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An alternative for NOEC exists, but the standard model has

to be abandoned first

S. A. L. M. Kooijman, Dept of Theoretical Biology, Vrije Universiteit, de Boelelaan 1087, NL-1081 HV Amsterdam,

the Netherlands

NOEC

Ryszard Laskowski discussed the bad properties of the
No Observed Effect Concentration (NOEC) in a recent
issue of Oikos (Laskowski 1995), I fully agree with him
that the NOEC should be banned. Within the OECD
and SETAC. discussions have been initiated to replace
the NOEC by a ‘small’-effect concentration (EC5 or
ECI10). but [ will argue that this alternative is also far
from ideal and propose a better alternative: the No
Effect Concentration {(NEC). It cannot be implemented
successfully in the standard log-logistic or log-probit
model, This is, however, hardly a handicap, because the
biological foundations of those models are anyway
extremely shaky.

Standard descriptions
LC50 and gradient

The results of standard tests on the lethality of toxi-
cants usually give the number of surviving animals as a
function of the concentration of toxicant. which has
been constant (hopefully) during a standardized expo-
sure. The blank survival probability is typieally larger
than 90%: and a sigmoid curve is fitted to the number of
survivors as a function of the concentration of toxicant
(in water). This curve 15 usually the log-logistic or
log-probit curve. which both are characterized by a
500% point {the LC30) and a gradient parameter, which
represents the maximum slope of the number of sur-
vivors as a function of the logarithm of the concentra-
ton in water.

The model is based on the idea that death 15 certain
as soon as the toxicant m the organism exceeds a
certain individual-specific threshold value, Individuals
vary in physiological condition. and therefore in
threshold vaiues. The thresheld value of a particular
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individual is assumed to be a (random) trial from a
bell-shaped frequency distribution. which leads to a
sigmoid concentration-response curve for the number
of survivors. The effect, then, is described deterministi-
cally at the level of the individual and stochastically at
the level of the cohort of tested organisms. When
counts have been made at different observation times,
the LC50 generally decreases as a function of exposure
time. This phenomenon can be described using the
assumption that the survival probability depends on the
concentration in the organism, and that the toxicant
foliows some simple kinetics (Kooijman [981). This
idea couples the LC50-time behaviour directly to the
uptake-elimination behaviour of the compound. which
also depends on characteristics of the organism, such as
body size.

Problems

Several problems are inherent to this method of de-
seription,

1. Extreme standardization of culture conditions
practicaily eliminates the physiological differences be-
tween individuals, but experimental practice shows that
the gradient parameter cannot be increased above a
given level. There seems to be an upper limit for the
maximum slope of the concentration response curve. In
other words, there is a rather substanual variation of
threshold values between individuals. 1t appears that
the effect is stochastic at the level of the imdividual. not
deterministic,

2. The distribution that describes the variation in
threshold vatues {log-logistic, log-probit) represents a
rather arbitrary choice from the large set of possible
distributions. This is of little relevance to the estimation
of the LCS0 value itsell, as long as the selected curve
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Fig. 1. The survival probability as functions of the concentration of toxicant (top) and exposure time (bottom) for the standard
log-logsstic model (left) and the hazard model (right). The log-logistic model is extended to include a no-effect level . while
uptake. elimination follows a simple one-compartment model with elimination rate &, in both models. The parameters ¢, ., , and
fi of the log-logistic model have been chosen such that hoth models have the same ¢re and ¢, o values for exposure time &,
for the choice Ky = &, ¢, This is the case when Cray . = 268, and B=0.31. In the fog-logistic model, some individuals will
survive forever, even if the concentration exceeds the no-effect level. In the hazard model, all individuals will eventually die if the
concentration exceeds the no-effect level. From Kooiyman (1993),

fits the data. The particular choice of response function
15, however. of great importance when we wish to
obtain “small’-effect concentrations. such as the LC1 or
LCS, from the estimated parameters (LCS50 and the
gradient). The smaller the effect level. the larger the
confidence interval. and more importantly, the stronger
the result depends on the specific choice tor the model,
{Parameter estimations based on the logit or probit
transformation require exclusion ot data with no or full
mortality. in which case the LCT would probably he an
extrapolation. This problem can be avoided by using
the superior magimum likelihood methoed with untrans-
formed data, but the above mentioned problems re-
main.)

3. At high concentrations. the standard LC350 ECS0
model has a very unreabstic property: it predicts that
there are individuals that are not affected by a very high
concentration of the very toxic compound (Fig. 1. This
property 15 due o the infinitely long upper tail of the
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distribution of threshold values. This is not only at
odds with physical chemistry. but from long experience
we simply know that no individual survives prolonged
€Xposure 10 very toxic compounds.

4. Since the gradient parameter reflects the variation
of the (logarithms of the) threshold values. it is inde-
pendent ot the exposure time. In practice. however., the
gradient tends to increase with exposure time. We
cannot simply parameterize this phenomenon by choos-
ing a4 tme-dependent function for the gradient parame-
ter, because we then run into the problem that for
certain (small or large) concentrations. the survival
probubility will increase in time. which is obviously not
possible. The only way to incorporate such phenomena
i5 o go back to a process-oriented description for
survival,

3. Sublethal efiects show that the reasoning behind
the description of lethal effects is simply wrong. No big
variations in the physiological conditions of standard-
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ized test organisms have been observed. When a toxi-
cant affects reproduction, for instance, it does so in all
individuals to about the same extent. There are no
records of individuals that cease reproduction, while
others continue at the blank rate.

6. As mentioned before, LC50;EC50 values them-
selves depend on exposure time. The problem is not
completely solved by standardizing toxicity tests to a
fixed exposure period (the standardized toxicity test
with Daphnia magna lasts 48 h, independent of the type
of compound that is tested). Surfactants react quickly;
if no effect shows up after a few hours of exposure, it is
unlikely that any effect will show up at that concentra-
tion. Things 4re totally different for toxicants such as
cadmium, The LCS50 for an animal as small as Daphnia
still decreases after three weeks of exposure. The LC50-
time behaviour depends on properties of the chemical
as well as those of the organism (especially body size).
This mixture of properties is most unfortunate in the
apphication of LC3)/ECS0 in risk assessment and re-
duces the comparability of results of standardized tests.

EC50

There is not much to say about models that are used to
describe sublethal effects. The standard approach is to
relate the quantity of interest. such as the cumulated
number of offspring during a standardized test period.
10 the logarithm of the concentration of toxicant in a
logistic way. Apart from the NOEC, this gives three
parameters: the blank value, the EC50 and a gradient
parameter. This model just serves the purpose to de-
scribe a very limited data set, without bothering about
the foundations. The aim seems to be to obtain an
EC50 value for the quantity of interest and compare it
with other EC5(0 wvalues of other compounds and. or
etfects. A good example of a frequently applied non-
sense parameter is the EC50 for biomass of algae in a
3-d test on growth inhibition. The value depends on the
arbitrarily chosen test period and the (blank) popula-
tion growth rate (and therefore the medium composi-
tion, the temperature, light conditions. turbulence and
alga species). Although these limitations are known
(Nyholm 1985), this i1s apparently no reason to aban-
don such measures. Many people seem to think that
standardization solves all problems and leave to the
poor administrator the problem of risk assessment
which requires an integration of different information.

Conclusion

The standard model 1s based on assumptions that are
not realistic. The fact that LC50 or EC30 values as well
4s NOECs depend on exposure time in a way that
depends on both compound and organism characteris-
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tics hampers their application. The use of repeated
observations to detect deviations from the blank is
problematic without an adequate model for the appear-
ance of effects. In general, such observations are statis-
tically dependent. Moreover, the standard model s
inconsistent with the concept of the NOEC. because the
log-logistic as well as the log-probit concentration-
response curve approaches the blank response for de-
creasing concentrations only asymptotically. The stan-
dard model can be extended to include a no-effect
concentration (NEC) as parameter (Kooijman 1981).
Such a4 model solves the problem of statistical depen-
gence and the unknown power of the test to spot
deviations from the blank response. This is because the
null-hypothesis states that the NEC equals zero, while
the alternative hypothesis asserts that it is positive.
Twenty years of routine application learns that point
ectimates for NEC are positive in about 50% of the
cases and in less than 10% of the cases the NEC differs
significantly from zero. This poor performance is due to
the gradient parameter, whose unknown value reduces
the information content of a concentration that shows
an obvious effect to “the NEC is smaller than that
concentration”. Response curves with a positive NEC
and with a NEC of zero are too similar. Today, I
consider my previous attempts to improve the standard
model a failure.

Small-effect concentrations have been proposed to
replace the NOEC. Apart from the problem to define
small’. such parameters hardly solve the problem. due
to the arbitrariness of the choice of response function.
The problems become less pressing for moderate effect
concentrations (e.g. LC10 or LC23). but whe wants to
allow such effects to occur? The larger the effect. the
more important it 1s to have a reliable translation of the
effect into consequences to the ecosystem. Such reliable
translations do not exist and it s extremely unlikely
that they will exist in the near future,

In summary, I have to conclude that the LC30 and
EC50 are parameters that have nice statistical proper-
ties (Hoekstra 1993). but nobody should attach much
importance to their values. They are hardly relevant for
risk assessment and they are based on a model with a
shaky basis, Useful descriptions should be process-ori-
ented, The mere fact that extensive data bases for
LCSO:ECS0 values exist should not be a reason to
continue the application of the standard model.

Alternative effect models

Organisms evolved in a chemically varying environ-
ment. that is, they can cope with a varying concentra-
tion of any particular compound, as long as the
variations are within a certain window. The upper
boundary for this window might be zero for particular
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compounds. Each molecule of such compounds induces
effects with a certain probability, but for most com-
pounds, the upper boundary is positive. The lower
boundary of the window is zero for most compounds,
because they are not necessary for life. Compounds
such as copper are necessary, so that the lower
boundary for copper is positive. Effects of a shortage of
a compound resemble effects of an overdose in their
kinetics. The founder of ecotoxicology, Sprague (1969},
studied the effects to toxicants in bioassays, using oxy-
gen shortage as an example. Although many interrela-
tionships exist between nutrition and toxic effects, the
upper boundary of the tolerance window attracted al-
most all attention in ecotoxicology. due to its appiica-
tion in risk assessment studies, while ecologists focused
on the lower boundary.

Each physiological process has its own tolerance
window for any compound. The upper boundaries can
be ordered, which means that at the lowest tissue-
concentration range that produces effects, only one
physiological process is affected, while at high tissue-
concentrations many processes are affected. As long as
the partitioning of the compound over the various body
fractions is rapid with respect to the uptake/elimination
kinetics for the whole animal, it is not essential to
specify in which tissue or organ the most sensitive
physiological process is affected. Specification of tissues
only becomes essential if the partitioning is slow, which
makes many-compartment models beneath effect stud-
tes s0 much more complex to apply: we have to know
a great deal more. (Notice that one-compartment mod-
els can handle different concentrations in different or-
gans as long as partitioning is rapid. Observed
deviations from one-compartment kinetics with con-
stant coefficients frequently relate to the varations in
the coefficients due to changes in feeding conditions,
body size, temperature, but not necessarily to the pres-
ence of more compartments.)

Basic to the description of small effects of toxicants is
the notion that each additional molecule beyond the
tolerance window contributes to the effect to the same
extent. Interactions between the molecules only occur at
higher tissue-concentrations. This means that the effect
size is, as a first approximation. linear in the tissue
concentration. This point of view relates to the Taylor
approximation to describe how effect size relates to
tissue-concentrations. This function might be non-
linear, but we use only the first term of the Taylor
approximation at the upper boundary of the tolerance
window. The theorem by Taylor states that we can
describe any non-linear function in a given interval
arbitrarily well with an appropriate polynomial func-
tion if we include enough higher-order terms. So when
we want to improve the description of effects. if they
happen to deviate from a lineur relationship with tissue-
concentrations, we simply include the squared term, the
cubed term. etc. Such improvements will rapidly be-
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come counter-productive because we increase the num-
ber of parameters that have to be estimated and
because higher tissue-concentrations will affect more
physiological processes. So we are increasing precision
at the wrong points. Practice teaches that very good
descriptions can be obtained by just taking effect size
linear in the tissue-concentration, even at rather high
effect sizes, provided that we focus at the right physio-
logical process.

Some people will argue that it is far from sure that a
positive. NEC actually exists. 1 hardly see this as a
problem, because we always can (and should) test the
hypothesis that the NEC equals zero. If we cannot
reject this hypothesis, we have to live with the possibii-
ity that each molecule of that compound can have an
effect. If this compound still has to be emitted into the
environment, this might be a good reason (o give
priority to research into the ecological effect size of
such an emission. The primary purpose of routine
toxicity testing is to set priorities for further research,
not to predict ecological effect sizes.

I will now discuss a selection of frequently occurring
effects of toxicants, all based on the above mentioned
principles. The details can be found in Kooijman
(1993), Bedaux and Kooijman (1994), Kooijman and
Bedaux (unpubl.), Kooijman et al. (unpubl.).

Effects on survival

The effects of toxicants on survival can be modelled
successfully by taking the hazard rate linear in the
tissue-concentration, that is proportional to the tissue-
concentration that exceeds the threshold value (i.e. the
upper boundary of the tolerance window), see Kooij-
man 1993, Bedaux and Kooijman 1994. The propor-
tionality factor, called the “killing rate’, quantifies the
toxicity of the compound in a way that is independent
of the exposure time. In {acute) toxicity tests that are
started with animals from a blank culture, this cause of
mortality results in a survival probability that equals
the exponent of (minus) a constant times squared time
if the exposure time is short with respect to the inverse
elimination rate. When the animals are fully loaded, so
that the tissue-concentration does not increase any
longer, the survival probability equals the exponent of
(minus) a constant times time. Since the hazard rate
starts to increase from the blank value at the moment
that the NEC value is exceeded, we have to wait longer
for effects at lower concentrations.

The mortality is thus taken to be a function of the
environment-concentration and the exposure time. The
parameters of this function are the NEC. the killing
rate, the ehmination rate and the blank mortality rate.
Even if the number of survivors are counted just once.
at the end of the experiment, we have to estimate four
parameters. If the exposure time is short with respect to
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the inverse of the elimination rate. we can only estimate
the product of the elimination and the killing rate and
are unable to translate the NEC for that test to an
ultimate NEC. If the exposure time is large with respect
to the inverse of the elimination rate, we end up with an
expenential survival model that has the (ultimate)
NEC, the killing and blank mortality rates as parame-
ters. So we can sandwich the four parameter model
between two three parameter models. [f the cultures are
in good condition and the test has been done carefully,
we can avoid blank mortality, which further reduces the
number of parameters. (It is bad practice to accept any
blank mortality in acute toxicity tests.) This low num-
ber of parameters is essential for routine applications
because the data do not allow the estimation of a larger
number of parameters. Although the model is better
underpinned mechanistically than the standard model,
the nuwmber of parameters is smaller, because the gradi-
ent parameter and the LCS0 are both replaced by the
killing rate. An essential difference with the standard
model is that the hazard-based model treats mortality
for a particular individual as a stochastic event, rather
than a deterministic one. The individuals are treated as
identical (stochastic) copies, rather than different (deter-
ministic) copies.

It 15 of course possible to account for differences
between individuals in the hazard based model, which
then appear as differences in parameter values for each
individual. This makes sense for animals that are col-
lected from the field, where differences in health, age,
size, feeding conditions, sex. all contribute to differ-
ences in sensitivity. The way to proceed is to describe
this variation in the set of four parameters by some
(multivariate) scatter distribution and obtain what is
called 4 ‘mixture’ in applied probahlity theory. The
number of parameters in this scatter distribution 1s
obviously larger than four and the resulting survival
model can easily become complex. One must be pre-
pared 1o estimate these extra parameters by increasing
the number of observation times and tested concentra-
tions. When the mmdividual sizes are measured and the
mortality observations specily the individuals, 1t 15 pos-
sible to correct for these differences o size in a rather
straightforward way, which does not increase the num-
ber of parameters. The rate of uptake and elimination
is proportional to a surface area, which impiies that the
waiting time to effects i proportional to a length
measure.

The clegance of hazard-based modelling is that other
causes of mortality can easily be built in. so that the
significance of toxicant induced mortality can be evalu-
ated. Ths fits into the theory of competing risks ¢ David
and Moeschberger 1978). which is based upon the fact
that an animal can die only once. despite many possible
causes of death.
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Effects on reproduction

For a description of sublethal effects, it is essential to
have @ model that tells how the processes of feeding,
digestion, storage dynamics, maintenance, growth and
reproduction are interrelated. This interrelationship en-
tails that processes can also be affected indirectly. The
Dynamic Energy Budget model (Kooijman 1993) has
been designed specifically for this purpose. The DEB
model describes how resources (i.e. products derived
from food) are allocated to reproduction in hetero-
trophs. Toxic effects of chemicals change the atlocation
via the parameter values. Since the processes of assimi-
lation (i.e. the combination of feeding and digestion).
growth, maintenance and reproduciton are intimately
interlinked. changes in any of these processes will resuit
in changes in reproduction. Fig. 2 gives a simphified
diagram for the relationships between assimilation,
growth, maintenance and reproduction on which the
DEB model is based. See e.g. Hallam et al. 1990 and
McCauley et al. 1990 for alternatives for Daphnia. Two
classes for the mode of action of compounds can be
distinguished: direct and indirect effects on reproduc-
tion.

When reproduction is affected directly, assimilation.
growth and maintenance are not affected (Kooiman
1993, Kooijman and Bedaux unpubl.). There exist two
closely related routes within the DEB framework to
affect reproduction directly. One is via survival of each
ovum. one via the energy costs of each egg.

The survival probability of each ovum is affected
very similarly to what is discussed in the previous
section on effects on survival, except that the sensitive
period is taken to be (relatively) short and fixed. (The
case in which the sensitive period is long has already
been discussed in the previous section.} The combina-
tion of an effect on the hazard rate of the ovum and a
fixed sensitive period results in a survival probabihity
that depends on the (local} environment of the ovum.
This leads w unother important difference from the
previous section: the local environment of the ovum is
the tissue of the mother, rather than the environment
concentration. So the relevant concentration changes in
time. The toxicity parameters that appear in the sur-
vival probability of an ovum are the NEC. as before,
and the tolerance concentration. which is inverse to the
product of the killing rate and the length of the sensi-
tive pertod. The elimination rate defines how the effect
builds up during exposure.

The reproduction rate, in terms of number of eggs
per time. equals the ratio of the energy allocated to
reproduction and the energy costs of an egg. If the
compaund affects the Jatter. it can be modelled by
taking the energy costs as a linear function of the
tissue-concentration.  The model is  mathematically
different from the hazard model. but behaves quantita-
tively rather similar. [t has the same three toxicity

OIKOS 752 (1996)



parameters: the NEC, a tolerance concentration and
the elimination rate. One possible interpretation of the
tolerance concentration is the EC50 for the energy costs
per egg minus the NEC.

Allocation to reproduction is initiated as soon as the
cumulated investment into the increase of the state of
maturity exceeds some threshold value. Since direct
effects on reproduction only affect the translation from
energy allocated to reproduction into number of off-
spring. these modes of action do not affect the time of
the onset of reproduction. Indirect effects on reproduc-
tion via assimilation. maintenance and growth do delay
the onset of reproduction. The occurrence of such
delays is the best criterion to distinguish direct from
indirect effects,

indirect effects on reproduction ali follow the same
basic rules: the relevant parameter {which may be sur-
face-specific assimilation rate or the volume-specific
maintenance costs or the volume-specific cost of
growth). is taken to be a linear function of the tissue-
concentration. Since the assimilation rate represents a
source of income, rather than costs, it is assumed to
decrease linearly with the tissue-concentration, rather
than increase. The effect on the reproduction rate as a
function of environment-concentration and exposure
time all work out rather similar and all have the same
three toxicity parameters. If growth has been measured
during exposure. or if the size of the animals at the end
of the exposure period has been measured, it is possible
to wdentify the mode of action. The differences in effects
on reproduction are too small to do this on the basis of
effects on reproduction,

Toxicants sometimes stimulate reproduction at Jow
concentrations, rather than reduce it; a phenomenon
known as ‘hormesis’. The actual cause is targely un-
known and therefore difficult to model. For some com-
pounds that showed hormesis at high feeding levels. 1
have been able to avoid hormesis in Daphnia reproduc-
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Fig. 20 The energy fluxes as specitied guantitatively by the
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duction can do so direetly, or indirectly via assim:lation.
growth and maintenance, The rounded boxes indicate sources
or sinks,

growth

mass
P —

QKOS 752 (19943

tion tests by reducing the feeding levels. This points to
an explanation in terms of suppression of a secondary
stress by the toxicant at low concentrations. It is far
from obvious to what extent this explanation is general.
A wise strategy to deal with hormesis is the choose test
conditions such that hormesis is avoided. if possible.

Conclusion

The wish to have estimates for concentrations of toxi-
cants that do not have effects is legitimate. The NOEC,
however, can be easily misleading, because of its bad
statistical properties. The NEC serves the same purpose
as the NOEC, but it has good statistical properties. The
essential difference amounts to an exchange of the null
and the altenative hypotheses. The inability to reject the
null hypothesis that the response in the treatment is
different from that in the blank, leads to a positive
NOEC. and thus to an unsafe situation. The inability to
reject the null hypothesis that the NEC is zero leads to
the safe conclusion that each molecule of the com-
pound might have an effect.

The NEC cannot be built successfully into standard
response models. They have to be replaced by mecha-
nistically underpinned models. 1 have shown that this
does not need to end in very complex and therefore
inapplicable models. The mechanistic models are in fact
simpler, both conceptually and in terms of the number
of parameters. Experience with the application of NEC
estimates so far learns that the NEC estimates are
rather insensitive to the choice of model, within the
context of the DEB theory. So the proper identification
of the mode of action seems not to be essential for
NEC values. The evaluation of ecological consequences
does require such an idendification. of course. This
might serve as 4 sound motivation to avoid ecological
effects of pollutants.
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