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ABSTRACT. Weight of evidence and biological relevance are important concepts for risk
assessment and decision-making over the use of GM crops; however, their meanings are not
well defined. We use problem formulation to clarify the definition of these concepts and thereby
identify data that are relevant for risk assessment. Problem formulation defines criteria for the
acceptability of risk and devises rigorous tests of the hypothesis that the criteria are met.
Corroboration or falsification of such hypotheses characterize risk and enable predictable and
transparent decisions about whether certain risks from using a particular GM crop are acceptable.
Decisions based on a weight of evidence approach use a synthesis of several lines of evidence,
whereas a “definitive” approach to risk assessment enables some decisions to be based on the
results of a single test. Data are biologically relevant for risk assessment only if they test
a hypothesis that is useful for decision-making.
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INTRODUCTION

Risk assessment makes predictions about the
likelihood and potential severity of harmful effects
that may occur following a course of action. The
predictions contribute to decision-making about
whether the action ought to be taken.1

Sometimes, a risk may be characterized suffi-
ciently for decision-making based on the result of
a single test; such tests are often said to be
“definitive”.2,3 In contrast, characterizing a risk
using a synthesis of data from many sources to
help reach a decision is called a weight-of-
evidence (WoE) approach.4 Reliability and rele-
vance of data are central to discussions about how
syntheses of data should be used in risk assess-
ments to inform decision-making about uses of
chemicals, including pesticides, and genetically
modified (GM) crops,5,6 and are also crucial to
activities such as meta-analysis and systematic
reviews.7

Discussion of WoE approaches to risk
assessment has concentrated on the reliability
of the data, which depends, among other
things, on the validity of the methods used to
obtain the data and the detail in which the data
are reported.8–11 Here we discuss the rele-
vance of data. We propose that relevant data
are those that rigorously test a hypothesis that
the activity under assessment does not pose an
unacceptable risk. This view of relevance
leads to the idea that a WoE approach to risk
assessment is not necessarily characterized by
greater amounts or diversity of data than other
methods, but by difficulties in organizing
hypotheses and data to devise a single, clear
decision-making criterion.

The ability of data to test hypotheses of no
unacceptable risk also clarifies the concept of
biological relevance, which is central to many
regulatory risk assessments of GM crops, but
which has proved difficult to define.12 A biologi-
cally relevant difference shows a hypothesis of no
unacceptable risk is false. It follows that if no
conceivable value of a variable could falsify
such a hypothesis, the variable is not biologically
relevant for the purposes of the risk assessment.
As we explain below, defining biological rele-
vance in these terms targets risk assessment
towards testing whether specific variables take

particular preset values; for example, a human
health risk assessment for a GM crop might test
whether the concentration of an endogenous plant
toxin exceeds a certain value that decision-
makers have previously defined as unacceptable.
The corollary is that risk assessment avoids pro-
filing, which in this case would be testing the null
hypothesis of no difference between the GM crop
and a comparator for numerous compounds of
unassigned importance. In other words, biologi-
cal relevance should be defined at the beginning
of a risk assessment, not thought about only once
some statistically significant differences have
been discovered.

We use hypothetical environmental exam-
ples to illustrate how hypothesis testing can
clarify the concepts of weight of evidence
and biological relevance for GM crop risk
assessment and decision-making. Such clar-
ification will help to identify data that are
essential for decision-making and thereby
reduce the likelihood that resources will be
misallocated to the assessment of negligible
risks or to the measurement of variables that
have no relevance for decision-making.13,14

PROBLEM FORMULATION: RISK
ASSESSMENT AS HYPOTHESIS

TESTING

Risk is a combination of the probability and
severity of a harmful effect. Risk is low if
a harmful effect is unlikely, and its consequences
would be minimal. Risk is high when a harmful
effect is likely and would have serious conse-
quences were it to occur. Ascribing a level of risk
is more complicated when the probability is low
and severity is high or vice versa. In these circum-
stances, the risk tends to follow the severity of the
harmful effect: a severe effect that is unlikely is
usually regarded as posing a higher risk than
a minor effect that is almost certain to happen.
Risk is unavoidable: every decision we make,
including to continue as we are, may lead to
a harmful effect. Improving decision-making by
estimating the probability and severity of harmful
effects is the purpose of risk assessment.

Effective risk assessment is a structured ana-
lysis of the risks posed by undertaking a certain
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activity, such as cultivating a particular GM
crop. Risk assessment should not seek to cata-
log all possible effects of an activity. Instead, it
should define what would be regarded as its
harmful effects, and then estimate the likeli-
hood and severity of their occurrence (i.e., the
risk) if the activity were to go ahead. Similar
analyses could be undertaken for risks asso-
ciated with not undertaking the activity, which
may include the loss of potential benefits. Risk
may not need to be quantified precisely; instead
determining whether risk exceeds a threshold
of acceptability is sufficient.15 Agreeing the
definitions of harm and the amount of risk
that is acceptable, and devising a plan to test
whether a decision poses an acceptable risk is
called problem formulation.

In essence, all risk assessments test the same
general hypothesis: there are no unacceptable
risks associated with the activity that is being
proposed. Acceptability of risk may be mea-
sured against an absolute standard; that is, there
is some level of risk that is unacceptable in all
circumstances. Alternatively, acceptability of
risk may be judged relative to the potential
benefits of the proposed activity.16 In situations
where the probability and value of benefits are
sufficiently high, we may accept serious risk.
On the other hand, if an activity is unlikely to
produce benefit, or the benefits are likely to be
small or uncertain, even minor risk may be
unacceptable.

PATHWAYS TO HARM

The general hypothesis that a proposed activ-
ity poses no unacceptable risks needs to be
translated into one or more specific testable
scientific hypotheses. A conceptual model called
a pathway to harm is a useful tool for producing
such hypotheses. Such pathways set out the
events that must occur if the intended activity
is to produce harm, and are conceptually similar
to adverse outcome pathways (AOPs) used in
toxicology and ecotoxicology.17–19

The term AOP tends to be used when deter-
mining whether exposure to a chemical causes

a particular adverse effect on individual
organisms (hazard characterization), whereas
a pathway to harm aims to determine the
probability and severity of harm, which may
be defined by the likelihood of damage to
populations or the functions they provide
(risk characterization). Nevertheless, the
terms overlap in their meaning. Pathway to
harm is used in this paper as this term is
more common than AOP in the GM crop risk
assessment literature.

A generic pathway to harm is given below:

Each step in the pathway can lead to
testable hypotheses of the form “Event
A does not lead to Event B”, “Event
B does not lead to Event C”, and so on.
The exact form of these “risk hypotheses”
will depend on the definition of the harmful
event and the amount of risk that is accep-
table, and could be that Event B never
occurs, Event B occurs only at a certain
time or place (e.g., when or where the con-
ditions for Event C to occur are not met) or
Event B occurs below a certain frequency or
magnitude (e.g., at a level unlikely to trigger
Event C).

To illustrate how the hypotheses are used, we
will consider initially only the first type – the
absence of an event establishes that risk is
acceptable.

Event A 

(A proposed course of action) 

↓

Event B 

↓

Event C 

↓

Event D 

(A harmful effect) 
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Proving that Event A will never lead to Event
D is not possible. However, rigorous testing of
one or more of the hypotheses 1, 2 and 3 may
lead to the conclusion that Event D is highly
unlikely and that the risk via this pathway is
acceptable. Corroboration of a hypothesis under
rigorous testing would suggest that the pathway
is blocked at the respective point. Consequently,
the risk from carrying out Event A would be
negligible via this pathway, although it may be
higher, and possibly unacceptable, via others.

Testing does not necessarily imply new stu-
dies as hypotheses may be tested with existing
data. Formal testing with existing data may occur
within the risk assessment, perhaps when it is not
immediately clear why certain data are relevant
or what they show. In such circumstances, the
pathway is regarded as plausible and requiring
evaluation and as a useful way to organize and
communicate the relevance of existing data.
Informal testing with existing data may also
occur outside the risk assessment. This happens
when a certain harmful outcome is deemed to be
implausible and not requiring assessment; it is
“obvious” that the proposed activity will not
cause the stated outcome. “Obvious” means that
if we were to develop a pathway to harm, it is
easy to see how existing data would corroborate
one or more hypotheses that steps in the pathway
are highly unlikely to occur.20

A complete risk assessment is likely to evaluate
several pathways to harm. The use of a particular
GM crop may plausibly lead to more than one
harmful effect. Also, there may be more than one
pathway leading from the use of the crop to

a specific harmful effect. Conclusions about the
overall acceptability of risk posed by a proposed
activity, and decisions based on those conclusions
should consider all plausible pathways.

HYPOTHESIS TESTING

A rigorous test has the power to reveal that
an untrue hypothesis is false. Although rigor
and confidence are difficult to quantify, greater
rigor in testing risk hypotheses leads to higher
confidence in conclusions about risk.

Consider a hypothetical pathway to harm
associated with maize producing a Bacillus
thuringiensis (Bt) toxin for insect control:

Event A 

↓ → Hypothesis 1: Event A does not lead to Event B 

Event B 

↓ → Hypothesis 2: Event B does not lead to Event C 

Event C 

↓ → Hypothesis 3: Event C does lead to Event D 

Event D 

(A harmful effect) 

Cultivation of Bt maize 

↓

Dispersal of Bt maize pollen 

↓

Pollen settles on the food plant of an endangered butterfly 

↓

Ingestion of the pollen by larvae of the butterfly 

↓

Toxicity of the pollen to the butterfly 

↓

Fewer rare butterflies (harm) 
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We may decide to test the hypothesis that
ingestion of pollen has no toxic effects on the
butterfly. If this hypothesis is tested rigor-
ously and corroborated, we will have confi-
dence that the pathway to harm will not be
realized and that risk to the butterfly is low,
at least via this pathway. One such test would
be to feed pollen of the Bt maize, or the Bt
protein produced by the maize, to larvae of
the butterfly in the laboratory. Rigorous test-
ing would ensure that the concentration of
protein or the amount of pollen ingested is
exaggerated and in excess of worst-case pre-
dictions of exposure levels in the field.21 If
no increased toxicity were observed in
groups of larvae exposed to Bt maize pollen
or to the relevant Bt protein compared with
groups fed control pollen or protein, there is
strong corroboration of the “no toxicity”
hypothesis and the pathway is blocked at
that point. As a result, we might conclude
that risks to the butterfly from exposure to
the Bt maize pollen are negligible and accep-
table regardless of the probability of earlier
steps in the pathway occurring. If toxicity is
observed, we may decide that we are unable
to conclude that the risk is acceptable. In
these circumstances, further characterizing
the risk, perhaps by testing for toxicity at
lower concentrations that more closely
resemble likely exposures in the field.22 In
the remainder of the paper, we will call deci-
sion-makinga ostensibly based on the result
of a single study the “definitive approach” to
risk assessment. We use the term because the
studies on which the approach is based are
called definitive studies (refs 2 and 3) and
because we are unable to find a simple term
that is commonly used to mean “opposite of
a weight of evidence approach”. Definitive is
not meant to imply that decisions have
greater reliability than those based on
a weight of evidence, and certainly not that
such decisions should never be reviewed,
revised or revoked.

Now consider a situation in which it is not
possible to culture the butterfly in the labora-
tory and test the absence of toxicity hypothesis
in this way. Also, perhaps the Bt protein is

toxic to some butterflies, but we have no data
about its toxicity to butterflies that are closely
related taxonomically to the butterfly of inter-
est. Hence, we cannot run a study that will give
us reliable predictions about the toxicity of the
pollen to the butterfly, nor can we confidently
exclude toxicity using existing data. Hence, the
hypothesis that the pollen is not toxic to the
butterfly is untested and is perhaps untestable
for the immediate purposes of the risk
assessment.

In these circumstances, we may choose to
look at the probability of the pathway as
a whole rather than focusing on a single
step. Perhaps we have data on the distribu-
tion of the food plant which shows that it
grows mainly in woodland where maize pol-
len rarely penetrates. We may also have
observations on the ecology of the butterfly:
it tends not to feed on leaves that are covered
in pollen and many larvae die through over-
crowding on the food plant; that is, there is
strong density-dependent mortality.23

Putting these data together, we may make
the following argument: even if the butterfly
is as sensitive to the protein as is the target
pest species, pollen is unlikely to collect on
the leaves of its food plant in sufficient
quantities to be toxic. If the pollen were to
collect in sufficient quantities, it is unlikely
that the butterfly would eat it. In addition,
even if there were toxic effects on some
larvae, the population size of the butterfly
is unlikely to be reduced owing to strong
density-dependent mortality; that is,
exposure to the pollen would kill fewer
larvae than would otherwise die through
overcrowding.b

This is an example of a WoE approach to risk
assessment. While none of the data we have pro-
vides rigorous (“definitive”) corroboration of
a single hypothesis in the pathway, we have rea-
sonable confidence that the pathway will be rea-
lised rarely, if ever. We have shown that several
steps in the pathway are sufficiently unlikely that
their immediate consecutive occurrence, which is
necessary for the pathway to be completed, will be
very rare. We may conclude, therefore, that the
risk via this pathway is acceptable.
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DIFFERENCES BETWEEN THE
DEFINITIVE AND WEIGHT OF

EVIDENCE APPROACHES

Weed24 states that one interpretation of weight
of evidence is a simple premise: “all available
evidence should be examined and interpreted” in
a risk assessment. One may infer from this state-
ment that the difference between the definitive
and WoE approaches is that the latter considers
all available evidence while the former does not.
This inference would be incorrect. First, no
method should consider all available evidence;
it should consider only evidence that tests a
hypothesis useful for decision-making (relevant
evidence). Second, even though decision-making
in the definitive approach may depend directly on

the result of a single study, it still considers
several lines of relevant evidence. The key dif-
ference between the definitive and WoE
approaches is the way relevant evidence is
organized.

Table 1 lists important stages in risk assess-
ment and compares how they are dealt with in
the WoE and definitive approaches. To be
effective, a risk assessment needs a clear pur-
pose, which comprises a reason for conducting
the assessment, and a clear idea of how the
results of the assessment will be used. In
short, the risk assessment should be tailored
to achieve policy objectives; it is not open-
ended scientific research.25 Risk assessments
for GM crops are usually conducted to charac-
terize the potential for harm to human health or

TABLE 1. Comparison of activities in definitive and WoE approaches to risk assessment.

Task Definitive Weight of evidence Comments

Define protection
goals

Identify the reason for
conducting the risk
assessment and the
decision that the risk
assessment will inform

Identify the reason for
conducting the risk
assessment and the decision
that the risk assessment will
inform

An unclear purpose may result in
unfocussed data gathering that
appears similar to a weight of
evidence approach to risk
assessment

Operationalise
protection
goals and set
assessment
endpoints

Define exactly what the risk
assessment aims to protect
and what the risk
assessment will predict

Define exactly what the risk
assessment aims to protect
and what the risk
assessment will predict

Difficulty in defining operational
protection goals or assessment
endpoints may result in
unfocussed data gathering that
appears similar to a weight of
evidence approach to risk
assessment

Define risk
hypotheses

Formulates at least one
hypothesis that is
quantitative and
incorporates a clear
decision-making criterion

Formulates hypotheses that
tend to be qualitative or
semi-quantitative
Not possible to formulate
a hypothesis such that its
corroboration or falsification
is possible by a single test

An example of a quantitative
hypothesis incorporating
a decision-making criterion is
LC50/EEC ≥ 1
An example of a semi-
quantitative hypothesis is that
the rate of hybridisation
between a GM crop and a wild
species will be no greater than
the rate between similar non-
GM crops and the wild species

Test risk
hypothesis

The results are widely
applicable; they are largely
independent of local
conditions
The test is powerful and
repeatable

The results apply only to the
specific times or locations at
which the test was
performed
The test is weak and its
results are difficult to
reproduce

Data from laboratory ecotoxicology
studies are widely applicable
Data on crop hybridisation rates
may depend on local conditions
(occurrence of sexually
compatible species, weather etc.)
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the environment or both, to inform decisions
about regulatory approval or commercial
development of a product.

Avoiding damage to human health and the
environment are examples of policy protection
goals. To be useful for risk assessment, these
general aims must be made more specific. The
policy protection goal of protecting biodiversity
might be stated as preventing the cultivation of
a GM crop from adversely affecting species of
conservation value on non-agricultural land; this
narrower aim is an operational protection goal.
The aim might be made still more specific to
make it tractable for scientific analysis; for
example, relative to the cultivation of a similar
non-GM crop, there should be no decrease in the
population size of dormice in off-field areas
during cultivation of the GM crop or in the
following season. The abundance of dormice at
a particular place and time is an assessment end-
point – an expression of a policy protection goal
that is sufficiently clear for scientific analysis in
a risk assessment. Garcia-Alonso and
Raybould26 discuss the practicalities of operatio-
nalizing protection goals and defining assess-
ment endpoints for GM crop risk assessments.

Clearly defined assessment endpoints do not
guarantee that a definitive approach to risk
assessment is feasible or that a WoE approach
will not be needed. However, unclear operational
protection goals and assessment endpoints may
reduce the ability to formulate decision-making
criteria in terms of corroboration or falsification
of a single hypothesis (see below). Also, unclear
operational protection goals and assessment end-
points may indicate a flawed approach to risk
assessment that begins by collecting many data
and then tries to deduce policy objectives from
those data. Such “science-led” risk assessment
tends to include large amounts of data of
unknown relevance. In contrast, “policy-led”
risk assessment, which tests hypotheses clearly
related to policy objectives, tends to use far fewer
data.14 Science-led risk assessment may appear
to follow a WoE approach because it considers
many data. However, it is really untargeted col-
lecting of data, not testing hypotheses, and hence
is the opposite of the WoE approach that we
describe here.

The crucial difference between definitive and
WoE approaches lies in their formulation and use
of hypotheses. In a definitive approach, a decision
is based on corroboration or falsification of a single
hypothesis by a single study (or study type);
whereas in a WoE approach, decisions are based
on the results of testing several hypotheses, and
each test may comprise several types of study or
other sources of data. However, decision-making
under the definitive approach is based on far more
than the result of a single study.

Risk assessments that protect biological con-
trol functions from the side-effects of insect-
resistant GM crops non-target arthropods
(NTAs) are the archetype of a definitive
approach. Risk is characterized by estimating
the concentration of the insecticidal substance
(e.g., a Bt protein) that has a certain effect on
a test organism in the laboratory. The effect
may be the LC50, the concentration of the sub-
stance that kills 50% of a test population or the
no observed adverse effect concentration
(NOAEC), the highest concentration of the
substance that has no adverse effect on the
test organism.

The effect concentration is divided by the
concentration of the substance to which the
test species or the species that it represents,
will be exposed to in the field when the GM
crop is grown – this is the estimated environ-
mental concentration or EEC. The risk is
acceptable if the effect/EEC ratio is greater
than a specified “level of concern” (LOC).
The LOC is set by policy; for example, the
United States Environmental Protection
Agency (US EPA) sets its LOC as LC50/EEC
= 5.27 Another common LOC is NOAEC/EEC
= 1.28 The definition of the LOC represents
a judgment about how conservative to make
the decision-making criterion: if the LOC is
too low, unsafe product uses may be judged to
have acceptable risk; if it is too high, safe uses
of useful substances may be judged
unacceptable.29

If we know the EEC, a laboratory study to
estimate the LC50 or NOAEC becomes a test
of the hypothesis that the effect/exposure ratio
is greater than the LOC. Sufficiently robust
corroboration of that hypothesis would lead
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to two conclusions: the risk to NTAs from
exposure to the insecticidal substance is
acceptable; and no further testing of NTAs is
required. Acceptability of the risk to NTAs
would contribute to a final decision about
whether the GM crop should be cultivated.
Falsification of the hypothesis may lead to
further work to characterize the risk to NTAs
or to a conclusion of high risk to NTAs.22,30 In
practice, several NTA species may be used to
test the hypothesis about exceedance of the
LOC because no single species is sufficiently
representative of all potentially exposed
NTAs. Nevertheless, each test would be defi-
nitive for all the NTAs represented by the
species concerned.

The example above shows that a definitive
approach to risk assessment relies on far more
data than the results of a single study or the results
of a set of similar studies that test the same hypoth-
esis in the sameway. Corroboration or falsification
of the LOC hypothesis by the laboratory tests
requires the calculation of the EEC, which uses
data on the concentration of the insecticidal sub-
stance in various tissues of the crop, knowledge of
the diet of NTAs, and models that predict the
dispersal of the insecticidal substance in the
environment.31 Also, the choice of test organism
relies on the concept of representativeness; that is,
an organism that we test in the laboratory acts as
a surrogate for a group of organisms in the field
thatwe do not or cannot test.Decidingwhether one
organism is a suitable surrogate for others may use
knowledge of the species’ taxonomy and ecology
and the mode of action of the insecticidal
substance.32

In a WoE approach, existing knowledge is
not organized to produce a single hypothesis
that leads unambiguously to different actions
when it is corroborated or falsified under rig-
orous testing. Instead, several hypotheses may
be tested and the accumulated knowledge is
used to make a decision. In environmental
risk assessment for the cultivation of GM
crops, a weight of evidence is often used to
assess the ecological risks of gene flow from
the crop to a related wild species.33-35 A typical
pathway to harm is as follows:

In principle, there is no problem in defining
hypotheses that, if convincingly corroborated,
would indicate acceptable risk; “no hybridisa-
tion” or “no increase in fitness” are perfectly
clear hypotheses. Nevertheless, there are ser-
ious barriers to devising a hypothesis that could
be tested with sufficient rigor by a single study
and lead directly to decision-making.

There are two related problems. First, devising
decision-making criteria similar to an LOC is
difficult. For all of the steps above, any value
above zero is likely to lead to our requiring
more information because we are unable to say
with confidence that a non-zero result is accep-
table without further analysis: a single hybrid
may be enough for the transgene to begin spread-
ing; a slight increase in fitness conferred by the
transgene may give an increase in abundance
over several generations; and even a small
increase in abundance may be considered harm-
ful, especially if we are unclear about exactly
what should constitute harm (i.e., our operational
protection goals and assessment endpoints are
vague, see above).

The second problem is that tests showing
that one or more of the steps will not be com-
pleted may not be convincing. The result of the
ecotoxicology study that tests the LOC hypoth-
esis is accepted as applying in all situations that

Cultivation of GM crop 

↓

Hybridisation with wild species 

↓

Introgression of transgene into wild species 

↓

Transgene increases the ecological fitness of the wild species 

↓

Wild species increases in abundance 

↓

Ecological harm 
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the risk assessment covers. Suppose our risk
assessment is for the cultivation of an insect-
resistant GM cotton in the United States. We
tested the toxicity of the insecticidal substance
to Coleomegilla maculata (12-spotted lady-
bird), calculated the EEC, and found that the
LC50/EEC >5; therefore, we decided to ask for
no more information to assess the risk to all
beetles. Implicit in this decision is that the
result of the study applies through the United
States and assumes, among other things, that
the test adequately predicts the sensitivity to
the insecticidal substance of beetles in
Arizona, Louisiana and all other states where
the GM cotton may be grown.

In the gene flow example, we are likely to
have less confidence in the general applicability
of a study that shows that a step in the pathway
will not occur. Say we introgressed the transgene
into the wild species and grew the GM and simi-
lar non-GM plants in a trial simulating a natural
habitat.36,37 We then measured seed production
and found no difference between the GM and
non-GM plants, even under conditions of heavy
insect infestation; thus, we concluded that the
transgene is unlikely to increase the fitness of
the wild relative. Would we accept this test as
definitive and require no further information?

If the trial had been conducted in Arizona,
we may be unsure that the result applies in
Louisiana or indeed anywhere other than at
the trial site under the conditions of the experi-
ment. Perhaps variation in insect abundance
and diversity, an interaction between herbivory
and rainfall, or different values of any number
of other environmental variables may reveal an
increase in fitness conferred by the transgenes.
Similar concerns could be raised about the
predictive power of ecotoxicology tests – the
sensitivity of insects to a toxin may vary from
place to place, for example – but have not been
considered important when using the results of
ecotoxicology studies for risk assessment.28

In general, at each stage in the pathway to harm
in the gene flow example we are likely to be put in
the position of requiring more data. Existing data
may show that a particular step can be completed,
but we are unable to say what “non-zero value” of
that step would not cause concern without

knowledge of the probability of the other steps.
Alternatively, the data may show that the step in
question will not be completed, but we have insuf-
ficient confidence in the general applicability of
the data for us to conclude no concern on this basis
alone. Hence, conclusions about risk will need to
draw on evidence about each step in the pathway.

This discussion shows that definitive and
WoE approaches do not necessarily differ in
the amount or variety of evidence used to
assess risk. The main difference is that the
definitive approach is able to use policy objec-
tives to derive clear decision-making criteria
and organize existing evidence such that
a decision depends on the results of a single
test. A WoE approach tends to be used when
a single decision-making criterion cannot be
set, owing to uncertainty about the implications
of low probability events taken in isolation, and
when there is low confidence that the tests of
hypotheses are generally applicable.

Both definitive and WoE approaches use
expert judgment38 but in different ways. The
definitive approach uses judgment to set clear
decision-making criteria prior to a test of
a hypothesis, whereas a WoE approach uses
judgment to assess risk once the hypotheses
have been tested. This difference may lead one
to underestimate the role of expert judgment in
the definitive approach and assume that judgment
plays a significant role only inWoE assessments.

BIOLOGICAL RELEVANCE

As we have seen, problem formulation defines
criteria for judging whether a risk is acceptable
and devises tests of the hypothesis that those
criteria are met. Studies or other sources of data
that are not capable of testing such hypotheses
are not useful for risk assessment. Being “capable
of testing” means that the study can produce
observations that show such a hypothesis is
false; that is, observations can show the risk is
unacceptable or at least that it cannot be shown to
be acceptable without further work. Biological
relevance is the property of being able to test
hypotheses about the acceptability of risk for
the risk assessment in hand.
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Consider the Bt pollen toxicity study described
above. The difference in percentmortality between
treatment and control groups after several days’
exposure Bt and near-isogenic non-Bt pollen,
respectively, is clearly biologically relevant
because it can falsify the hypothesis that LC50

/TER >5, which is defined as the acceptability
criterion. Differences between other properties of
the treatment and control groups, say their meta-
bolic profiles at a given time, are not biologically
relevant unless we have previously defined speci-
fic differences in the profiles as indicators of unac-
ceptable risk.

This discussion reveals a crucial point: biologi-
cal relevance is defined during problem formula-
tion. In setting acceptability criteria based on
mortality, we decide that mortality is
a biologically relevant property and that a
certain percent increase in mortality at a given
concentration is a biologically relevant difference.
The corollary is that properties other thanmortality
are not biologically relevant for this part of the risk
assessment – testing for statistically significant
differences in these properties would, at best, add
nothing to the risk assessment.14

Attempts to define biological relevance
usually start after the collection and analysis
of data12 owing to a failure to apply problem
formulation. Instead of testing whether preset
acceptability criteria are met, many studies car-
ried out for risk assessment simply compare
numerous properties of a GM crop and a non-
GM comparator, an approach called profiling.14

There are many techniques for profiling,
including phenotypic characterization, compo-
sitional analysis, molecular characterization,
various omics methods, and mass
spectrometry.3945In essence, profiling searches
for statistically significant differences and then
tries to decide whether any are biologically
relevant. This is an inefficient and ineffective
method of risk assessment because it wastes
resources measuring properties that are unre-
lated to decision-making criteria.14

The profiling approach to biological rele-
vance is seen clearly in the phenotypic charac-
terization studies that are usually mandatory for
regulatory environmental risk assessments for

the cultivation of GM crops.12,39 Typically,
many properties of the gross phenotype of
a GM crop are compared with those of a near-
isogenic non-GM line in multi-location field
trials.39 Such trials provide breeders with data
on the performance of the crop and its likely
suitability for commercialization. The trials
could also provide data to test hypotheses
about the acceptability of environmental risks
from cultivating the crop. In practice, however,
the trials do not test such hypotheses. Instead,
they test null hypotheses of no difference and
consequently, properties measured are not
selected based on predetermined biological
relevance.

Consider the hypothetical pathway from cul-
tivating Bt maize to harm to a rare butterfly,
above. Perhaps for a particular butterfly spe-
cies, Bt maize pollen dispersal is the key ele-
ment in demonstrating acceptable risk. Let’s
assume for the sake of argument that our
knowledge of Bt protein concentrations in the
pollen and the sensitivity of the butterfly to the
protein lead us to conclude that if pollen den-
sities on the food plant were to double over
those measured for existing maize varieties
then the risk posed by cultivating the Bt
maize would be unacceptable. We may have
field trial data for the Bt maize that show
statistically significant phenotypic differences
between it and a near-isogenic line. For the
purposes of the butterfly risk assessment, only
differences in properties that could plausibly
lead to an increase in pollen deposition on the
food would are potentially biologically
relevant.

Suppose that only two properties mea-
sured in the maize phenotypic characteriza-
tion study show statistically significant
differences between the Bt crop and its
near-isogenic line: germination rate and
flowering time. We predict with high con-
fidence (“we know”) that the deposition of
maize pollen on the butterfly’s food plant
cannot increase through a change in germi-
nation rate of the crop. Hence, for the pur-
poses of this part of the risk assessment,
germination rate is not biologically relevant.
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If we cannot envisage an increase in risk
through changes in germination rate via any
pathway, then germination rate has no bio-
logical relevance at all for the risk assess-
ment. In these circumstances, we do not
need to evaluate germination data to com-
plete the risk assessment, regardless of there
being a statistically significant difference
between the Bt crop and near-isoline. In
addition, if we had no data on germination
rate, we would not need to acquire any.

On the other hand, perhaps a change in flower-
ing time of maize could increase the exposure of
the butterfly to deposited pollen. Knowledge of the
butterfly’s ecology may lead us to conclude that if
theGMmaizeflowers onemonth earlier then there
is a low probability of a doubling of exposure to
pollen in some populations of the butterfly, and
that further work would be needed to characterize
the risk from this change in flowering time.
However, if flowering is brought forward by less
than one month, there is a minimal probability of
the exposure doubling and no further risk charac-
terization is required. In these circumstances,flow-
ering time is a biologically relevant property, but
all changes that brought forward flowering by less
than one month would not be biologically relevant
for the purposes of the butterfly risk assessment.

This hypothetical example makes explicit that
problem formulation can define biological rele-
vance prospectively and retrospectively. If we
had no phenotypic characterization data, problem
formulation might lead us to design an experiment
or orgainse existing to test whether the Bt crop can
flower one month earlier than relevant comparator
varieties.Measurement of other properties, includ-
ing germinate rate, would not be necessary.Where
wehave phenotypic characterization data collected
for other purposes, problem formulation enables
us to quickly focus on the relevant data for risk
assessment. We should test the hypothesis that the
Bt crop does not flower one month earlier than the
comparator. No other properties need to be eval-
uated, regardless of whether there are statistically
significant differences.We use the property’s abil-
ity to show that risk is unacceptable, not its statis-
tically significant difference in a comparison of the
GM and non-GM lines as the criterion for deter-
mining its biological relevance.

A consequence of the points above is that
developers of GM crops should avoid using
data from biologically irrelevant traits to make
claims about safety. If a trait is not biologically
relevant – such as germination rate, above – then
lack of a statistically significant difference in that
trait between a GM crop and a comparator should
not be used to support a conclusion of negligible
risk from using the GM crop. This would amount
to a “free hit” because if there were a statistically
significant difference, the developer could simply
claim that it had no biological relevance.
Nevertheless, even if developers wanted to
refrain from collecting data that are not biologi-
cally relevant in risk assessment studies or avoid
submitting such data if they have been collected
for a purpose other than risk assessment, regula-
tory requirements may prevent their so doing.

To reduce the collection and submission of
irrelevant data, regulators should therefore concen-
trate on defining traits they regard as biologically
relevant. Phenotypic profiling of a GM crop – that
is, describing all the differences between a GM
crop and a non-GM crop – should not be an aim of
regulatory risk assessment.14 The aim should be to
identify potentially unacceptable changes, which
can be done efficiently and effectively only if
harm, plausible means of its realization, and
a criterion for acceptability of risk are defined
before experiments are designed. Also, there is
little point in creating detailed guidelines to make
sure experiments have adequate statistical power-
46) if the experiments do not measure properties
that are biologically relevant. Although statistical
power is important, ensuring that it is adequate
cannot substitute for decisions about what changes
towhat propertieswould indicate that risk is poten-
tially unacceptable.

CONCLUSIONS

Risk assessment is ineffective when risk man-
agers (policy- or decision-makers) fail to define
clear protection goals and decision-making cri-
teria. Risk assessors are then placed in the invi-
dious position of inferring protection goals and
decision-making criteria – in effect, assessors
have to set policy, which is not their job – or of
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predicting the effects of an activity with no direc-
tion about what effects should be considered
harmful. Evans, Wood, and Miller47 call this
situation the “risk assessment – policy gap”.

Problem formulation closes the risk assess-
ment – policy gap by defining protection goals
and a series of events – a pathway – by which the
activity being assessed could damage them.
Problem formulation then derives a set of testable
hypotheses about the acceptability of risk from
the pathways. Testing these hypotheses charac-
terises risk and helps decision-making.
Biologically relevant properties are capable of
providing data that test such hypotheses – there
is some value of the property that falsifies
a hypothesis about the likelihood of harm occur-
ring. If no value of the property could falsify
a relevant hypothesis, then the trait has no biolo-
gical relevance for the risk assessment. Not all
statistically significant differences between bio-
logically relevant properties in a GM crop and
a suitable non-GM comparator are biologically
relevant – only those differences that falsify
a hypothesis about the acceptability of risk.

Problem formulation reveals fundamental
similarities between WoE and definitive
approaches to decision-making. To be effective,
both approaches should test hypotheses about the
acceptability of risk from the activity being
assessed. They should also identify biologically
relevant properties that should be measured to
test the hypotheses. In addition, both approaches
require judgment to either devise a single hypoth-
esis that leads directly to different decisions
depending on whether it is corroborated or falsi-
fied by a single test or interpret the results of
several tests of several interrelated hypotheses.
Focusing on hypothesis testing protects the WoE
approach from becoming simply data collecting.
Consequently, resources can be allocated more
effectively by ensuring that data are only col-
lected when they strengthen testing of the
hypothesis that is critical for decision-making.

NOTES

[a] We emphasize that decision-making does
not necessarily refer to approval or non-approval

of the proposed use of a GM crop; it may simply
refer to deciding whether or not risk has been
characterized sufficiently.
[b] The arguments about exposure and popu-

lation dynamics may also be useful for evalu-
ating risk if toxicity were observed in the
toxicity study.
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