBE

, we obtain the following expected value of the gain in each situation:



[image: image31.wmf]()1000.7500.2575

=-×+×=-

EVR


and



[image: image32.wmf]()00.7510000.25250

=×-×=-

EVC

.

The expected loss of imposing the moratorium is smaller than the expected loss of wait and see, hence, the appropriate decision is to impose the moratorium although the conditional probability that GMO food is not safe, given the positive expert evaluation, is as low as 0.25.

This conclusion is highly sensitive to the choice of value function, that is, the assessment of potential gain and loss. Assume for example that the loss from not imposing a moratorium in the event that GMO food is not safe is reduced to -300, reflecting a much higher willingness to accept the risk as compared to the case in Table 1. In this case we find that



[image: image33.wmf]()()00.753000.2575

==×-×=-

EVREVC


and the decision maker is indifferent between imposing a moratorium and choosing the wait and see strategy.The difference between the evaluation of uncertainty in these two examples can be interpreted as an application of the precautionary principle. The evaluation of risk as implied by the weights of the gains and losses in the objective function given in Table 1 implies a much lower willingness of society to accept the risk of GMO food not being safe, expressing a precautionary approach from the decision maker. 

A key parameter in empirically based risk management is the relationship between the social evaluation of potential risks and potential benefits associated with GMO adoption. Wesseler (2001) has analysed the main GMO crops cultivated in Europe and measured the benefits of GMO adoption as reduced pesticide use. A reduction in pesticide use leads to less health problems and reduced loss of biodiversity. He calculated the maximum tolerable irreversible cost to 9.85 euro per hectare per year, and found that the benefits have to be 22 per cent higher than the cost-benefit difference in order to justify immediate release of new GMO crops. A crucial point is whether the price of non-GMO food increases relative to GMO food. Evidence from North America indicates a premium paid for non-GMO food (Warwick and Meziani 2002).

As discussed above, the risks associated with field releases of GMO crops have similarities with the risks of invasive species and loss of biodiversity. Hence, estimates of the cost of invasive species (Pimentel et al. 2000) and the value of biodiversity (Kunin and Lawton 1996) may give a starting point for risk evaluation. Nonetheless, as the analogies are somewhat limited, direct experimentation and monitoring are the primary tools for risk assessment. 

As Marvier (2001) discusses, it is problematic that many risk assessments of GMO crops are based on small samples or unrepeated experiments. Marvier reviewed a number of petitions for approval by the U.S. Department of Agriculture. For a toxicity study of Bt cotton she found that it relied on a small sample 
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 and did not give a statistically significant conclusion, whereas an increase to only eight replicates would give a statistically significant result that this Bt cotton did harm the tested species. In another study, of Bt potatoes, she found that investigators repeated experiments only when a statistically significant non-target effect of Bt toxin was detected. If no effect was detected, the investigators did not repeat the experiment. Other studies documented significant impacts of Bt toxin on nontarget species. If the assumption “safe until proven otherwise” is to be maintained, the rigor of testing must be improved considerably.

6. Conclusions

Neither the risks nor the benefits of GMO food are certain or universal. The inability to predict long-term ecological impacts of genetically engineered and introduced species may require modifications of commonly accepted risk management strategies. The characteristics of GMO crops may qualitatively differ from those available through selective breeding, that is limited by the available genetic variability within the organisms and its close relatives. The unpredictability of the environmental effects of GMO is exacerbated by the genetic engineering removing those limits.

The unpredictable effects of the introduction of transgenic plants in nature represent a considerable risk to our ecosystems. Biodiversity is threatened directly and indirectly via invasive species and habitat loss. In view of the considerable uncertainty, new approaches to decision-making are needed, incorporating a precautionary principle that is based on a long-term environmental responsibility. The interactions between the environmental and health related risks challenge consumers to demand food that is grown in a sustainable and environmentally-friendly way.
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