
Discharge limits and clean-up values for environ-
mental protection are based on a determination of
how much of a pollutant can be tolerated by 
highly sensitive species. The goal often has been
stated as protection of 95% of the species 95% of
the time. This is achieved by looking at the distri-
bution of sensitivities of all
tested species and selecting a
value that includes 95% of the
variability. However, since its
introduction at the end of the
1980s, the toxicity threshold
distribution approach to envi-
ronmental risk assessment has
been a subject of intensive
debate. Nevertheless, several
European countries, the
U.S.A., Canada, Australia and
New Zealand have adopted
some form of distribution-
based extrapolation approach as the basis for
refined risk assessment, in line with the recom-
mendations given by an expert group of the
OECD in 1992.

An important consideration that supported the
implementation of these methods was the fact that
their outcomes usually are in good accordance
with field data and results from multispecies eco-
toxicity experiments. While many of the com-
ments and concerns are generic in nature, some
are specific to metals and other naturally occurring
elements. This Fact Sheet summarizes the most
important arguments for and against the use of
distribution-based extrapolation methods and
explores the particular concerns related to metals. 

Definition
The toxicity threshold distribution approach
assumes that the measured variability in sensitivi-
ties among species is a function of inherent differ-
ences in species sensitivity and in environmental

(exposure) conditions that can be
described by some appropriate statistical
distribution. The parameters of the distri-
bution (e.g., mean and standard devia-
tion) are estimated from a set of laborato-
ry toxicity data (e.g., LD50/LC50s, No
Observed Effect Concentrations
[NOECs] or the geometric mean of the
NOEC and LOEC [termed the Chronic
Value]). Then, a certain percentile in the
distribution (i.e., level of protection) is
chosen. In most applications the 5th per-
centile is used; however, the theory allows
for any percentile. Finally, a confidence
interval for the percentile is estimated and

the environmental standard (i.e., Predicted No
Effect Concentration [PNEC]) may be established
at the lowest 5th percentile of this confidence
interval (Figure 1). 

This type of distribution often is shown as a
cumulative distribution frequency (Figure 2). 

The final concentration derived in this way can be
seen as a concentration below which the probabil-
ity of finding a species that is affected by that con-
centration equals a specified small value (usually
less than 5%). The approach fits into a risk assess-
ment philosophy that acknowledges that environ-
mental protection cannot eliminate risks com-
pletely, but is aimed at reducing risks to acceptable
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low levels. The distribution-based approach therefore
also may be used in a “probabilistic risk assessment”
framework to estimate the probability of affecting a
given number of species at a specified environmental
concentration, or distribution of concentrations.

Background
The development of distribution-based extrapolation
methods (also known as the “species sensitivity distri-
butions approach”) in Europe originated with the
paper by Kooijman (1987). Soon thereafter an exten-
sive body of theory developed in Europe (summa-
rized by Van Straalen and Van Leeuwen 2001). It is
interesting that in the United States a similar path

was taken (Stephan et al. 1985,
Niederlehner et al. 1986), and up to
around 1990, the European and
American approaches developed
more or less independently from
each other. Nevertheless, there are
many similarities, including such
details as the 5% cut-off level. This
likely was driven by similar discus-
sions between science and policy. On
both continents, there was a need to
replace the fixed extrapolation fac-
tors (also known as “safety factors” or
“uncertainty factors”) that previously
had been used when deriving envi-
ronmental quality criteria from labo-
ratory toxicity data. Objections to
the fixed extrapolation factor
approach are:

•  There is no scientific basis for
selection of the magnitude of fixed
factors, other than that they repre-
sent whole numbers. 

•   The fixed factor approach does
not allow flexibility, in that the factor
is independent of the nature of the
data.

•   The degree of protection afforded
by the use of a given value is general-
ly unknown.

•   Since the factor is applied to the
lowest value of a set of experimentally determined
NOECs or LC50s, it often acts as a punishment
for large data sets. The larger the data set, the
greater the probability that there will be extreme
values in it. This creates the very awkward situa-

tion that the derived PNEC
can decrease with increasing
sample size. Logically, it
should be the other way
around: if there is more
information, the concern
for uncertainty is lower and
the derived PNEC should
be higher.

These considerations urged
scientists and policy makers
to develop a more solid base

Extrapolation 
factors, Safety
Factors, and

Uncertainty Factors
have no scientific

basis, lack
flexibility, and often

return unrealistically
low protection 

values.

Figure 2

Cumulative Frequency Distribution

Figure 1

Toxicity Threshold Distribution
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for risk assessment. The aim was to increase trans-
parency and objectivity by developing an algorithm
that was based on assumptions that can be verified. It
was also argued that such
an algorithm could easily
be updated in the light of
new scientific knowl-
edge.

It should be emphasized
that the primary benefit
of the distribution
approach is that it provides a quantitative description
of how changes in exposure relate to changes in the
number or percentage of species at risk. Chapman et
al. (1998) argued that each item of extrapolation
should be considered separately and, if a safety factor
is considered necessary, it should be based on scien-
tific arguments relating to that item. There may be
other elements in the extrapolation that require other
safety factors. The authors considered it unwise to
use a single (large) safety factor for many issues at the
same time, because this will make the basis of these
safety factors untractable. The distribution-based
extrapolation approach is in line with this argument
because it considers only one element of the extrapo-
lation process.

Issues
The various points of discussion in the above debates
can be classified into two categories: 1) operational
issues, which concern parameterisations and numeri-
cal details of the methods, and 2) fundamental issues,
which concern principal assumptions in the method-
ology. These two types of issues will be discussed here
separately.

Operational Issues
The quality of input data. When
no-effect concentrations (NOECs)
are used as the input data, a limita-
tion arises because NOECs are
generally estimated from step-wise
dose–response studies (using analy-
sis of variance approaches) and
thus the result sometimes can be
considerably higher than the true NOEC. Another
issue with data quality is that many ecotoxicity exper-
iments are conducted with freshly prepared media in
which the toxicant has not established an equilibrium

with binding components. As a consequence, labora-
tory ecotoxicity experiments tend to overestimate
toxicity in the field. However, both of these data
issues apply whether the fixed safety-factor or distri-
bution approach is used.

The choice of a distribution. There are a number of
statistical approaches that can be used to represent
the distribution of toxicity data. It sometimes is
argued that the commonly used log-normal distribu-
tion is inappropriate for ecotoxicity data, because the
real data are asymmetrical, bimodal or truncated.
However, there are other statistical distributions that
may provide a better fit to ecotoxicity data.
Numerical calculations have shown that the outcome
of the extrapolation method is not very sensitive to
the shape of the distribution. In fact, the normal,
logistic and triangular distributions can hardly be dis-
cerned from one another if they have the same mean
and standard deviation (Van Straalen and Van
Leeuwen 2001). Another issue is that a taxonomical-
ly broad array of species may fall into two or more
groups due to inherently different mechanistic
responses to toxicants and, therefore, are not
amenable to description by a single distribution. This
can be rectified by grouping the data into logical tax-
onomic units, such as plants, animals, and microor-
ganisms in the case of herbicides.

The choice of a protection level. As mentioned above,
the distribution approach leaves the choice of the
cut-off point up to the policy maker. In practice,
however, only the 5% level is used. The choice of 5%
is based on statistical conventions in which a 5%
error is considered small enough to be acceptable in
deciding whether there are “significant” effects.
Additionally, it was recognized early on that use of

values less than 5% resulted in val-
ues below background concentra-
tions for metals and considerably
less than the lowest chronic value
in the data set. Hence the 5% level
became adopted by convention.

The choice of a confidence interval.
In the original paper by Van
Straalen and Denneman (1989), it
was proposed to set environmental

quality criteria at the lower 95% confidence limit of
the selected percentile. Later papers (Wagner and
Løkke 1991, Aldenberg and Slob 1993) have point-
ed out that the algorithm proposed by Van Straalen

Environmental protec-
tion cannot eliminate

risks completely, but is
aimed at reducing risks
to acceptable low levels.
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and Denneman does not lead to the true 95% confi-
dence interval. Better statistical procedures were
developed to provide the true estimates. At the same
time, it was proposed that the median of the confi-
dence interval be used instead of the 95% lower limit
of the 5th percentile. This was done to reduce the
influence of data uncertainty. This influence is par-
ticularly large when sample sizes are small. In the case
of large sample sizes, the difference between the
median of the confidence interval
and the 95% confidence limit
becomes smaller and smaller. The
most logical conclusion is that 
distribution-based models should be
applied only in the case of sample
sizes that are large enough to reduce
the uncertainty in the estimation
below an acceptable limit. In prac-
tice, it appears that sample sizes
above 10 will suffice to accomplish
this goal.  The use of smaller data
sets increases the uncertainty in the
model outputs.  Many of the metals
have toxicity data on substantially
more than 10 species, and investigations of their tox-
icity threshold distributions support this conclusion. 

Fundamental Issues
Protection of structure implies protection of function.
Toxicity threshold distributions consider only the
biological building blocks (ecological structure) of an
ecosystem, not its functions (processes such as pro-
duction, nutrient cycling, decomposition, etc.). It is
assumed that the functions in an ecosystem will be
safe if none of the species is exposed above its
NOEC. Currently, there is a large research effort to
find out how biodiversity (species richness) relates to
ecosystem functioning. No clear answer can be given
at the moment; however, it turns out that many
ecosystems have a certain degree of functional redun-
dancy. That is, not every loss of a species will affect
ecosystem functioning. Within the same trophic
group, the loss of one species can be compensated for
by the growth of another species, which may take
over its function. Conversely, a situation of structural
redundancy, in which functions would be lost with-
out effects on species, has never been demonstrated.
The most problematic application of the distribution
approach in this regard is with soil microbial func-

tion tests. There is extreme functional redundancy in
the soil microbial community, and it is difficult to
determine with accuracy the species richness.
Therefore, functional assays (e.g., nitrogen fixation)
generally are used to characterize ecotoxicological
effects. However, it is not appropriate to place such
functional endpoints on a sensitivity distribution and
attempt to protect 95% of the functions; it is well
known, for example, that soil ecosystems cannot

function appropriately without
means of decomposition, nitrogen
fixation, or carbon cycling.

Critical species in the unprotected
group. If the cut-off level in the dis-
tribution of sensitivities is fixed at
5%, the obvious conclusion would
be that there are species that will not
be protected. For the following rea-
sons, it is hard to say whether this
actually is 5% of the total number of
species present at a particular loca-
tion:

•   Not all the tested species that are
used to develop the distribution will be expected
to be present at all sites. Some areas may not nor-
mally support the sensitive species, so none of the
local species would be affected even at a higher
percentile cut-off value. 

• There generally is little information about the tail
of the distribution. It is not logical to assume that
the sensitivities extend down to the zero level.
Even the most sensitive species will have a NOEC
above zero (this is the “threshold theory” of toxic-
ity; likewise, ecotoxicology assumes that a NOEC
greater than zero exists for all endpoints). In fact,
this is one of the reasons why selection of a cut-off
level above zero was originally proposed.

• It is possible that some species of great ecological
importance, commercial value, or with a great
value for conservation will fall in the highly sensi-
tive, unprotected group. Most authorities that
have adopted the distribution-based approach
have recognized
this and have for-
mulated special
regulations that
will prevent this
from happening.

Fundamental Issues

• Protection of structure
implies protection of 
function

• Critical species may be
unprotected

• Essentiality not considered

• Representativeness of 
test species

Ecologically or commerically
important species may be
given special protection.



For example, it may be required that at least some
commercially important species, or species that
are known to be in a vulnerable position, are test-
ed and included as part of the data set. From an
ecological point of view, the concern should be
with the rare or highly specialized and habitat-
specific species, more than with the species that
take a crucial position in system productivity or
nutrient cycles. “Ecological engineers” usually are
abundant and robust species, with populations
that are not easily affected by pollution.

Essential substances. For substances that have a bio-
chemical role in organisms, such as many of the met-
als, the classical concentration–response relationship
does not hold because the
low concentration range
induces a metabolic defi-
ciency. There may be con-
centrations in the envi-
ronment that are toxic for
one species but, at the
same time, deficient for
another. The toxicity threshold distribution approach
does not take these effects into account.
Furthermore, since the tails of the distribution gener-
ally extend beyond any of the measured data, PNEC
estimates may be produced that are below natural
background concentrations. It is not yet clear how
this issue of the essentiality of substances should be
included in risk assessment. One line of thought is
that ecotoxicity data for essential metals should not
be all lumped together, but should be grouped per
ecosystem type, where each ecosystem type has its
own characteristic background concentration (i.e.,
the “metallo-region” concept). If the experimental
data are then reported as measured concentrations,
rather than as nominally added concentrations, the
background concentration is part of the effect level
and extrapolation below the background is avoided.
Another approach is to develop distributions of
essentiality, and verify that the PNEC does not fall
below the upper 95th percentile of the essentiality
distribution. Yet another approach is to divide species
into “sensitive” and “tolerant” groups prior to devel-
opment of the distributions.

Representativeness of species. In the distribution-based
approach it is assumed that the species for which test
data are available can be considered a random sample
from the ecosystem whose protection is intended.

This may be the most significant limitation with the
method. It is evident that test species are not selected
at random. If this were true, the vast majority of test
species would be arthropods. In most of the larger
data sets, there is more taxonomic diversity than
would be obtained by random sampling, resulting in
an overestimation of the standard deviation and
longer tails to the distributions. Thus, the lower 
5th percentile is a lower concentration than would be
developed from a more representative data set. It also
is known that test species are selected because of their
sensitivity, or that inherently insensitive species are
underrepresented in the distribution because it is not
interesting to test them. On the other hand, selected

test species could be among the insensitive ones
because they require a certain robustness to be
cultured and manipulated in the laboratory.
Differences in species-specific metabolic
responses to toxicants also may skew the data if
the only species tested are those known to have
activating enzymes, for example. A better
understanding about patterns in the ecotoxicity
data and the reasons why some species are more

sensitive than others is needed.

Conclusion
Toxicity threshold (or species sensitivity) distribu-
tions have been developed as an approach to include
more scientific reasoning into the derivation of envi-
ronmental quality criteria. This approach is very flex-
ible and can accommodate large variations in policy
needs. Some limitations in the models are merely
operational and can be avoided easily by adjusting
the parameters. Other problems are of a more funda-
mental nature and require more research before an
answer can be given. Regardless, the distribution-
based sensitivity threshold approach is more scientif-
ically rigorous and defensible than the fixed safety
factor approach. The distribution-based approach is
based on testable assumptions and holds better
promise for the incorporation of scientific arguments
into environmental quality criteria development and
risk assessment. 
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