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CVs accordingly to Giesy and Allred (1985). Micro/meso-
cosms have been used for some years for assessing the ef-
fects of chemicals in aquatic ecosystems (Touart 1988).
However, in 1992, the USEPA decided to discontinue the
use of mesocosm studies in the registration process concern-
ing pesticides. This was due to concerns surrounding the
objectivity of the studies and their usefulness for registra-
tion and risk management decisions. "Although the agency
believes that long-term, indirect effects of pesticide use on
aquatic ecosystems may be important, the agency does not
have a testing scheme in place to accurately measure (my
italics) such effects", Fisher 1992). The objective of a pesti-
cide mesocosm experiment is best expressed in a FIFRA-
SAP report as follows: To determine the maximum expo-
sure level of the test pesticide that causes no ecologically
significant changes in population or community structure,
or in the ecosystem function of the test system (USEPA 1987).
This objective, however, is impeded by the highly variable
nature of data derived from micro and mesocosm studies,
presumably due to high natural variability.

Crane (1997) identified a number of characteristics for pre-
dictive multispecies tests in aquatic toxicology, these being
the repeatability, reproducibility and interpretability of
mesocosm studies. In relation to these, this paper assesses
the relative importance of replicability and statistical power
of micro/mesocosm studies in relation to the interpretability
of aquatic multispecies tests, as the first target of the cri-
tique by Crane (1997). The exact ranges of the CVs in mi-
cro and mesocosm studies is still poorly understood, the
ECOFRAM report (Hendley and Giddings 1999) estimates
that, for taxonomic variables, CVs typically range from 50–
100%, a feature which makes the detection of subtle effects
difficult. Although micro and mesocosm studies are highly
individual and it is difficult to develop rigid protocols for
testing in them (Crossland et al. 1994), the present state of
the art review addresses the variability between micro and
mesocosm replicates and thus tries to quantify CV ranges in
papers published over the last two decades to update Giesy
and Allred's review from 1985.

The advantages and disadvantages of micro/mesocosm stud-
ies are two aspects of the same question, namely the issue of
ecological realism versus the repeatability of the design of
the study. It has been suggested that reduced repeatability
and reproducibility corresponds to an increased scale and
ecological realism (Kraufvelin 1999). In addition to the eco-
logical uncertainty principle (Maguire et al. 1980), the in-
teractions of organisms with their biotic and abiotic envi-

DOI: http://dx.doi.org/10.1065/espr2001.09.085

Abstract. The objective of this state of the art review was to
quantify the replicability of pesticide studies using micro/
mesocosms. Low interpretability of micro/mesocosm studies, and
inconclusive and highly variable data, resulted in a discontinua-
tion of the use of these studies for the registration of pesticides.
Coefficients of variation, CV%, were calculated on the basis of
data tables as a measure of statistical 'effectiveness' taken from
the literature. The average CV in the investigated studies was
45%; larger out-door mesocosms averaged 51%, and smaller
indoor micro/mesocosms averaged 32%. CVs on variables in-
volving animals were higher than CVs on plant end-points, which
in turn were higher than abiotic variables for all experiments.
However, to enhance the interpretability and implementation
of micro/mesocosm studies for pesticide registration, a number
of context-dependent steps could be incorporated; 1) determine
the appropriate experimental design and number of replicates
by using power analysis, 2) Utilise advanced statistical analysis,
such as probabilistic effect distribution and principal response
curves, 4) report, preferably in quantitative terms using power
analysis, the risk of Type II error. The author's primary conclu-
sion is that the level of CVs is context dependent and, therefore,
it is not possible to suggest a generally acceptable level of CVs
for all experiments. This has been suggested both directly and
indirectly in the literature. Moreover, the number of insignifi-
cant (p >0.05) results is high, 88% of all test biotic variables
had no statistical significance. The average number of replicates
were 3–4, which theoretically should yield significant effects at
least at the highest test-concentration, then resulting in 75–66%
insignificant results.

Keywords: CVs; coefficients of variation (CVs); interpretation;
mesocosm; microcosm; pesticide studies; power analysis;
replicability of pesticide studies

Introduction

The replicability of micro/mesocosm studies is of major con-
cern when assessing the statistical quality of data from these
studies. If replicability is lacking, then so too will be repeat-
ability, reproducibility, predictability and, thus, the utility
of the investigation in the registration of pesticides will be
impeded (Crane 1997). This paper presents a literature sur-
vey of replicability and performance of micro/mesocosm
studies undertaken over the past two decades as a follow-up
on the coefficients of variation (CVs) review on microcosm/
mesocosm studies (Giesy and Allred 1985). This was per-
formed via calculations and comparisons of test variables'
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ronment are mostly non-linear. In a statistical sense, they are
not independent. It has been suggested that ecosystems have
emergent properties such that the whole system is greater than
the sum of its parts. The many nonadditive interactions ob-
served in ecological studies are evidence of this. For this rea-
son, the prediction of effects on systems other than the whole
ecosystem that we are interested in may constitute unreason-
able simplifications, and predictions made from any reduced
system may thus be inaccurate (Giesy and Allred 1985). The
reason why replication is important is that it is needed to guar-
antee detection of true responses of the treatment relative to
the unexplained natural variability and the magnitude of sta-
tistical error acceptable and thus the statistical power of the
investigation; moreover there is a risk of committing a Type II
error (false negative) (Kraufvelin 1998).

Replicability can have several connotations Giesy and Allred
(1985) used the following definition: "Replicability means,
in this context, the establishment of more than one indi-
vidual experimental unit within a particular experimental
treatment. Statistically, this is a measure of within-treatment
variance. To assess replicability of a system is to determine
the similarity of replicate experimental units of an experi-
mental treatment at a given point in time and space that, by
definition and design, are meant to be identical". However,
a restricted degree of replicability could also be that repli-
cates never will be and do not have to be identical/dupli-
cates. Replicability simply reflects the variability between
whatever is being sampled and the best action to prepare
for future decisive statistical analyses is simply to try to in-
crease the number of replicates – perhaps this notion is also
implicit in the definition used by Giesy and Allred (1985). If
the effects of the studied disturbances (also low level) are
large and beyond any doubt in turn, we do not have much
of a problem (Kraufvelin 1999).

The level of CVs or replication within micro/mesocosm sci-
ence is not quantified, moreover, the use of CVs levels and
evaluation of the studies on this background is also unsettled.
The objective of this paper is to deliver a literature-based
quantification of the replicability of aquatic micro/
mesocosms, by calculating the coefficient of variation (CV%
= standard deviation / mean·100) between experimental units
over the past two decades. In addition, it has been performed
in order to assess the role of CVs in the evaluation and inter-
pretation of micro/mesocosm studies since indications have
been seen in the literature that some levels of CVs were ac-
ceptable and some were not. In this respect, it is important
to mention that the omission of specific research papers,
articles or designs does not imply a lack of conceptual scien-
tific merit or skill.

1 Methods

Biosis, Cambridge Scientific Abstracts, Current Contents,
Poltox and SCI were primary databases used in this review.
The scan was limited by one or more of the following key-
words: Aquatic micro/mesocosm, experimental ponds, rep-
lication, pesticide risk assessment, biological or ecological
effects. This search yielded 129 papers that used micro/
mesocosms. Of these papers, 16 were not replicated, 96 had

other deficiencies preventing the use of the results (no tables,
but only graphic reporting, fate studies, predation or nutri-
tion studies, marine enclosures, etc.). Thus, only a selection
of the studies can be presented, which limits the extent to
which generalisations can be made from this literature study.
The scan resulted in 17 well-reported and/or replicated pa-
pers for analysis, 8 micro and 9 mesocosm studies. How-
ever, the original study by Giesy and Allred (1985) did not
contain as many studies (total <50), moreover, they did not
perform statistical power analysis of the data gathered –
this is why this important analysis was also excluded in the
present paper. Also in coherence with the original review,
this review only analyses ANOVA studies, which is also the
most common approach within micro/mesocosm science.
The survey obviously does not include all available infor-
mation on micro/mesocosm studies for the past 15 years,
but only a limited number of random and representative
articles suitable for a quantifiable evaluation of CV. The rela-
tive ecological realism of each study analysed here is also
peripherally addressed, this covers how well the model cop-
ies the original natural environmental recipient. Realism is,
ceteris paribus, lower in a small indoor study without sedi-
ment than in a larger outdoor study with sediment. Ecologi-
cal realism is a crude estimate of the model accuracy where
CV is a measure of precision in this context.

The use of CV is based on the fact that is has been used as
an objective measure of the degree of test system replicability
since the birth of micro/mesocosm studies (Abbott 1966).
Moreover, Giesy and Allred (1985) used the CV in their re-
view, which this paper seeks to bring up to date. The CV
may be used to assess the statistical 'effectiveness' of eco-
logical experiments, which are based on univariate ANOVA
rather than regression designs. If the standard deviation is
too high in comparison to the mean, the inherent variability
may then be nearly as large as the quantity being measured.
Therefore, it may be very difficult to demonstrate statistical
differences between controls and treatments, unless there
are very large effects. On the other hand, a low CV value
indicates that the standard deviation is small compared to
the mean, and it becomes easier to detect statistical signifi-
cance (Conquest 1983). Because the CV expresses variabil-
ity as a fraction of the mean under consideration, it is pos-
sible to numerically and statistically compare and add
variation between different experiments that otherwise can-
not be compared in an unbiased and non-standardised way.
The CVs and overall mean CVs determined in this paper
were calculated from data tables provided in the studies se-
lected from the literature review.

I acknowledge the dichotomy of ANOVA versus regression
design in achieving more powerful and better estimates e.g.
of the NOECcommunity and that this has not been resolved
satisfactorily to date (Liber et al. 1992). Regression designs
can provide an opportunity to include a broader range of
concentrations, because there is only limited need for repli-
cation, which can be used to better define thresholds of toxi-
cological response using non-linear techniques. However, due
to variation around each point estimate, these can vary sub-
stantially, thus making the fitting of a descriptive curve dif-
ficult (low R2 value) and resulting in low power and a high
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risk of committing a type II error. Ideally it's not a question
of either-or but rather a question of both at the same time,
that is well replicated and high power point estimates, and
then regression on these for extrapolation.

Although important, an additional power analysis of all the
data and the solving of the above dichotomy fall outside the
realm of the present paper.

2 Results

All the results presented in Table 2 (see appendix) are based
on the studies in Table 1 (see appendix).The combined overall
average CV of the studies in this survey was 45%, and the
average number of replicates was 3.5. The average CV of larger
mesocosms with higher natural realism was 51%, for the less
realistic and smaller indoor meso/microcosms the average CV
was 32%. CVs on variables involving animals (x ≈ 47%) were
generally higher than CVs on plant end-points (x ≈ 31%).
There was no relationship between the age of the investiga-
tion and the CV. Significant differences were found for 12%
of all the variables and 88% were not significantly different
from the controls in this survey. Seven papers showed some
significant differences, on one or more variables. Ten papers
showed absolutely no significant differences. Green (1989)
offers a conceptual way of estimating the needed sample size
to detect an effect at a certain level of probability of accepting
a null hypothesis when it is in fact false (type II error), which
is standard on new statistical packages. Notable, however, was
that, of the 17 analysed papers, only one explicitly committed
a Type II error by concluding that Btk was not harmful to
benthic steam invertebrates when no statistically significant
effects were detectable, without assessing the power of the
study (Richardson and Perrin 1994).

3 Discussion and Conclusions

When micro/mesocosms were taken out of the registration
process for pesticides, it was because of the uncertainty in
measuring effects and interpretation of the investigation
(Fisher 1992). The purpose of micro/mesocosm studies is to
reduce the uncertainty and variability in extrapolation from
single species laboratory bioassays to real environmental
effects. What then is a suitable level of CV in micro/mesocosm
studies? Suitable test variables for microcosms have been
suggested to be those having a CV lower than 20–30%
(Isensee 1976). A suitable level for larger mesocosm studies
is still rather unsettled. Mesocosm studies should, implic-
itly, strive to achieve certainty comparable to standard labo-
ratory bioassays. Persoone and Jansson (1994) found that
CVs for single species tests reported in the literature usually
exceed 25%, and can be as high as 40–50%. In this com-
parison, the micro/mesocosm studies in this survey are within
a normally acceptable level of CVs with an overall mean of
45%. Laboratory bioassays potentially possess a higher de-
gree of statistical precision. Hence, it is relatively easy to
achieve higher power of the study in the laboratory by more
replicates or higher effect sizes.

The largest contributing factor to mesocosm uncertainty is
sample variability due to natural variability. Sample vari-
ability is affected by several confounding factors. Rosenzweig

and Buikema (1994) found similar successional patterns in
12 new ponds but the community structure between the
ponds was not similar at any time after one year, despite
statistically similar environmental characteristics in the
ponds. In addition to this, one can add the inherent problem
of zooplankton sample variability (Gagnon and Lacroix
1981). Another confounding factor is the accuracy and pre-
cision of pesticide concentrations following application.
Knuth (1986) found an overall CV average of 28% between
replicates in a case study. Schindler (1998), points to con-
founding aspects of sampling only at daytime, thus not tak-
ing into account the vertical migration and night activity of
the animals, meaning that possible key-stone species or most
sensitive species may be excluded from a test regime only
operating during the daytime. High concentrations are most
likely to produce significant effects, which are needed to break
through the noise of natural variation. For zooplankton, an
ecologically significant impact should be designated as at least
a 1–2-fold difference or 50–80% reduction. Smaller differ-
ences, from an ecological point of view, are probably irrel-
evant in natural ecosystems because of large seasonal varia-
tions, rapid generation times, recolonisation and recovery,
possibly reducing the chance of detecting effects under realis-
tic design and application conditions (Farmer et al. 1995).
However, the weight of these changes differs in each case, and
by the eye and opinion of the beholder.

Howick et al. (1992) showed that CV and sample size in
mesocosm studies were inversely proportional, with higher
sample sizes yielding lower CVs. Table 2 shows that there is
no clear relation between CVs and statistical significance.
Fairchild et al. (1992) showed significant differences on abun-
dance of Gastropoda despite CVs at 112% and 115%. On
the other hand, Richardson and Perrin (1994) failed to show
significant differences on the total abundance of insects, de-
spite CVs at 9% and 5%. This illustrates the importance of
effect size for determination of significant differences. How-
ever, as CVs increases, it becomes increasingly difficult to iden-
tify subtle effects. Subtle effects, however, are seldom ecologi-
cally significant, as is mentioned above in Farmer et al. (1995).

It is not possible to determine a generally acceptable CV
level because each design and variable is very diverse. If the
effect size is large enough, it is possible, despite a large CV,
to obtain significant differences. It is vital to distinguish be-
tween duplication and replication, if realism is increased,
the exact duplication of the absolute abundances of all spe-
cies is not necessary for reasonable simulations of processes
occurring in an ecosystem, because the well-being of the sys-
tem as a whole is of concern (Hammons et al. 1981). Here,
it is important not to confuse precision with accuracy; while
precision describes the range of results encountered in the
experiments, the accuracy determines whether these results
give valuable insights into the performance of the natural
system of interest or not (Lundgren 1985).

Assessment of recovery time is a highly ecologically signifi-
cant end-point that, moreover, is relatively easily evaluated
for regulators. This means that the experiment should be
run until there has been a recovery on the functional effect
variables analysed by means of univariate ANOVA (Cambell
et al. 1999).
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Moreover, probabilistic effect distributions could be imple-
mented to ease the interpretation of micro/mesocosm studies
(ibid.). The implementation of power analysis and probabilis-
tic effect distributions not only helps the interpretability of the
studies, but also increases the possibility for regulators to de-
termine the level of protection. Determining the optimal size
of the abiotic and biotic assemblage of micro/mesocosm stud-
ies is not a primary concern or possibility. Rather, the design is
a context-dependent matter of optimisation to answer ques-
tions within the framework of acceptable inference errors and
the amount of unexplained variability in a given risk assess-
ment (Giesy and Allred 1985) (Campbell et al. 1999). CVs
cannot measure the ability to show significant effects, and thus
they do not readily enhance the evaluation and interpretation
of micro/mesocosm studies without a priori estimates of β
and the power of the experiment (Kennedy et al. 1999).
State of the art, in microcosm science is then that it is not
possible to determine an acceptable level of CVs, the level of
CV is context dependent for each study and the individual
scope and purpose of this individual study. To enhance the
interpretability and implementation of micro/mesocosm stud-
ies in the pesticide registration process, the following context
dependent steps could be implemented; 1) Determine the ap-
propriate experimental design and number of replicates by
determination of β and the power of the design a priori. 2)
Utilisation of advanced statistical analysis, i.e. probabilistic
effect distribution and principal response curves. 3) Report-
ing, preferably in quantitative terms, the certainty and uncer-
tainty of the data and the risk of a type II error. The balancing
of ecological accuracy and statistical precision continue to be
a challenge of micro/mesocosm science before a routinely and
standardised implementation of the methodology in the risk
assessment of chemicals are feasible according to the USEPA
memorandum of 1992 by Fisher (1992).
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Table 1: Overview of the experiments reviewed in the article. The table indicates types of pesticide and freshwater system studied, study locations, size
and references

Appendix: Table 1 and 2

Pesticides

Active Ingredient System Studied Size Location Author

Atrazine Nw; Ns; Le; out; n= 2 0.045 ha USA (Kansas) deNoyelles et al. 1982

Atrazine + Esfenvalerate Ne; Ns; Le; out; n= 3 0.1 ha, 600-850 m3 USA (Columbia) Fairchild et al. 1994

������� Ne; Ns; Lo; out; n= 5 l.w.d.1.52*0.2*0.2 m Canada Richardson & Perrin 1994

Chlorpyrifos Aw; As; Lo; in; n= 4 l.w.d.110*110*50 cm Netherlands Cuppen et al. 1995]

Chlorpyrifos Aw; As; Lo; in; n= 4 l.w.d.110*110*50 cm Netherlands van Wijngaarden et al. 1995

Diflubenzuron Ne; Ns; Le; out; n= 3-4 700m3 USA (Columbia) Boyle et al. 1996

3,4-dichloroaniline Ne; Ns; Le; out; n= 2 1.2 m3 Netherlands Jak et al. 1998

Esfenvalerate Ne; Ns; Le; out; n= 3 0.1 ha, 700 m3 USA (Columbia) Fairchild et al. 1992

Esfenvalerate Aw; Ns; Le; out; n= 3 0.1 ha USA (Alabama) Webber et al. 1992

Glyphosate Nw; Ns; Le; out; n= 2 25 m3 Denmark Sanderson and Petersen 2001

Aw; Ns; Le; out; n= 2 25 m3 UK Farmer et al. 1995

Phorate, Triallate & Treflan

Azinphos-methyl, Chlorpyrifos,

Aw; Ns; Le; in; n= 4 4L USA (Columbia) Johnson 1986

Controls AW; Ns; Le; out; n= 12 5*4*1.5m France Caquet et al. 1996

Controls Aw; As; Lo; in; n= 2 l.w.d. 2.23*0.2*0.13 m USA (Avondale) Bott et al. 1993

Controls Nw; Ns; Le; out; n= 4 17 m3 UK Shaw et al. 1995

Controls AW; As; Lo; in; n= 2 l.w.d. 5*0.35*0.25 m UK Crossland & Dorn 1992

Controls Ne; out; Le; n= 3 4-7L USA (Pennsylvania) Pratt et al. 1997
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Table 2: Average parameter Coefficient of Variation results and design/complexity of study
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Table 1. Mesocosm water quality characterisation. Mean and range across the test period 

sampled weekly and biweekly (n=2) 

 

Variable Mean Range 

pH 6.05 5-7 

Temperature Co 10.8 5.1-16.2 

O2  ppm 9.9 7.8-12.9 

K  ppm 0.05 0-0.5 

Ca ppm 60 18.8-97.9 

Si ppm 0.4 0-2 

Na ppm 8 4.3-13.7 

NO3
-   ppm 1.4 <1-5.3 

Total P �g/L < 20 0 - <20 
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Study Compound Concentrations (mg/L)a Length of 

Studyb 
Start Date c Finish Date d Sampling days 

1 MCA 0, 3, 10, 30, 100 28 June 10, 1999 July 8, 1999 4, 7, 14, 28 

2 DCA 0, 30, 10, 30, 100 21 June 23, 1999 July 14, 1999 4, 7, 14, 21 

3 MCA/DCA 0, 50 (DCA)/3,6,12 (MCA) 21 Aug. 12, 1999 Sept. 2, 1999 4,7,14, 21 

4 CDFA 0, 0.5, 1, 5, 20 42 Aug. 18, 1999 Sept. 29, 1999 7, 14, 28, 42 
 

      a All concentrations were replicated 3 times. 
      b Duration of Myriophyllum spp. Exposure (days). 
      c The date the compound was introduced into the microcosm. 
      d The final date of the Myriophyllum spp. exposure. 
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Plant Compound Plant 
Length 

Roots Node 
Number 

Wet 
Mass 

Dry 
Mass 

Chlorophyll-a Chlorophyll-b Carotenoids 

M. spicatum MCA 5 0 ± 0 19 ± 2a 190.9 ± 
23.2a 

27.9 ± 
4.0a 

1.017 ± 
0.138a 

0.389 ± 0.051a  0.352 ± 
0.040a 

M. spicatum DCA 5 0 ± 0 17 ± 1b 226.5 ± 
38.8a 

38.8 ± 
6.1b 

0.759 ± 
0.150b 

0.286 ± 0.058b  0.268 ± 
0.050b  

M. spicatum MCA/DCA 5 0 ± 0  19 ± 1ab 226.5 ± 
43.2a 

 33.8 ± 
3.4ab 

1.003 ± 
0.201a 

0.384 ± 0.074a 0.348 ± 
0.065a 

M. spicatum CDFA 5 0 ± 0 19 ± 2a 201.3 ± 
27.3a 

37.3 ± 
2.8b 

0.793 ± 
0.134b 

 0.359 ± 
0.049ab 

 0.302 ± 
0.035ab 

M. sibiricum MCA 5 0 ± 0  21 ± 2ab 273.6 ± 
27.1a 

54.5 ± 
7.7a 

0.716 ± 
0.065a 

0.283 ± 0.025a  0.269 ± 
0.019a  

M. sibiricum DCA 5 0 ± 0 20 ± 1a 241.7 ± 
49.9a 

51.3 ± 
4.1a 

0.720 ± 
0.121a 

0.269 ± 0.051a  0.257 ± 
0.060a 

M. sibiricum MCA/DCA 5 0 ± 0 22 ± 2b 191.7 ± 
43.0b  

34.5 ± 
4.1b 

0.511 ± 
0.055b 

0.211 ± 0.030b  0.208 ± 
0.022b 

M. sibiricum CDFA 4 0 ± 0 17 ± 2c 126.2 ± 
29.1c 

18.5 ± 
4.5c 

0.487 ± 
0.094b 

0.184 ± 0.041b  0.185 ± 
0.033b 

 

������<������������������������ ���������
�������	���2����������	���������������	�&�������������������������������$�������������
������� ������������
���������������������$����������������������� �'3+6'���������������
������	&���������
���������������
�������
������������������������������������������������������������������	������������	�����	R�������8�N?�?=;�



105

!
4��	 ��������	 
� 	 ���	 �����	 �������	 ��	 ��	
��04��	5KA;5	 �����
�	 ��
4
����	
���	
��	
�	���	��������	�:5�	���	����	�
4��	�
�	"
��	�������	
�	�����
8-�����	/92		����	�����	���
����	�����
��	�����������	�����������	��
�	�
���
�
4���	4���0�������	�
���������
�	����
���	���
��	�
�	���	���
����	
� 	����
����
86���
�	��	 ��2�	 $&&/�92

�������<�����@�)�������� ������������������
���
����������N�?�?=��� �������
�	�����	������ �$�������
8'3+6';���������
�������	���������8';������2	��"�������8@;������������	��)�������
���� ��)����	� �� � ��������������� ����� 8�(';� ��� �*����������������� ���� ���� ����������������� ����
�������������
��������������������
������������)���������)��������������<=�������:=�������������������

����������������������?�������5?��������������'�	�����������
������������������������������������
�����������%�
������?�K������������������*������������'3+6'�

�������������@�)��������������������������
���
����������N�?�?=����������
�	�����	������
$��������8'3+6';���������
�������	���������8';������2	��"�������8@;������������	
�)��������������)����	��������������������������8
(';�����*�������������������������������
����������������������������
��������������������
������������)���������)��������������<=������
:=��������������������
����������������������?�������5?��������������'�	�����������
���������������
��������������������������������%�
������?�K������������������*������������'3+6'�



106

��	���	�������	4���	�:5	���	:�-5�	�
��	
� 	���	����
����	�
���
���	���
�
4	�
4��	8-�����	$	���	.9	�
�	"
��	�����	�������2		��	����	
� 	���	�������
4���	�:5	���	:�-5�	�
�	"
��	�����	�������	���	�
��	������	���������	�����

�������>�����@�)�������� ������������������
���
���������N�?�?=��� �������
�	�����	������ �$�������
8'3+6';���������
�������	���������8';������2	��"�������8@;������������	��)�������
������)����	��� ���������������������������8(��';�����*����������������������������������������������
�������������
��������������������
������������)���������)��������������<=�������:=�������������������

����������������������?�������5?��������������'�	�����������
������������������������������������
�����������%�
������?�K������������������*������������'3+6'�

�������D�����@�)�������� ��������������� �������������������������������������������������������	������

�	�����	������ �$��������8'3+6';���������
�������	���������8';������2	��"�������8@;
�����������	��)��������������)����	��� �����������������������8
(';�����*����������������������
�������������
��������������������
������������)���������)��������������<=�������:=�������������������

����������������������?�������5?��������������'�	�����������
������������������������������������
����������3��������������������)����������������������������������� ���������������������������������
�������������������������� ����������������������



107

4��	�	,*J	������	
� 	 �
��������	 �	����	 ��	 ���
�	 �� 	 �	 ����	����������	���
�#���2	 	F
��	�����	�������	���
����	��4�	 �� 	����	�����������	�����������	��
�
�
���
�	 ���	���	4���	 8�
4	 �$	 
�����9	 �
���������
�0����
���	 ������
������
86���
�	��	��2�	$&&/��	$&&/�92	 	���	�����������	�����������	 ��
�	���	�:5

�����	��������	"�	5KA;5	8�≤&2&*9	4���	�	�������L�	����	8αQ&2&*9	�
�	
�
��������	���	
�� ���������	
�����	���������	
�	 ���	����	
�	 ��������	���	"�
�������	8-�����	'9	4���	�
��	�������	�������	����	*&J	��
�	�
���
�	
�����2
F
��	�������	
�	�����	��
4��	�������	������	��	���	������
�	�������
���	
�	���

������>��������������������� �$����������� �����
�������	������������������������������������������������������������555
�����
������55K���������������������������������������������������$������

Compound Day Plant 
Length 

Root No. Root 
Length 

Longest 
Root 

No 

 
Wet 
Mass 

Dry 
Mass 

Chl a Chl b Carot. 

MCA 4 11  17  47  47  1  17  24  5  6  6  

 7 23  7  17  13  1  25  26  11  15  9  

 14 21  5  13  18  4  20  15  13  22  16  

 28 8 7 7 11  3 22  26  13 14  14 

MCA mean 16 9 21 22 2 21 22 10 14 11 

MCA minimum � 52 30 68 72 7 68 72 33 46 36 

DCA 4 12 33  58 69  11  21  19  23  19  29  

 7 11  29   17  18 4 25  26  27  63  15  

 14 22  22  22  9   6  30  33  53  59  54  

 21 21  17  31  11  6  44  49  41 49 35 

DCA mean 16 25 32 27 7 30 32 36 48 33 

DCA minimum � 52 81 >100 88 23 98 >100 >100 >100 >100 

MCA/DCA 4 6 42 80 50 10 9 5 12 18 8  

 7 9  15  39  31  7  17  13  36  39  34  

 14 8  19  24  16  4  15  12  12  18  13  

 21 18  22  32 11 4  25  19  11  13 12  

MCA/DCA mean 10 25 44 27 6 17 12 17 22 17 

MCA/DCA minimum � 33 81 >100 88 13 55 91 55 72 55 

CDFA 7 4  0  28  9  7 10 30  19  24  24 

 14 5  13  16  2  4 12 14 5 12  20 

 28 8  9  10  5  5 2  3  7 7 6 

 42 8  13  10  9  16 21 16  9 15 12  

CDFA mean 6 9 16 6 8 11 16 10 14 16 

CDFA minimum � 13 30 52 13 26 36 52 33 46 52 

1999 meana  10 ± 8 14 ± 12 24 ± 21 17 ± 19 5 ± 4 16 ± 11 17 ± 13 15 ± 14 21 ± 19 16 ± 14 

1999 median  9 15 22 11 4 20 19 12 18 14 

1999 max.  23 42 80 69 16 44 49 52 63 54 

1999 min.  4 0 7 2 1 2 3 5 6 6 

Minimum �  33 46 78 55 17 52 55 49 68 52 

1998 meanb  9 ± 4 21 ± 22 nc 26 ± 27 8 ± 3 15 ± 8 19 ± 15 11 ± 7 17 ± 16 10 ± 5 

1998 median  9 15 nc 13 8 16 16 8 9 9 

1998 max  18 75 nc 85 12 29 64 26 62 22 

1998 min.  3 5 nc 5 3 2 1 4 5 5 

Minimum �  30 68 nc 85 26 49 62 36 55 33 

 
   a The values shown are the mean ± the standard deviation of the coefficients of variation shown in the table. 

b The values shown are the mean ± the standard deviation of the coefficients of variation for M. spicatum  
from two studies conducted in 1998 (Hanson et al., 2001b, 2001c).  “nc” stands for not calculated. 
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Compound Day Plant 
Length  

Root 
No. 

Root 
Length  

Longest 
Root 

Node 
No. 

Wet 
Mass  

Dry 
Mass  

Chl a  Chl b  Carot.  

MCA 4 8 21 49 34 6 7 20 11 8 7 

 7 8 19 31 18 8 8 23 8 12 8 

 14 23 18 9 25 7 14 5 28 29 34 

 28 27 24 40 27 7 50 50 4 4 4 

MCA mean 16 21 32 26 7 20 24 13 13 13 

MCA minimum � 52 68 >100 85 23 65 78 43 43 43 

DCA 4 4 22 80 69 4 7 6 22 22 50 

 7 6 11 15 17 8 9 14 35 80 12 

 14 15 9 18 14 4 21 24 27 33 22 

 21 19 11 11 12 5 30 28 19 32 19 

DCA mean 11 13 31 28 5 17 18 26 42 26 

DCA minimum � 36 43 >100 91 17 55 59 85 >100 85 

MCA/DCA 4 3 13 59 42 7 8 27 1 4 4 

 7 2 38 32 11 4 20 24 25 31 25 

 14 5 5 17 19 8 3 8 27 34 33 

 21 7 13 10 4 7 12 14 9 19 7 

MCA/DCA mean 4 17 30 19 7 11 18 16 22 17 

MCA/DCA minimum 
� 

13 55 98 62 23 36 59 52 72 55 

CDFA 7 14 29 13 1 9 11 13 6 8 9 

 14 12 17 32 10 11 6 5 18 33 6 

 28 7 6 17 6 3 14 11 8 10 6 

 42 4 17 14 14 5 18 11 6 3 8 

CDFA mean 9 17 19 8 7 12 10 9 14 7 

CDFA minimum � 30 55 62 26 23 39 33 30 46 23 

1999 meana  9 ± 8 14 ± 10 24 ± 21 17 ± 17 5 ± 3 13 ± 12 15 ± 13 13 ± 11 19 ± 19 13 ± 14 

1999 
median 

 7 17 17 14 7 11 14 11 19 8 

1999 max.  27 38 80 69 11 50 50 28 80 50 

1999 min.  2 5 9 1 3 3 5 1 3 4 

Minimum �  30 46 78 55 17 43 49 43 62 43 

1998 meanb  8 ± 3 24 ± 17 nc 24 ± 21 7 ± 3 21 ± 9 24 ± 15 17 ± 17 13 ± 8 10 ± 6 

1998 
median 

 8 17 nc 20 8 24 23 8 9 8 

1998 max  15 69 nc 85 14 36 64 67 29 22 

1998 min.  2 5 nc 5 3 4 1 2 6 2 

Minimum �  26 78 nc 78 23 49 78 55 43 33 

 
a The values shown are the mean ± the standard deviation (n=16) of the coefficients of variation shown in the table. 
b The values shown are the mean ± the standard deviation (n=14) of the coefficients of variation for M. spicatum from two studies  
conducted in 1998 (Hanson et al., 2001b, 2001c).  “nc” stands for not calculated.  
 

�������	��������	 �
	 ������	 �����������	 ��	 ����	 �����2	 	 	 !������	 ���	 �

�
�
������
��	"����	 ���	 �����	 �������
�	 ���	�
��	 �������
�	 ������	��������	 ��
������	�
	�����	�
��
�����	��������
���2

���	:;�	4���	����������	�
�	����	�����	���	�����	�������	��	����	����0�
���
8��"��	.	���	'9	���	4���	����	�
	���������	���	���"��	
� 	����������	��7�����
�
	������	�����������	�����������	��	��������	������	��
���	8��"��	*92		���	:;�

∆

∆

∆

∆

∆

∆



109

��
�	�4
	�������	�
�������	��	�	�������	�����
�	��	/,,3	86���
�	��	��2�	$&&/"�
$&&/�9	4���	����������	���	���	����	���
����	8��"��	.	���	'92		���	�������
��
�	/,,3	 ���	:;�	 ���	 ����
���	 �������	 �������	 �
	 ����	 
�	 ���	 �������
�
�������	��	/,,,2		���	������	
�����	4���	���
	���
����	�
�	�����	�������
��	���
�
��	4
��	�#�������	�
4��	���	
������
�	���	�
���	���	����	�
	"�
��	�������"��	�������	
�	���	�������	��������	���	�
	����������	��
�	�#�����

�����	8
��	���	6
�
���	/,,392		��	����	������	���	������	���	����	
�����
4���	�
�	�
�����"��	���������	8��"��	.	���	'9�	�
	���	����	
�����	4���	����
��	��"��7����	���������
��2	���	������"���
��	
� 	���	:;�	�
�	����	�����	���0
����	4��	��
����	 ��	
����	 �
	 ������	 
������>�	 ���	 �����	
�	 
����"�����	4�����
�����	������	�
�	���	�#������	����
����	8-�����	*92			���	�
�����	
�	�����
4��	�����	�
	����
�	��	

�����	:;	�
�	����	����
���	�
�	����	��������	�����
��������	����������	
�	���	����	
�	�����	
�	�
��
���	����2

�������=������������������ �������������������� �$����������������������������
�������	��������
8';������2	��"�������8@;��������������������$����������?������������������������������	&�)�����
������)�������������� ��������������*������������������<=�L���������������������
�������&����

����α�N�?�?=�����β�N�?�<�



110

���	:;�	��
�	�	���
����	�
��������	������
�����	����	�$Q&233	8�����	&2+,0
&2,'9	"��4���	 ���	 �4
	�����	�������	 8-�����	%�9�	 ��������	 ����	 ���	 ��
��	
�

������
�	����	 ��	��������	����
����	 ��	�������	 �
	"
��	�������2	 	���	

�����
��
���	
�	
������
�	�
�	
����������	���	�������>��	��	�
��	���"��	?	�����
������	?	�

�	���"��	?	���
�
�����	�	?	4��	����	Q	���
���
���	?	�
�����
�

�	������	Q	���	����	?	���
�
�����	�	?	�
���	�

�	������2

�������4��������$�������������������� �$����������� ��?������������������������������������
���
����
�������	����������������������������������� ��2	���������8';,�������
���������
����������������������������0����	��������8@;������
��������������������������������������0����	
�����8(;����2	��"�����������������������������������������������0����	������������
���$���������



111

���	

�����	��
���	
�	
������
�	�
�	
�����������	���	�������>��	��	�
��	���"��
?	4��	����	Q	���
���
���	Q	���
�
�����	�	?	 �

�	���"��	?	���	����	?
���
�
�����	�	?	�
���	�

�	������2		���	��������
�	����	
�	���	
�����������	:;�
��
����	 �������	 ���	
�� ��������	:;�	���	 �	 ��
��	
�	 &2,'	 ��������	 ����	
�
���������	���	��������	�
4��	

�����	
������
�	�����	�����	����
����2	���	��
��

�	������	�
	"�	������	��
�
�������	�����������	4��	�	∆	Q	$*J	������	��
�
�
���
�2		��	
����	�
	������	����	�	����������	4���	����	�
4��	8β	Q	&2$�	α	Q
&2&*9�	
�	�
������	$	�
	/,	����������	4���	��7�����	���������	
�	���	������
�������	���	�����	�������	8��"��	.�	'	���	*9	��	�	�������	�0����	������2

Coefficient of 
Variation 

Percent Change from Control 

 10  15  20  25  30  40  50  60  75  90  99  
2 2            
3 3  2           
4 4  3  2          
5 6  4  2          
6 7  4  3  2         
7 9  5  4  3  2        
8 12  6  4  4  3  2       
9 14  7  5  4  3  2       
10 17  9  6  4  3  2       
11 21  15  6  5  4  3  2      
12 24  12  7  5  4  3  2      
13 28  13  8  6  5  4  3  2     
14 32  15  9  7  5  4  3  2     
15 37  17  10  7  6  4  3  2     
16 42  19  12  8  6  4  4  3  2    
17 47  22  13  9  7  5  4  3  2    
18 52  24  14  10  7  5  4  3  2    
19 58  27  16  11  8  5  4  4  3  2   
20 64  29  17  12  9  6  4  4  3  2   
21 71  32  19  13  9  6  4  3  3  2   
22 77  35  21  14  10  6  5  4  3  2   
23 85  38  22  15  11  7  5  4  3  3  2  
24 92  42  24  16  12  7  5  4  4  3  2  
25 100  45  26  17  12  8  6  4  4  3  3  
26 108  49  28  19  13  8  6  5  4  3  3  
27 116  52  30  20  14  9  6  5  4  3  3  
28 125  56  32  21  15  9  7  5  4  4  3  
29 134  60  35  23  16  10  7  5  4  4  3  
30 143  64  37  24  17  10  7  6  4  4  3  
31 152  69  39  26  18  11  8  6  4  4  4  
32 162  75  42  27  19  12  8  6  5  4  4  
33 172  77  44  29  21  12  8  6  5  4  4  
34 183  82  47  31  23  13  9  7  5  4  4  
35 194  87  50  32  23  14  9  7  5  4  4  
36 205 92 52 34 24 14 10 7 5 4 4 
37 216 97 55 36 25 15 10 8 5 4 4 
38 228 102 58 38 27 16 11 8 6 5 4 
39 240 108 61 40 28 16 11 8 6 5 4 
40 253 113 64 42 29 17 12 9 6 5 4 
41 265 119 67 44 31 18 12 9 6 5 4 
42 278 125 71 46 32 19 13 9 7 5 5 
43 292 131 74 48 34 20 13 10 7 5 5 
44 305 137 77 50 35 21 14 10 7 5 5 
45 319 143 81 52 37 21 14 10 7 6 5 
46 334 149 85 55 38 22 15 11 7 6 5 
47 348 156 88 57 40 23 15 11 8 6 5 
48 363 162 92 59 42 24 16 12 8 6 5 
49 378 169 96 62 43 25 17 12 8 6 5 
50 394 176 100 64 45 26 17 12 9 6 6 
52 426  190  108  69  39  28  19  13  9  7  6  
54 459  205  116  75  52  30  20  14  10  7  6  
58 530  236  134  86  60  35  23  16  11  8  7  
59 548  244  138  89  62  36  23  17  11  8  7  
63 625  278  157  101  71  40  26  19  13  9  8  
69 749  334  188  121  85  48  31  22  15  11  9  
80 1006  448  253  162  113  64  42  29  19  14  12  

 

Table 5.  Number of replicates required for Myriophyllum spicatum and M. sibiricum to achieve specific differences
from control values with a high level of power (β<0.2).
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Effect Measurea Plant Species Study Length of 

Study 
Coefficient 
of Variation 

Minimal detectable difference 
(�) from control (%) 

Fv/Fm M. spicatum Marwood et al., 2001b 28 2 7 

�F/Fm M. spicatum Marwood et al., 2001 28 4 13 

qP M. spicatum Marwood et al., 2001 28 3 10 

1-qN M. spicatum Marwood et al., 2001 28 9 30 

Biomass M. spicatum Marwood et al., 2001 28 15 49 

Photosynthetic Efficiency E. canadensis Snel et al., 1998c 7 2 7 

Photosynthetic Efficiency E. canadensis Snel et al., 1998 28 0 <1 

Photosynthetic Efficiency E. canadensis Snel et al., 1998 35 1 4 

Photosynthetic Efficiency E. canadensis Snel et al., 1998 56 2 7 

Biomass E. canadensis Snel et al., 1998 56 13 43 

 
 a Fv/Fm the maximum efficiency of electron transport in photosystem II, �F/Fm the effective yield of photosystem II  
 photochemistry, qP is the photochemical quenching and qN is the non-photochemical quenching. 
 b Marwood et al., 2001 had an n = 2 with 4 subsamples averaged per outdoor micorosm 
 c Snel et al., 1998 had an n = 2 using indoor microcosms 
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Effect measure Coefficient of variationa Power of testb Minimal detectable change (�) 

from control (%)c 
Plant length 6 ± 2 1 13 

Root number 22 ± 12 0.353 45 

Root length 17 ± 7  0.533 25 

Wet mass 11 ± 4 0.881 23 

Dry mass 13 ± 8 0.759 27 

 
a The coefficient of variation reported is the mean ± standard deviation of five separate assay coefficients of variation. 
b The power of the test was calculated for a t-test with five replicates. 
c The detectable change (�) from control was calculated in for a t-test with five replicates and the mean coefficient of  
variation for that effect measure.  
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as a Popperian falsification approach of a null-hypothesis
would be prevention. The challenge met by power analysis is
to merger prevention and precaution and make the accept-
able doubt (β) and environmental effect (∆) transparent, and
to integrate science and precaution. We propose that this
could be considered within public environmental consen-
sus forums. The difference between prevention and precau-
tion is at present somewhat blurry.

The precautionary principle gained wide acceptance and
public awareness following the 1992 Rio Declaration of the
United Nations sustainable development meeting, and since
then attempts have been made to introduce it into national
and international environmental legislation and regulations.
Principle 15 of the Rio declaration states: "Where there are
threats of serious or irreversible damage, lack of full scien-
tific certainty shall not be used as a reason for postponing
cost-effective measures to prevent environmental degrada-
tion". So, originally, the idea of the principle was to speed
up the rate of sustainable development and overcome the
delays in environmental decision-making which were due
to scientific uncertainty and the lack of knowledge concern-
ing complex and intrinsic environmental matters (Hey 1992,
O'Riordan and Jordan 1995). The history of the precau-
tionary principle has been described in great detail (Free-
stone and Hey 1996, Harding and Fisher 1999, Raffensberg
and Tickner 1999). Furthermore, the political opportunism
related to the implementation of principle (Pers. Comm. T.
O'Riordan 2001) is not covered in this paper. The explicit
management of the lack of knowledge and uncertainty is
increasingly important in contemporary society, and has been
characterized by the German sociologist Ulrich Beck (1992)
as a 'Risk society'. In the risk society the distribution of risks,
real and assumed, can be seen as determining, driving forces
for societal development in the new millennium which are
complementary to the distribution of wealth. Moreover, some
argue that the science/policy interface is characterized by a
shift from 'hard facts' and 'soft values' to 'soft (scientific)
facts' and 'hard (public) values' (e.g. the sinking of oilrig
Brent Spar in the North sea and public opposition towards
genetically modified organisms and food) pushing decision-
makers for a faster and assumed precautionary approach
(Pers. Comm. D. Gee 2000).

DOI: http://dx.doi.org/10.1065/espr2001.10.095

Abstract. The diversity of interpretation, the subsequent lack of
implementation, and the enforcement of the precautionary prin-
ciple have been important issues in the European environmen-
tal discourse for the past five years. The European Commission
published a communication on the Commission's interpretation
of the precautionary principle on February 2nd, 2000. How-
ever, the distinction between precaution and prevention is ab-
sent in the EU Commission's interpretation, resulting in the
communication's lacking relevance for the precautionary prin-
ciple. The important consequence of the precautionary concept
in policy and decision-making is that it should not be based on
an assumed certainty of the certainty of environmental knowl-
edge – but rather on a certainty of the uncertainty of environ-
mental knowledge. In other words, the regulation should, to a
greater extent, be based on the management of uncertainty, and
risk assessments should explicitly present and discuss related
uncertainty and lack of knowledge. The management of uncer-
tainty should be based on setting the acceptable level of risk of
accepting a failure to reject the null hypothesis of no adverse
effects (β). This is done by setting the required power (1-β) ac-
cording to a socioeconomic cost-benefit analysis. Moreover, the
acceptable ecological effect size (∆) could also be set a priori
which would have implications for the power of a study. Rever-
sal of the burden of proof could be considered in order to re-
solve possible legal implications for the risk managers.

Keywords: Precautionary principle; risk assessment; uncertainty;
type II error; power analysis

Introduction

Principle of Precaution:
��

��

�Handling of a lack of knowledge and
regulating based knowledge beyond reasonable doubt (con-
text dependent and flexible truth claims and early warnings).
The handling of epistemic and methodological uncertainty. Tra-
ditionally not scientific (§ 15 in the Rio declaration, 1992).

Principle of Prevention: Handling of data uncertainty and
the precision of measurable effects and causalities beyond
any doubt (95% convention). The scientific handling of test
and data uncertainty EU-Communication (1) 2/2 2000.

Highly variable regulatory entities like assumptions; experien-
ces, common knowledge, opinions or anxieties would fall in
the realm of precaution when untested or un-testable, where-
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Hence, the precautionary principle has also been written into
the preamble of the Amsterdam treaty as a guiding tool upon
which the development of the European Union's (EU) envi-
ronmental policy should be based. However, the interpreta-
tion of the precautionary principle is still unclear and this
impedes the implementation and regulatory use of the prin-
ciple. A communication sent from the EU-Commission in
February 2000 addressed the differences in interpretation
(EU COM 2000, 1), and was hence explicitly written into
the EU white paper on future new chemicals policy strategy
of 28/3-2001, (EU COM 2001, 88). Where there are lack-
ing, neglected or reluctant data from the companies apply-
ing for registration of their products, the regulators are en-
titled to limit the permit according to the precautionary
principle, according to (EU COM 2000, 1). This power,
moreover, was ratified by member states in the Nice treaty
(Nice 2001) covering all chemical policy realm.

According to the EU communication, the precautionary prin-
ciple is intended to be used when there is a reasonable suspi-
cion of unacceptable environmental risk, but the causal rela-
tions are scientifically unclear or biased. Thus, further
investigation and better documentation are required on the
basis of the precautionary principle. On this new basis, a cost-
benefit analysis of the pros and cons should be politically
weighted and the policy makers should decide on further regu-
latory action. In this context, precaution is about increased
environmental protection through better and more thorough
risk analysis, and not about more direct regulatory action based
a 'non-scientifically' founded but reasoned suspicion, scares,
uncertain or biased scientific documentation. According to the
EU Commission's spokesperson Christine Majewski, the com-
munication was also intended to 'open a debate' which might
lead to a common understanding of how to assess and man-
age risks in the face of uncertainty (Santillo 2000). Moreover,
the precautionary principle is strictly a political tool only for
politicians to use. Claims or considerations of an implementa-
tion of precautionary approaches by scientists and research-
ers is not desirable (EU COM 2000, 1 ).

The aim of this paper is to participate in this debate discuss-
ing the difference between interpretation of prevention and
precaution and, primarily, to discuss possible ways of imple-
menting and managing precaution via statistical power analy-
sis, and to address this as a first step towards increasing the
reflexibility of science that Beck (1992) issued as a main
precursor for future sustainable development. In power
analysis of the null hypothesis, the acceptable effect sizes
(∆), the probability of Type I (α) and also of Type II (β)
errors need to be explicitly addressed which could permute
a reflexive process between politicians, regulators, stakehold-
ers and scientists. Determination of acceptable anthropo-
genic change or impact (∆) of the environment in light of the
precautionary principle and reflexive science will also be
discussed. Moreover, the aim is to broaden these scientific
considerations to the realm of social science and into the
regulatory sphere in a relatively accessible form.

1 Interpretation of the Precautionary Principle

The EU Commission's communication concerning the in-
terpretation of the precautionary principle states explicitly,

both in writing and verbally, that there is no real difference
between the principle of prevention and the precautionary
principle (Pers. Comm. Majewski 2000). If there is a lack of
knowledge, measures should be taken to gain more scien-
tific knowledge before regulatory action. In this situation
delays occur, Weinberg (1985) calls it 'the regulators' di-
lemma'. How should international lawyers and regulators
cope with uncertainties? If an experiment does not confirm
or disprove a hypothesis, scientists can continue to gather
information, but regulators must choose a course of action.
Delaying action in the hope that new information will re-
solve or, at least, reduce uncertainty, is itself an interim deci-
sion (Bodansky 1991). It is difficult to see the legal and regu-
latory novelty and necessity for the precautionary principle
in the EU-Commission's interpretation of a precautionary
principle, if it doesn't imply any real difference in the regu-
latory praxis, except changing the word prevention into pre-
caution in a preamble to the EU treaty.

The problem in interpreting the precautionary principle has
been addressed by several authors. Rehbinder (1994) lists
nine different possible interpretations of the precautionary
principle. The Norwegian sociologist Bratt (1996) defines
the difference between the precautionary principle and the
principle of prevention as follows: "The prevention of known
hazards and prevention of risks of hazards would tradition-
ally fall within the realm of environmental prevention.
Whereas the prevention of possible risk of environmental
hazards would be precaution". In other words, when the
risk is known, e.g. that compound X is carcinogenic, persis-
tent and mobile, it is a prevention to regulate the use of X
and prevent it from entering the environment and ground-
water. However, regulating a compound Y on the basis of
possible estrogenic properties would be precaution. Vital in
this context is the level of certainty and regulation on the
basis of uncertainty and circumstantial evidence (Sanderson
2000). In praxis, the definition of the precautionary prin-
ciple is most likely a context-dependent interpretation be-
tween prevention and precaution. The European court of
Justice has consistently defined the precautionary principle
as follows: "Where there is uncertainty as to the existence
or extent of risk to human health, the institutions may take
protective measures without having to wait until the reality
and seriousness of those risks become fully apparent". This
was used in the Mad Cows (BSE) judgment and it is also
consistent in environmental matters (Pers. Comm. David Gee
2000). This interpretation of the original principle of pre-
caution (principle 15 in the Rio Declaration) would imply
substantial changes in regulatory praxis. One could be the
reversal of the burden of proof, which is often mentioned in
relation to the precautionary principle. Traditional tort goals
depend heavily on reliable information about causation. If
the fact-finder is left in a state of great uncertainty about
causation, he is unable to conclude that a litigated compound
is either safe or unsafe. Under these circumstances, which-
ever party bears the burden of proof concerning the ques-
tion of causation will lose – not because the fact-finder has
good reason to conclude that the litigated compound does
or does not cause harm, but because of a procedural default
rule whose operation is not governed by the truth about
causation (Feldman 1995). However, this could jeopardize
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the legal status of the risk manager actually using the prin-
ciple and seriously hamper the implementation of the prin-
ciple. They could risk personal prosecution, as John Carey
of Environment Canada pointed out at the Society of Envi-
ronmental Toxicology and Chemistry 3rd World Congress
in Brighton May 2000, because they could, legally and per-
sonally, be held responsible for their decisions – which are
clearly unacceptable (Pers. Comm. J. Carey 2000).

Given these problems in interpretation, we will continue by
discussing the implementation of the precautionary principle
based on a management of uncertainty via statistical power
analysis in the context of the EU-Commission's definition
of the precautionary principle.

2 Statistical Testing of the Null Hypothesis

The new knowledge produced by the additional scientific
work, e.g. ecological toxicity and its adverse effects on the
environment or health, is tested by the null hypothesis. The
null hypothesis tests whether there is a statistically signifi-
cant change in the average abundance of the test organism
in a comparison between treated and control groups. So the
starting point is that there is no difference, and the null hy-
pothesis is then to be falsified by e.g. t-test with p or α ≤
0.05 as maximal acceptable probability of the rejection be-
ing an error (i.e. the null hypothesis is really correct). Thus,
the risk of committing a Type I error (accepting a false posi-
tive) is statistically tested. Industrial statisticians also call
this 'the producer's risk'. If the test shows a statistically sig-
nificant relationship and the tested relationship also is vali-
dated as ecologically relevant, then we need look no further.

But if it is not possible to reject the null hypothesis with
more than (α ≥ .05), the compound or activity is, in theory,
often perceived not to have adverse effects. However, this
statistical testing is not an example of environmental pre-
caution as it only tests the risk of committing a Type I error
that could adversely affect the producer's risk of erroneously
rejecting the null hypothesis. Ninety-eight per cent of all
marine and aquatic biomonitoring (Peterman 1992) and
higher tier aquatic ecotoxicology null hypothesis tests
(Sanderson 2001) only calculate the probability of commit-
ting a Type I error – or estimations of the producer's risk.
Fifty-two per cent of the biomonitoring tests concluded that
there was no effect if the change was not significant, α ≥
0.05 (Peterman 1990). For intensive information on power
analysis see Green (1979).

3 No Significance is not Equal to No Effect

It is relatively easy statistically, using power analysis, to test
an ecological risk assessment's null hypothesis in an envi-
ronmentally precautionary manner. What is and what con-
stitutes a power analysis? In a statistical power analysis, the
focus is on the flip side of the coin of the null hypothesis –
namely the risk of committing a Type II error, the accep-
tance of a false negative result. Power analysis (1-β) shows
us the probability that our t-test could have shown a differ-
ence in case there was one in reality. Where α in the t-test
symbolizes the acceptable risk of committing a Type I error,
β symbolizes the risk of committing a Type II error. For any

given test, we would like to have the quantity 1-β be as large
as possible and the quantity of β as small as possible (Sokal
and Rohlf 1995). The power (1-β) of an investigation is re-
lated to and influenced by four variables; effect size (∆), sample
size (n), sample variability (σ2) and α in the following way:

a) If ∆ increases (↑) then (⇔) β↓⇔ power↑
b) If n↑⇔β↓⇔power↑
c) If σ2↓⇔β↓⇔power↑
d) If α↑⇔β↓⇔power↑

If n or ∆ is too low or σ2 is too high, the statistical power of
the test is reduced and thus the risk of committing a Type II
error is increased. The conclusion of a study that fails to
reject the null hypothesis with low power should be that the
study should be changed and retired instead of concluding
that there is no effect. There is, after all, a substantial differ-
ence between accepting an activity or compound and ad-
justing a test. Sanderson and Petersen (2001) failed to reject
the null hypothesis significantly in a t-test (α ≤ 0.05) of no
effect in an ecotoxicological risk assessment performed in
mesocosms of the herbicide Roundup2000. The power analy-
sis showed that the mesocosm test design was too variable
to show any effects, thus it would on average require an
effect size (∆) at 95% compared with the controls or on
average 20 replicates (n) to obtain high power (β ≥ 0.2 ⇒
power 1-β = 0.8).

Gray (1990) provides an example in which a biologist, who
has rejected a null hypothesis of no effect for some substance,
is confronted by lawyers from industry with the question:
"How do you know that the effect you observed is not in
fact due to a natural environmental variable that you haven't
measured?" In other words, the legitimate question is asked
if you have committed a Type I error. However, the equally
legitimate one concerning Type II error is almost never asked
when the biologist or industry fails to reject the null hypoth-
esis of no effect. "How do you know that the absence of a
statistically significant effect in an investigation is not just
due to a small sample size or sampling variation, which tends
to reduce the chances of detecting an effect that is present?"
When this question is not asked, and it often is not, incom-
plete information is being provided to decision-makers (Pe-
terman and M'Gonigle 1992). The power analysis thus tests
the statistical power or quality of a statistical relationship
and thus also the quality of investigation and methods lead-
ing to testing the null hypothesis. The sample variability σ2

and the required sample size n are submitted to natural laws,
whereas α, β and ∆ are conventions (Green 1979).

4 The Recipients' Risk βββββ and Acceptable Effects ∆∆∆∆∆

The 'consumer's or recipient's risk' β as an estimation of the
risk of committing a Type II error are calculated in statisti-
cal power analysis. For the power of a test to be high, that is
an acceptable risk of a false failure to reject the null hypoth-
esis, β is conservatively set to 0.2 – or 4 times higher than
the 'producer's risk' α of 0.05. The setting of α and β are
purely based on statistics and mathematics and not ecologi-
cally or environmental matters (Sokal and Rohlf 1996).
Today's precautionary principle using traditional α and β
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values in statistical testing of the null hypothesis protects the
producer four times more than it does the environment. A
way to deal with the precautionary principle following the EU
Commission's interpretation, first of all, is through rigorously
asking for an estimation of the null hypothesis test's power.

The setting of an acceptable level of β could relay on cost-
benefit estimations, where the cost of committing a Type II
error should be held against societal benefits of the activity,
compound, building, etc. that is being risk assessed. Two ex-
amples: When the Danish parliament unanimously decided to
initiate a large national consensus study to estimate the costs
of reduced usage of pesticides at a national level, the possible
adverse public health effects due to pesticide usage were esti-
mated. The following conclusion was reached: "On the basis
of the epidemiological studies it is not possible to prove that
the amounts of pesticides the public is exposed to pose health
hazards. On the other hand, one can neither scientifically prove
that a pesticide will not pose a threat" (Bichel 1998). In this
case no power analysis was implemented on the epidemio-
logical data and the inherent uncertainty in the data was not
quantitatively linked to a precautionary approach. In the
subsequent new Danish Environment Ministry's 'pesticide
action plan II' for pesticide regulation the conclusion reached
was: "On the basis of current knowledge and data it is esti-
mated that public consumption/exposure of pesticides from
contaminated food and water presently does not pose any
risk to public health" (Danish Environmental Ministry 2000).
The risk of a Type II error, in this case the actual human
health risks due to exposure of pesticides, and the associ-
ated costs of the error have remained un-assessed.

In the next example, estimations of power were made in the
Environmental Impact Assessment (EIA) when constructing
the Øresund fixed link between Denmark and Sweden. How-
ever, when assessing the assumed environmental impacts of
the bridge α was set to 0.05 and β was set to 0.25. In other
words, the acceptable risk of committing a Type II error
(possible effects to the deepwater fauna) was five times as
high as the acceptable risk of a Type I error. The socio-eco-
nomic cost-benefit analysis set the value of the bridge fives
times higher than the outcome of Baltic fishery and wildlife.
A precautionary setting of α and β, to say 0.05 and 0.1,
would have changed the EIA considerably and the decision-
making process of the fixed link (Gullett 2000).

The setting of an acceptable effect size ∆ is mostly a political
question, however it can occasionally be scientifically pos-
sible to determine an ecologically acceptable or sustainable
effect size. In a power analysis, this means that the property
of ∆ could at least start an operationalization of otherwise
somewhat blurry politically defined goals and criterions, like
zero effect, sustainability, ecologically acceptable effects,
biodiversity by a priori discussing in quantitative terms the
acceptable effect sizes, which would then influence the power
of a test and thus the design of the investigation testing causal
linkage and null hypothesis.

5 Discussion and Conclusions

There must be a difference between precaution and preven-
tion, in regulatory management of uncertainty and the lack

of knowledge in order to reduce the 'regulator's dilemma'
and the delay in decision and policy-making. This means
that the interpretation that the EU-Commission presented
in the communication, where there was no significant dis-
similarity between prevention and precaution, needs revi-
sion for the precautionary principle to have any relevance at
all. The most important distinction between precaution and
prevention would be that prevention is concerned with the
prevention of relatively certain risks and precaution, on the
other hand, is concerned with the prevention of relatively
uncertain risks. The important change that follows the pre-
cautionary concept in policy and decision-making is that
they should not be based on the assumed certainty of the
certainty of environmental knowledge, but on the certainty
of the uncertainty of environmental knowledge. In other
words, the regulation should to a greater degree be based
on the management of uncertainty, and risk assessments
should explicitly present and discuss related uncertainty.

Moreover, the reversal of burden of proof and workload, is
also an implicit possibility in power analysis requirements
by the regulators to the industry. At the same time, the de-
mands concerning level of acceptable risk of adverse effect
and uncertainty are made quantitative and explicit. The set-
ting of an ecologically acceptable effect (∆) is a political and
scientific issue of carrying capacity. Determining the relevant
size of effects is not an easy matter. Consensus must be
reached about how much impact would be critical for con-
tinued functioning of the affected system at the appropriate
spatial scale. The systems should be protected from loss of
biodiversity, disruption of food webs and loss of integrity in
a precautionary context. Science's role in this could be by
quantitatively estimating the carrying capacity, recovery time
and ecological relevance of the system's inhabitants. This
new, explicit and quantitative information on ∆ could then
be discussed in the consensus forums (industry, stakehold-
ers, regulator, scientists, NGOs, etc.) and submitted to the
power analysis before sampling for environmental effects.
Moreover, the setting of acceptable risk of a Type II error
(β) could be guided by setting α = β + ethics, where the
societal internalities and externalities are equal, and could
also be decided in the consensus forums. Theoretically, this
would go along way in securing Beck's (1992) plea for re-
flexive environmental science and could be a beginning to
avoid an un-precautionary hypothesis testing. Mapstone
(1996) suggests a new and interesting four-step approach in
setting α, β and ∆ for new decision rules in environmental
impact monitoring programs to negotiate the singularity
emphasized by the tyranny of α or p < .05 in ecology that
everyone uses. The setting of the entities is based on eco-
logical and economic issues and focus on estimating β for
the further decision-making (Mapstone 1996).

Power analysis, of course, does not solve all problems con-
cerning lack of knowledge and uncertainty in ecological risk
assessments. It can test the quality of the statistical testing
of the null hypothesis in quantitative terms, but it can never
say anything about the quality of the relationship under in-
vestigation. This is the dark realm of probability for Type
III errors (wrong question – accurate answer). For example:
It is statistically possible e.g. in biomonitoring programs to
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find significant relationships between two parameters that
have no causal linkage whatsoever, like the number of TV
sets per capita and abundance of seaweed in the Baltic Sea.
The quality of the causal relationships tested is rarely evalu-
ated or questioned because this is not a metric entity but a
result of the qualitative scientific development of, in this case,
biology and ecology. However, a major challenge for mod-
ern biology is to break out of the constraint of obsession
with Type I error. This will involve much more thought about
biological and ecological processes operating in nature, so
that better models and more structured predictions can be
made through increased attention to the power of experi-
ments. Finally, better quantification of a predictive hypoth-
esis will go a long way towards answering the criticism raised
by Peters (1991) in his accurate reflection on the inadequa-
cies of much of modern, practical ecology and ecotoxicology
(Underwood 1997). Bodansky (1991) accuses the precau-
tionary principle for being vague, however law is also full of
'vague' principles (reasonable man, good faith, etc.) need-
ing interpretation in a concrete context, which is the
banister's job. There is in principle nothing wrong in this.
The communication between scientists and lawyers raises a
problem in relation to juridical praxis, science and precau-
tion, because of the misinterpretation of certainty and pre-
cision of complex environmental data. This has led Peters
(1991) to accuse ecology studies that it suffers from very
low normal-scientific (Kuhn 1962) status as it is not able to
predict events, where physics with Newton's laws, etc. have
a high normal-scientific status. However, we don't feel that
this comparison does ecology justice. Since Heisenberg's
uncertainty theorem and Einstein's and Bohr's early nuclear
physics achievements in the 1920s, physics cannot answer
deep complex quantum mechanical questions with certainty,
e.g. give a full and certain explanation of an everyday phe-
nomenon such as gravity. Moreover, biology is confounded
by self-organizing organisms lead by their historicity imbed-
ded in their DNA which hampers prediction of long term
temporal changes due to the simple fact that they seem ran-
dom or chaotic impeding their computation. So when you
ask a complex question, as almost all ecology and environ-
mental ones are, you can't and should not expect precise
answers referring to a simplistic, rudimentary and positivis-
tic notion of science dating more that eighty years back in
time. In this light, the gap between science and precaution is
not necessarily significant. Moreover, the objectivity, public
opinion, time constraints and possible outcomes of failures,
and of environmental science, are also significantly differ-
ent from other sciences. Underwood (1995) has analyzed
the different types of research related to environmental de-
cision-making. So that their relationships and purposes can
become clearer, he defined four major types of research. Some
of the primary problems were that ecologists are excessively
reactive and not proactive in the use of their findings and de-
fining of problems and solutions, often because researchers
are not setting the research agendas (Underwood 1995). In
relation with the risk assessment of chemicals or environmen-
tal impact assessments, as far as they are well defined with
standard guideline techniques, there is not a matter of chang-
ing science to policy-making under the influence of precau-
tion, rather it is a matter of changing the technology. Guidelined

risk assessments are not so much a science as a technology,
which can be changed to suit our needs much more rapidly
than epistemic changes of Science without profoundly vio-
lating our history and culture since the renaissance.

The role of a precautionary science would also be to include
non-significant results as early warnings, which are not
proven beyond any doubt but beyond reasonable doubt.
Science should first and foremost protect humans and the
environment, and secondly be guardians of truth, and not
visa versa. This means that statistical, non-significant re-
sults become highly significant as early warnings for a policy
based on the precautionary principle. Waiting to report ef-
fects until the risk of committing a Type I error is sufficiently
low (5% convention) will often work contrary to a precau-
tionary strategy because it asks too much of environmental
data. Indeed keeping silent until proven beyond any doubt
and not reporting the inherent uncertainty in data makes
the knowledge of little use society paying for the science.
The well-established practice of regarding data, not reject-
ing the null hypothesis, as a support for the null hypothesis
will in fact increase environmental risk (Buhl-Mortensen &
Welin 1998). But why has there been so little attention to
Type II error compared with Type I error within environ-
mental science both qualitatively and quantitatively? Some
of the answers would include the lack of knowledge among
scientist and the lack of computer-power, although this is
not a valid answer for the past decade. Another would be
societal rationality and politics, which sustainable develop-
ment based upon the precautionary principle challenges.

A long-term precautionary principle could also shift the fo-
cus away from uncertainty associated with risk assessment
of environmental or health risks towards analysis of ben-
efits and necessity of a new chemical or construction before
leasing the product, this could be referred to as an analysis
of necessity opposed to an analysis of risks. Analysis of soci-
etal necessity would more truly reflect a precautionary prin-
ciple, than risk assessments more or less openly primarily
defending the right to market.

The mathematically driven apparatus of modern risk man-
agement contains the seeds of a dehumanizing and self-de-
structive technology. Our knowledge of the way things work,
in society or in nature, comes trailing clouds of vagueness.
Vast ills have followed a belief in certainty (Arrow 1992). In
the process of breaking free from the past we may have be-
come slaves of a new religion, a creed that is just as impla-
cable, confining, and arbitrary as the old? (Bernstein 1996).
This is some of the background for the 'regulator's dilemma'
(Weinberger 1985) and the possible need for a precaution-
ary principle different from the prevention principle. The
implementation of the precautionary principle should rely
on the estimation of costs and benefits of the activity being
assessed and the socioeconomic cost-benefit involves risk
management analysis of BAT (Best Available Technology)
and ALARA (As Low As Reasonably Achievable). After this
analysis it is possible to determine the level of precaution,
and thus risk of committing Type II error (β), and thus the
required power of the test (1-β). The estimation of β, power,
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the acceptable effect sizes (∆) and/or number of replicates, is
a fairly simple statistical exercise on an ordinary computer
with a standard statistical package.
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4) What is suspected;
5) The limits of the science;
6) Probable outcomes of different policy options;
7) Key areas where new information is needed;
8) Recommended mechanisms for obtaining high-priority

information.

Much of the recent debate about the precautionary prin-
ciple has focused on the questions of whether precaution
poses a barrier to trade and of what specific level of evi-
dence is sufficient to act to prevent harm? When the pre-
cautionary principle is discussed in the context of its rela-
tionship to science, it is often portrayed either as anti-
science or as a risk-management principle that is imple-
mented only after objective scientific enquiry takes place.
The latter is the case in the European context (EU-COM
2000/1). Both these views are controversial or incorrect.
There are ways in which the methods of scientific inquiry
often implicitly impede precautionary action, making it
more difficult for policy-makers to take action in face of
uncertainty (see Kriebel and Tickner 2001 and Kriebel,
Tickner and Epstein 2001). Too often scientific research
focuses on narrowly defined issues (Sanderson and Petersen
2001); while the problems we face are complex, and re-
quire interdisciplinary research methods. Current scientific
practice also often attempts to minimize uncertainties, and
focus on those aspects of a problem that are quantifiable
(Sanderson and Petersen 2001). The Summit group be-
lieves that if the precautionary principle is presented to
environmental scientists as an opportunity for more and
better science, we may find support from researchers who
are presently unaware of such developments, or even hos-
tile to a perceived 'attack' on science. Scientists are also
needed to respond to critiques of precautionary decisions,
particularly when the uncertainties in science are misrep-
resented. Underwood (1995) accurately addresses the is-
sue of interpretation of uncertainty associated with envi-
ronmental health risk assessments. Uncertainty is an
inevitable conclusion of ecological investigations, and in-
deed. Physicists have claimed to deal with uncertainty in
all their science. This has not caused them to be labeled

Background

The Summit was hosted by the Lowell Center for Sustain-
able Production, University of Massachusetts Lowell, USA
and organized by Dr. Joel Tickner and Sara Wright, and
brought together a diverse group of 75 scientists, lawyers,
policy analysts and advocates from some 18 countries.
The aim was, and still is, to identify ways that environ-
mental science can be conducted to more effectively sup-
port precautionary and preventive decision-making, par-
ticularly in the face of complex, highly uncertain human
and ecosystem health risks. The goals of the Summit in-
cluded: identifying and illustrating the ways in which sci-
entific methods can either support or limit precautionary
decision-making, to build consensus on changes needed
in the practice application of science to better support the
precautionary principle, and to build a base of support in
the scientific community for these changes. Two practical
and ongoing outcomes are expected within the near fu-
ture; a) an edited volume of essays from the Summit and
b) a Summit statement providing a vision for science that
supports the precautionary principle (see www.uml.edu/
centers/lcsp for more information). The Center's staff in-
tends to conduct an outreach with government authori-
ties, academic scientists, and professional organizations
throughout the world to discuss the ways in which sci-
ence can more effectively support precaution.

Science is often mistakenly viewed by policy-makers as an
incontrovertible source of knowledge on which to base
policy decisions. However, in the context of complex envi-
ronmental risks, it is much more useful to think of science
and policy as dynamically informing each other – science
provides critical information on which to base policy and
public policy outlines critical societal research and knowl-
edge needs. Lubchenco (1995) suggests a list of character-
istics of good scientific communication with policy. In con-
ducting environmental research, scientists should specify:

1) What is known;
2) The certainty with which it is known;
3) What is not known;
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incompetent or inadequate. It is important not to mix up
uncertainty and quality in science. Ecologists should not
be so defensive of the uncertainties that shroud the results
of ecological investigations. They (the knowledge of un-
certainty) are the best results we are going to get. There is
a need for scientists to be more proactive in scientific defi-
nition of the research issues and not alone reactive to
management and funding-based questions. Development
of better methods of ecological investigation into matters
of environmental management is long overdue (Under-
wood 1995).

Conclusions

The Summit statement addresses the points discussed be-
low – and is forthcoming. The world cannot be risk-free,
but science and policy can more effectively be used to pre-
vent damage to health and ecosystems, as well as to help
reach societal goals and make progress towards a healthier
and sustainable future. Applying the precautionary prin-
ciple can foster innovation in materials, products, and pro-
duction processes. The goal of precaution is to prevent harm
– not progress – and support a sustainable future. More-
over, there a need to find out where science ends and tech-
nology start was identified, because technology is much
more readily changeable than science end epistemology.
Since the question about science and precaution is a very
large and broad question, there is a need to divide the role
of science in precaution in a short-term (technological) and
long-term (epistemic) perspective.

1. Short-term and epistemic readily technological actions:

In this process, Lubchenco's (1995) list of eight ques-
tions should be addressed in each environmental in-
vestigation. Moreover, Underwood's (1995) reclaim of
scientific problem formulation should be noted (reduce
risk of Type III error (wrong question – accurate an-
swer)). Research methods and questions should include
whole systems, interactions and cumulative causal fac-
tors, preferably in interdisciplinary collaborations. Sci-
entists should develop better methods of hazard sur-
veillance, and systems for identifying early warnings,
plus expand their focus to preventive opportunities.
They should increase transparency and public, stake-
holder's and laymen's knowledge of participation in
defining the acceptable probabilities of Type I and II
error and the acceptable human impact (α, β, & ∆) (San-
derson and Petersen 2001).

2. Long-term and theoretically not readily scientific
actions:

First of all, an environmental precaution approach
should be the normal state and not something special.
We need to shift the focus of research from how much
can we pollute with no apparent or detectable effects
with a certain amount of uncertainty towards the de-
velopment of analysis of necessity – who and how much

does this product benefit consumers and/or the envi-
ronment compared to existing similar products? This
question collides with two essential rights a) the right
to produce and market products and b) the right to
good and safe environmental and human health. There
is a need to rethink scientific objectivity towards car-
ing. As mentioned above, more holistic analysis, green-
ing of technology and chemistry, better mutual under-
standing and communication between the public,
politician's, administrator's, lawyer's, laymen's know-
ledge and scientists are needed. Changing of research
funding strategies from military research towards sus-
tainable science and research and equity on a global
scale. These considerations are appropriate, not the
least after the tragic September 11th, and thus, rethink-
ing of defense systems in light of terror. More research
into failures to and acceptance of uncertainty, post-
normal science (Funtowicz and Ravetz 1993), not seek-
ing a 'magic number' with a neglected uncertainty for
regulation.

These were some of the reflections on science's role in a
policy under the precautionary principle, in the continuing
process of pursuing a sustainable development via sound
science and precaution.
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