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GLOSSARY

Accelerated failure model

Accelerated life testing

Accuracy

Acute effect

A form of survival time model (Newman, 1995).
A form of survival time model (Newman, 1995).

The closeness of a measured value to the ‘true’ value (Newman,
1995).

One having a sudden onset or lasting a short time (Rand, 1995).

Acute to Chronic Estimation (ACE) Software package developed by Mayer ef al. (1996) that

includes two-step linear regression and accelerated life testing
routines for survival data.

Acute-to-chronic ratio (ACR) A numerical unitless value that is the ratio of an acute toxicity

Application factor

Arcsine transformation

Assessment endpoint

Binomial method

Bioassay

Chronic effect

test result to a chronic toxicity test result. It is the mverse of the
application factor (Rand, 1995).

A numerical unitless value calculated as the threshold chronically
toxic concentration of a chemical divided by its acutely toxic
concentration (Rand, 1995).

A method of transforming data that consist of proportions or
percentages so that variances become constant, the distribution
becomes normal and parametric statistical methods can be used.
The arcsine transformation is the arcsine of the square root of the
proportion (Newman, 1995).

The entity that a risk assessor wishes to protect (Suter, 1993).

A method for deriving an LC50 and confidence interval when
there are no partial mortalities (Stephan, 1977).

An experiment for estimating the nature, constitution or potency
of a material (or of a process), by means of the reaction that
follows its application to living matter (Rand, 1995).

Involving a stimulus that is lingering or continues for a long time
(Rand, 1995).

Coefficient of determination (r’) The proportion or percentage of the total variation in the y

variable that is accounted for by the fitted line in a linear
regression (Zar, 1984).

Concentration-response curve A curve describing the relationship between different exposure

Correlation coefficient

Debtox
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concentrations of an agent or material and percentage response of
the exposed test population (Rand, 1995).

Also known as the simple correlation coefficient, r, the product-
moment correlation coefficient, or Pearson’s correlation
coefficient. It is a numerical, unitless measure of the intensity of
association between two variables (Zar, 1984).

A software package produced by Kooijman and Bedaux (1996d)
that allows the time-dependent toxicity of substances to be
assessed from acute and chronic data in OECD aquatic toxicity
tests with fish, waterfleas and algae. LC, EC and NEC values
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Degrees of freedom (df)

Deterministic model

Direct Toxicity Assessment

can be obtained from the program.

A quantity found in statistical analysis that takes account of the
number of classes of data in the analysis (Zar, 1984). This is in
contrast to stochastic or probabilistic models.

A mathematical model that does not account for the uncertainty
in the output of the system being modelled (Newman, 1995).

The total toxic effect of an effluent measured directly with
aquatic organisms in a toxicity test. Known as a Whole Effluent
Toxicity (WET) test in the United States (Rand, 1995).

Effective concentration (ECx) The concentration at which an effect of magnitude x occurs.

Effluent

Elimination rate

Empirical model

Hazard based model

Hormesis

Killing rate

Kinetic model

Lethal concentration (LCx)

Limit test

Logit
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The x is usually 50% of the exposed population, in which case
EC50 is known as the median effective concentration (Newman,
1995).

A complex waste material that may be discharged into the
environment (Rand, 1995).

The rate at which a bioaccumulated substance 1s eliminated from
an organism by active or passive means (Newman, 1995).

A mathematical model that describes a set of data in a largely
theory-free manner (eg a linear regression).

A mathematical model that uses probability of death per exposure
period as a measure of toxic effect (Newman, 1995).

The stimulation at low chemical concentrations of growth,
reproduction or some other endpoint in a toxicity test.

A parameter used in Debtox (Kooijman and Bedaux, 1996d) and
defined as the probability of dying, per unit of time and per unit
of concentration that exceeds the No Effect Concentration.

A mathematical model that incorporates knowledge of the
movement of chemicals into and out of living organisms. A
simple example is a one-compartment first order kinetics model
in which the organism is treated as a single ‘fully-mixed’
compartment and the elimination rate of the compound from the
organism is assumed to be exponential (Newman, 1995).

The concentration at which a lethal effect of magnitude x occurs.
The x is usually 50% of the exposed population, in which case
LC50 is known as the median lethal concentration (Newman,
1995).

A toxicity test in which one concentration i1s compared with a
control. The test concentration will have been selected from
several in a previous concentration-response test (Whitehouse et
al., 1996).

The ‘log odds unit’ used to linearise responses measured in a
toxicity test (Newman, 1995).
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Lowest Observed Effect Concentration (LOEC) The lowest concentration of a material

Measurement endpoint

Mechanistic model

Monotonic

used in a toxicity test that has a statistically significant adverse
effect on the exposed population of test organisms compared with
the controls (Rand, 1995).

The phenomenon measured in a toxicity test (eg survival, growth
or reproduction) that is subsequently related to an assessment
endpoint by a risk assessor (Suter, 1993).

A mathematical model that incorporates scientific knowledge
about natural physical, chemical or biological processes (cf
empirical model).

A response that occurs smoothly and unchangingly in one
direction.

No Effect Concentration (NEC) The concentration of a material that has no effect on the

endpoint measured in a toxicity test.

No Observed Effect Concentration (NOEC) The highest concentration of a material in a

Nonparametric

Normal distribution

Parametric

Point estimate

Precision

toxicity test that has no statistically significant adverse effect on
the exposed population of test organisms compared with the
controls (Rand, 1995).

A statistical technique that does not assume an underlying
distribution for the data (Zar, 1984).

A bell-shaped frequency curve (Zar, 1984, but note that not all
bell-shaped curves are normal).

A statistical technique that assumes an underlying, often normal,
distribution for the data (Zar, 1984).

A statistical estimate consisting of a single numerical value that
summarises a data set. An EC50 is an example of a point estimate
(Chapman et al., 1996).

The effectiveness of a measurement process in producing similar
results on repeated application (Newman, 1995).

Predicted Environmental Concentration (PEC) The concentration of a material estimated as

Probit

Quantal response

Regression

Risk assessment

Spearman-Karber method
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being likely to occur in environmental waters to which aquatic
organisms are exposed as a result of planned manufacture, use
and disposal (Rand, 1995).

The ‘probability unit’ used to linearise responses measured in a
toxicity test (Newman, 1995).

An all or nothing response such as survival (Newman, 1995).

A statistical technique to determine the functional or predictive
relationship between two or more variables (Zar, 1984).

An assessment of the probability of a hazard being realised
(Newman, 1995).

A nonparametric statistical technique for analysing quantal data
(Newman, 1995).



Stochastic model

Survival time model

Toxic threshold

Toxicity curve

Toxicity test

Toxstat

Type I error
Type II error
Weibull distribution
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A mathematical model that accounts for some of the uncertainty
in the output of the system being modelled (Newman, 1995).

A mathematical model that uses time to death as the basis for
analysis (Newman, 1995).

A concentration above which some effect will be produced and
below which 1t will not (Rand, 1995).

The curve obtained either by plotting the median survival times
of a population against test material concentrations or median
effective concentrations against exposure times (Rand, 1995).

The means by which the toxicity of a chemical or other test
material is determined. A toxicity test is used to measure the
degree of response produced by exposure to a specific level of
stimulus (Rand, 1995).

A statistical package marketed by West Inc. (1994) that will
estimate LC, EC and NOEC values using a variety of parametric
and nonparametric methods.

The rejection of a null hypothesis when it is true (Zar, 1984).
Failure to reject the null hypothesis when it is false (Zar, 1984).

A flexible generalisation of the exponential model that may be
used to describe and transform individual tolerances in a toxicity
test. The flexibility is due to the shape parameter which can give
the distribution a positive or negative skew. The Weibull reduces
to an exponential model when the shape parameter is 1 (Newman,
1995).
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EXECUTIVE SUMMARY

Ecotoxicity tests and bioassays are used to determine the toxic hazard posed by chemicals and
environmental samples. The Environment Agency intends to use such tests within a Direct
Toxicity Assessment (DTA) programme to set toxicity targets for selected effluent discharges
to surface waters. The data from DTA need to be analysed statistically to provide summary
measures before they can be used within a risk assessment framework to derive a toxicity
target. Several different types of summary statistic are available. This report reviews each of
them and describes their advantages and disadvantages. Point estimates of effect, such as the
ECS50, are preferred over the No Observed Effect Concentration (NOEC). However, standard
methods for estimating EC values do not make efficient use of the data. Models that use the
time course of toxicity as well as the intensity of effect have many advantages. They can be
used to estimate more precise EC values, true No Effect Concentrations (NECs) and chronic
effects from acute data sets. Data from pure product testing and the Agency's DTA pilot
study are analysed using several different statistical approaches. The results of these analyses
are then compared to determine their potential for accurate and precise summaries of toxicity
data. The conclusions and recommendations from this report are:

the NOEC should be phased out as a summary of toxicity in effluent bioassays;
e the Agency should instead use a regression-based estimation procedure alone;
e time should be incorporated in the analytical procedures for DTA data;

e procedures for the collection of data through time should be included in the Agency's
Ecotoxicology Methods Guidelines;

o the Agency should determine the optimum spacing of test concentrations, the optimum
number of replicates per concentration and the optimal number of organisms per replicate
for effluent bioassays;

e predictions of chronic effects from acute effluent bioassay data sets should be tested in the
field through the use of macroinvertebrate biomonitoring and in situ bioassay techniques;

o the Agency should initiate further study into the survival time models that are available
(both mechanistic and empirical) and which of these, if any, best meets the needs of the
DTA programme;

o the relationship between different measurement endpoints such as survival, growth and
reproduction should be investigated to determine whether there are predictable
regularities;

e a steering group should be set up by the Agency to direct the mathematical, statistical and
biological work required to take these recommendations forward and to provide a firm
underpinning to the quantitative analysis of DTA data.

KEY WORDS

Effluent bioassay, Direct Toxicity Assessment, statistics, NOEC, EC, NEC, survival time
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1. INTRODUCTION

The Environment Agency (The Agency) in England and Wales has proposed the application
of Direct Toxicity Assessment (DTA) to control selected aqueous effluent discharges to
surface waters (Environment Agency, 1996). For the first time in the UK there will be a
national strategy for the use of ecotoxicity tests in monitoring and controlling effluents.
Ecotoxicity tests are designed to help risk assessors to predict the acute and chronic biological
effects of exposure to chemicals. Evidence from the United States suggests that the results
from effluent bioassays are useful predictors of toxic effects in surface waters (Dickson ez al.,
1992; Marcus and McDonald, 1992; Grothe et al., 1996).

Statistical analyses are essential tools for interpreting the outcomes of a bioassay (Cox, 1972;
Nelson, 1982; Cox and Oakes, 1984; Crane and Chapman, 1996). This is because bioassays
use individual organisms, each with a different tolerance to toxic chemicals, which produce a
distribution of responses from the most sensitive to the least sensitive. This 'statistical
tolerance distribution’ applies both when data are continuous (such as measurements of
growth) and when data are quantal (all-or-nothing responses such as survival). The standard
procedure is to select a concentration series of effluent (0 - 100%) and expose a separate
group of test organisms to each of these. Recordings are made of the response (usually
mortality, or reductions in growth or reproduction) at each concentration (Forbes, 1993). This
response is then used to estimate the concentration-response curve and the point estimates
currently required by risk assessors, such as the median lethal concentration (LC50) and the
No Observed Effect Concentration (NOEC). Each of these is usually estimated after a specific
exposure duration. For example, estimates from acute ecotoxicity tests with the crustacean
Daphnia magna are usually reported as a 48-h LC50, while chronic fish tests normally last
for several days or weeks and report an Effective Concentration (EC) value and a NOEC. The
Agency currently recommends the use of 48-h tests with crustaceans, 72-h tests with algae
and 96-h tests with fish amongst a battery of acute effluent bioassays (Environment Agency,
1996; Johnson et al., 1996; Whitehouse er al., 1996).

The response of test organisms to toxicants depends not only upon the dose or concentration
to which they are exposed, but also on the duration of that exposure. Risk assessors recognise
the importance of this, but formal mathematical methods for incorporating exposure duration
currently tend to be eschewed in favour of qualitative graphical approaches (Suter er al.,
1987, Suter, 1993, see Figure 1.1), the derivation of acute-to-chronic ratios (Kenaga, 1982),
or the use of application factors (Mount and Stephan, 1967). All of the above methods require
that both acute and chronic tests are performed for at least a proportion of test species and
chemicals within an homologous group. This is because an assessor must know what
application factor or acute-to-chronic ratio is appropriate for the type of chemical under
review, or whether it is likely that a toxic threshold for the substance exists. Such a
requirement for chronic testing is unrealistic for many effluents discharged to surface waters.
This is because toxicity in these wastes alters over time due to volatilisation, partitioning,
hydrolysis and other physical or chemical factors. Hence effluent bioassays are often acute or
‘subchronic’, lasting for only a few days or hours. This lack of chronic exposure is
exacerbated by the limitation of effluent bioassays to a maximum concentration of 100% of
whole effluent. Because of this, the 'accelerated' testing of very high concentrations, typical
of ecotoxicity testing with industrial and agrochemical products, is not possible, and great
uncertainty about chronic effects at the immediate point of discharge remains.

R&D Technical Report E19 1



Response

Figure 1.1  Example of graphical approach commonly used by risk assessors.

If the time-course of toxicity could be taken into account it might be possible to make
predictions of chronic toxicity on the basis of acute results. This would reduce uncertainty in
the derivation of toxicity targets and allow waste dischargers and environmental regulators to
reduce effluent toxicity to levels below those likely to cause chronic lethal effects. The
incorporation of temporal effects may also help to improve the precision of LC/EC50
estimates and the accuracy of estimates of No Effect Concentrations (NECs). True NECs can
be estimated instead of the standard NOEC, which is considered as non-protective by many
statisticians (Chapman et al., 1996; OECD, 1996). Newman (1995) also argues that if data on
the time course of effects on survival and reproduction are available, ecologically meaningful
endpoints, such as the intrinsic rate of population increase can also be estimated.

Several approaches for the estimation of NECs and/or acute:chronic extrapolations have been
developed recently. Mayer et al. (1991; 1994) have used two-step linear regression and
multifactor probit analysis. Dixon and Newman (1991), Newman and Aplin (1992) and Sun et
al. (1995) have recommended the use of survival time modelling and accelerated life testing,
and Bedaux and Kooijman (1994) have proposed theoretically-derived functions to take
explicit account of the time-dependence of toxicity. These approaches represent a theoretical
improvement on the standard methods and are all discussed later in this report. However, the
prediction of chronic lethality and the estimation of NECs are very sensitive to changes in the
model on which they are based (Sun ez al., 1995). The models should therefore be extensively
tested on empirical data before they are used by environmental managers.

R&D Technical Report E19 2



This report begins such an evaluation by assessing the theoretical and practical advantages for
the DTA programme of currently available statistical summary methods. The summary
statistics produced by the different approaches are compared, and recommendations provided
on the most efficient, consistent and useful approaches for estimating 'safe’ concentrations and
chronic effects from acute bioassay data. The specific objectives of this.research were,

1. to review available techniques for estimating an NOEC, an ECx, an NEC and a
chronic value from acute data;

[

to attend and report on a workshop held by the Organisation for Economic
Cooperation and Development (OECD) at Braunschweig, Germany, October 1996 to
discuss the statistical options available for analysing the results from toxicity tests
performed under OECD guidelines;

3. to analyse data obtained from DTA pilot studies and from other bioassays and toxicity
tests to determine the empirical value of different statistical approaches;

4. to recommend optimal statistical methods and identify any further research necessary
for meeting Agency needs in this area;

5. to take a view on whether or not the choice of statistical summary affects the value of

toxicity targets in improvement plans and to recommend the most pragmatic approach
for regulatory testing.

R&D Technical Report E19
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2.  REVIEW OF METHODS

Three main approaches to the analysis of ecotoxicity data can be identified (OECD, 1996):
e hypothesis testing to determine an NOEC,; |

e regression analysis to estimate a time-specific effect concentration such as an LC50; and
e survival time analysis.

Each of these major approaches includes several different specific methodologies. These will
be discussed below.

2.1 Hypothesis Testing to Determine an NOEC

The NOEC is the highest concentration in a bioassay producing a response that does not differ
from the control when compared in a statistical significance test. The NOEC is usually
calculated from concentration-response data by using Analysis of Variance (ANOVA),
followed by a multiple comparison test such as Dunnett's or Tukey's. test (Newman, 1995).
This can only be done if there is replication at each concentration.

The perceived advantage of the NOEC is that it is easy to understand (OECD, 1996).
However, there are many disadvantages to its use (Bruce and Versteeg, 1992; Chapman er
al., 1996; Crump, 1984; Hoekstra and van Ewijk, 1993; Kooijman, 1981, 1996; Laskowski,
1995; Noppert et al., 1994; Pack, 1993; Skalski, 1981; Stephan and Rogers, 1985). These
are:

e The NOEC must be one of the concentrations used in a bioassay, because this type of
hypothesis testing does not allow interpolation between test concentrations. This means
that if concentrations are spaced far apart in an experiment there can be great inaccuracy
in determining an NOEC.

e The NOEC tends to increase as the precision of the bioassay decreases, thus rewarding
careless experimentation that increases response variability. An example of this is shown
in Example 2.1.

e Replication is often low in bioassays, with three replicates per treatment a common
choice. This means that the statistical power of the ANOVA and multiple range test is also

often low, which also makes it difficult to discriminate between different treatments.

e Confidence intervals cannot be calculated for a NOEC, so the precision of this value is
unknown and different NOECs cannot be compared.

e A NOEC cannot be obtained if the lowest concentration tested produces a significant
effect when compared with the control.

o The NOEC is not a 'safe' concentration, since large effects may still occur at this level.

e The NOEC breaks a basic rule of scientific method by attempting to prove the null

R&D Technical Report E19 5



hypothesis of 'no effect.’

e The NOEC wastes data because it does not provide information on the range of sensitivity
of bioassay organisms.

e The NOEC depends upon the type I error chosen in significance tests and on the type of
multiple range test that is selected for comparing the means: different choices produce
different NOECs. In the example provided in Example 2.1 the NOEC ranges between
1% and 46 % effluent depending upon which test is used,

e [t can be difficult to determine a NOEC if the response does not follow a monotonic trend,
for example when stimulation, or ‘hormesis’, occurs at low concentrations (Figure 2.1).

Such problems with the NOEC have led many statisticians and biologists to propose that these
methods of hypothesis testing are not well suited to the type of data obtained from most
ecotoxicity tests (Chapman et al., 1996), except in the special case of limit tests (Whitehouse
et al., 1996).

A B

&—
6—

Response
(eg growth)

Concentration

Figure 2.1  There are problems in determining an NOEC when the response curve is
not monotonic. In this figure growth is slightly stimulated by low concentrations of
effluent. Is the NOEC at point A or point B?
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Concentration Laboratory 1 results Laboratory 2 results

of effluent (%) (Survival: 3 replicates) (Survival: 3 replicates)
0 10, 9, 10 10,9, 8

1.0 10, 7, 8 8,6,10

2.2 9,6,7 - 9,2,9

4.6 8,5,7 6,0,7

10.0 7,6,6 1,7,6

22.0 5,4,2 1,6,5

46.0 4,1,1 52,0

60.0 0,10 0,0,0

100.0 0,0,0 0,0,0

-
-
-

Calculated NOEC (%)

Dunnett’s test 2.2 22
Bonferroni t test 2.2 22
Tukey test 10.0 46
William’s test 1.0 2.2
Dunn’s test 46 46

Example 2.1 Low precision can increase the NOEC. In this example two effluent
bioassays are run with the same effluent at the same concentrations, but in two different
laboratories. Laboratory 1 produces more precise results than Laboratory 2. However,
the penalty for this is that the NOEC calculated by Dunnett’s test for Laboratory 1 is
2.2% and the NOEC for Laboratory 2 is 22%. Calculations were on square root
transformed data using Toxstat 3.4 (West Inc, 1994).
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2.2 The Estimation of a Time-Specific LC/EC Value

The estimation of an ECx value (the EC at a specified value of x - usually EC50) overcomes
most of the problems associated with hypothesis testing (Chapman et al., 1996), and is the
usual form of analysis for acute ecotoxicity experiments. The advantages of this approach are,

o the ECx is not restricted to be one of the test concentrations;

o the precision of the ECx can be estimated; the experimental precision and the choice of
the type I error rate affects only the confidence limits, not the estimation of the EC value
itself;

o the regression model used to estimate an ECx allows the investigator to characterise the
entire toxic response of the test organism and uses all of the data for that time period;

¢ non-monotonic relationships can be modelled.

Data from fixed times of observation (usually 24, 48, 72 or 96-h in acute bioassays) are
usually transformed so that least-squares fits can be made to linear models. Linear models
have advantages, despite the availability of non-linear curve-fitting routines in most statistical
software packages. The estimation of confidence limits is easier and methods for checking
model fit are better developed for linear models (Forbes, 1993). Linearity is usually achieved
by logging the exposure concentration and converting the response to its probit (Bliss, 1935;
Finney, 1971) or logit (Berkson, 1944). Several other linearising transformations are also
available, such as the arcsine or Weibull (Weibull, 1951). More recently, Generalised Linear
Models have been proposed as a method of analysing data without the need for an initial
linearising transformation (Kerr and Meador, 1996).

Whatever the derivation of the concentration-response curve, ECx values are then estimated
for the magnitude of effect that interests the investigator. This is normally an EC50 or LCS50,
because more precise estimates are usually possible at this median point. However, the x in
ECx can be as large or small as an investigator wishes, although estimates at the lower
extreme of the probability function are likely to have confidence intervals that pass through
zero. It is then impossible to determine whether a chemical has a safe low dose. Hartley and
Sielken (1977) summed up this problem as follows: 'Experiments attempting to measure ...
minute differential risk increments directly by using only extremely small ... residual doses
are forced, in the face of statistical errors, to use astronomically large numbers of animals. On
the other hand, if experiments are conducted at adequately high doses (accelerated doses) the
problem of extrapolating (or interpolating) ... to residual dose levels arises.'

Bruce and Versteeg (1992) discussed the choice of x in ECx and concluded that a value of
20% is normally protective when the natural variability of populations is taken into account.
However, many authors would consider a value of 20% effect as too high (OECD, 1996).
Furthermore, the choice of different ECx values often leads to differences in the toxicity
ranking of samples if the response slopes are not parallel (Oris and Bailer, 1997; Figure 2.2).
The argument over what x to choose in ECx is probably sterile, as the value of a 'safe’ x will
depend upon the life history strategy of the organism that is tested. There would be little
effect on the population size of herring if 90% of larvae were killed by a toxicant before
density-dependent mortality occurred. However, 90% mortality of fish after density-
dependent mortality would have a major effect on population size.

R&D Technical Report E19 8



Partly because of these problems, much effort has been expended on the estimation of’
thresholds' below which no toxic effects occur (Cox, 1987). The problem with thresholds is
that they are, like other concentration-response models, highly model dependent. The
estimates of thresholds from different models may vary widely, and the data from standard
ecotoxicity experiments provide little information on which model is correct (Hoekstra and
van Ewijk, 1993; Figure 2.3).

Response A

EC50f-------- B

EC10 t----

 EC50 EC50
A

3 B

EC BIO ECA10 Concentration

Figure 2.2  Consistent toxicity ranking depends upon parallel concentration-response
curves. In this example the EC50 of effluent A is lower than the ECS0 of
effluent B, suggesting that effluent A is ‘more toxic.” However, the EC10
for effluent A is higher than the EC10 for effluent B, suggesting that
effluent A is ‘less toxic.” This apparent anomaly can be explained by the
difference in the slopes of the two responses.

R&D Technical Report E19 9



Response

Concentration

Figure 2.3  The threshold determined in a threshold model is model-dependent. This
example shows that there may be no threshold (A) or some empirically
unknown threshold that differs depending upon the model used (B and C).

To avoid these apparent shortcomings in the estimation of a 'safe’ threshold, Crump (1984)
proposed the estimation of 'benchmark' concentrations and Hoekstra and van Ewijk (1993)
proposed 'bounded effect' concentrations. These are approaches that do not rely so heavily on
model assumptions.

Benchmark concentrations, as defined by Crump (1984), are the lower limit of the 95%
confidence interval estimated for a specific effect in the range of 1-10%. The 1-10% effect is
estimated by model-based extrapolation, so problems of model dependency remain. However,
Crump (1984) argues that the differences between different model predictions are relatively
small in this range (Figure 2.4). This is not the case for extrapolation below this range, and
efforts to do this (eg Chen and Kodell, 1989) have been criticised as flawed (Hoekstra and van
Ewijk, 1993).

Bounded-effect concentrations (Hoekstra and van Ewijk, 1993) are estimated by first selecting
a concentration (the bounded-effect concentration) for linear extrapolation to a lower
concentration. Hoekstra and van Ewijk (1993) suggest that the concentration corresponding to
<25% effect is often a justifiable choice for the bounded effect concentration. If 25% effect
1s chosen as the criterion, then the bounded effect concentration should be the highest tested
concentration for which the upper confidence limit does not exceed 25% effect. Next, the
concentration at which an acceptably small effect occurs (eg 1% effect) is estimated by linear
extrapolation from the bounded effect concentration. For example, if in an effluent bioassay a
concentration of 10% effluent produces an effect with an upper confidence limit of 24 %, the
1% effect would be estimated by extrapolating from the 10% bounded effect concentration:
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x/10 = 1/24
X = 0.42%

An effluent concentration of 0.42% would then be considered a 'safe’ concentration.
However, it 1s important to note that this 'safe’ concentration will apply only to an exposure
duration similar to that in the experiment. Benchmark and bounded-effects methods do not
attempt to predict a chronic NEC from the time-course of toxicity. This is a problem with all
time-specific summaries of toxicity test data and is one reason why extrapolation or safety
factors are applied. Reliance on safety factors may be reduced if the time course of toxicity is

taken into account.

Response

10%| -
1% A

l Concentration

Benchmark concentration
at lower 95% confidence
limit for effect of 5%

~ Figure 2.4  Example of a benchmark concentration (Crump, 1984).
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2.3 Analyses Including Exposure Duration

Although there is general agreement that use of a concentration-response curve to estimate an
ECx or a threshold, benchmark or bounded effect concentration has many advantages over the
derivation of a NOEC, the calculation of an ECx at specific time intervals still does not use all of
the available data. This is because most investigators will take some measurements during the
course of a bioassay, especially if survival is the endpoint. These data from intermediate
observation periods are usually not reported or used in the final estimation.

2.3.1 Standard analyses of exposure duration

The importance of the duration of exposure in aquatic toxicity tests has been recognised for
many years (eg Powers, 1917). Bliss and Cattell (1943) suggested in an early paper that quantal
assays based upon the reaction time of individuals were more efficient than those based upon
measurement of the distribution of thresholds within a population (the standard approach
discussed in Section 2.2). Traditionally, the standard analysis of exposure duration was to plot
the mean or median survival time (or its reciprocal) against the toxicant concentration (or log
concentration) (Abram, 1964, 1967; Alabaster and Abram, 1965; Alderdice and Brett, 1957;
Gaddum, 1953; Herbert and Shurben, 1964; Lloyd, 1960; Sprague, 1969). A line was then fitted
either by eye, or by using a more formal model such as the rectangular hyperbola (Hey and Hey,
1960). A threshold level of chemical or effluent over an indefinite period was then estimated
from this (eg Alderdice and Brett, 1957; Figure 2.5).An alternative is to plot the toxicity curve of
the median lethal concentration against time (eg Heming ef al., 1989; Figure 2.6).

The problem with these approaches is that they may involve lengthy experiments and, for some
chemicals, biological effects may not even then reach an asymptote within the duration of the
experiment. Because of these problems several workers have attempted to use all of the data
from much shorter-term experiments to produce more precise estimates and predict potential
chronic effects. ‘
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Figure 2.5 Standard analysis of toxicity over time
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Figure 2.6 Example of a toxicity curve
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2.3.2 Recent advances in the analysis of exposure duration
Two-Step Linear Regression and Multifactor Probit Analysis

Mayer et al. (1991, 1994) developed a simple statistical approach for using observations at
different time periods in acute tests to predict chronic lethality. They made two assumptions
essential for any prediction of this type, i) the concentration response is a continuum in time, and
11) the mode of action and detoxification systems for lethality are similar under acute and chronic
exposures. Linear regression is used to estimate an LCO at all observation times (probit
percentage mortality = a + b(log concentration)). These estimates of LCO are then regressed
against the reciprocal of time (LCO = a+b(1/t)). The intercept of the regression line is the chronic
'predicted no observed effect concentration' (PNOEC; Figure 2.7).

Using the reciprocal of time may be sufficient to produce a straight line from the usual
hyperbolic relationship between LC values and time (Green, 1965), but Mayer e al. (1991,
1994) found that additional log transformations (log LCO = a + b(1/t) or log LCO = a + b (1/log
t) ) were occasionally necessary because of negative intercepts or curvilinear data (Mayer et al.
1994). The disadvantage of this approach is that the estimation of confidence limits is uncertain
due to the additive nature of variation in the two-step procedure. Kooijman (1981) has rightly
advised caution when extrapolating effects beyond those that are observed, and strongly
recommended the use of confidence intervals rather than point estimates alone.

Vi

Probit mortatity

’l\ Log concentration \ 1/Time(h)
LCO at
96 h 72 h  48h 24-h Anfinte’ time

LCO LCO LCO LCO

Figure 2.7 Two-step linear regression

Where the test data are suitable, multifactor probit analysis (MPA) may be used, rather than the
two-step linear regression described above (Lee et al., 1995; Mayer ef al., 1991, 1994). Data for
this method should ideally consist of at least three and ideally five concentrations with
mortalities >10% and <90% over a fixed time, and a minimum of four observation times. Mayer
et al. (1996) recommend that MPA is most appropriate when different experimental units are
assessed at different concentration-time combinations. For example, different tanks of fish
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would have to be observed at 24, 48, 72 and 96 hours at each test concentration. This is not the
normal design for an ecotoxicity experiment, in which the same tanks are observed at all time
periods, and would add substantially to costs. It is therefore difficult to forsee a situation in
which the use of MPA would be justified.

The two methods described above were used to predict chronic toxicity from acute data for
several different fish species and test chemicals. These predictions were then compared with
empirically-derived data in the literature and found to agree very well (Mayer et al., 1991,
1994). The authors concluded that chronic toxicity tests with fish were not necessary if lethality,
and probably growth (Mayer et al., 1986), were the endpoints of interest, because there appeared
to be predictable correlations between survival and growth. However, effects on reproduction
could not be predicted accurately from survival and growth data (Suter et al., 1987). Mayer et al.
(1991) also recommended that the application of the approach to invertebrates required further
investigation. Later in this report we use the same data set as Mayer ef al. (1991) for comparing
the results of different techniques.

Survival time modelling

Recently, Sun et al. (1995), in a continuation of the work described above, have recommended
the use of survival time modelling and accelerated life testing. This has an advantage over the
earlier work by Mayer et al. (1991, 1994), in that the statistical dependence of observations at
different times does not present analytical difficulties. Survival time models have also been
proposed by other researchers as a method for integrating time, concentration, response, and
ecologically important covariables such as organism weight and sex (Diamond et al., 1989;
Dixon and Newman, 1991; Newman and Aplin, 1992; Newman et al., 1989, 1994). These
models belong to the family of accelerated failure time models, commonly used by engineers
and medical statisticians (Kalbfleisch ez al., 1983). Sun ez al. (1995) have described a model in
which organism survival at a particular period of time in a particular concentration (Q(t,x))
depends upon the strength of toxic action (a), the concentration-response surface shape (b) and
the time-response surface shape (c). The mathematical expression of this is Q(t,x) = exp {-ax"t}.

This particular formulation is based upon a Weibull distribution, but other statistical
distributions could be used, depending upon prior knowledge. For example, Newman et al.
(1994) made their choice from the normal, log normal, Weibull, gamma and log-logistic
distributions by comparing the fit of each of these to the data. However, discriminating between
the fit of the typical models used in toxicity testing can be difficult without prohibitively large
sample sizes (Prentice, 1976), and Newman et al. (1994) found that several models had very
similar fits. User-friendly software has been produced by Sun et al. (1995) so that predictions of
chronic toxicity using this approach can be made by non-statisticians. The software enables the
user to specify a particular level of effect that is 'acceptable’ (eg 1%, 0.1%, 0.01%, or 0%) and to
estimate the chemical concentration likely to produce such an effect. Newman (1995) prefers to
use the survival time approach to produce estimates of ecologically important population
parameters, such as an increase in relative mortality risks, or changes in the intrinsic rate of
population increase. The choice of statistical summary by a risk assessor will depend upon the
legislation currently in force and upon their specific choice of assessment endpoint (Suter,
1993).

The survival time approach outlined above is almost entirely empirical. Statistical techniques are

used to fit models to the data collected in bioassays and the use of biological theory is restricted
to the choice of an appropriate distribution. Some survival time approaches do not even require
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assumptions about distributions. The Kaplan-Meier approach (Kaplan and Meier, 1958) is
nonparametric and implemented in many user-friendly software packages such as Unistat
(Unistat Ltd., 1994). These empirical survival time approaches therefore have the advantage that
subjective assumptions in the models are rather few, but the disadvantage that biological
information that might be used to reduce error estimates remains unused.

Kinetic models

In contrast with the empirical models described above, there are some approaches that use
theory from biology and chemistry within models that incorporate toxicant concentration and
exposure duration. For example, several authors have proposed the use of simple kinetic models
to overcome the problem of determining NEC values, ECx at infinite exposure time, or both of
these (eg Chen and Selleck, 1969; Chew and Hamilton, 1985; Heming e al., 1989; Matida,
1960). Compared with the empirical models described above, these kinetic models involve more
biological assumptions about the behaviour of toxicants in living organisms (Kalbfleisch ez al.,
1983). The method proposed by Matida (1960) is one of the simplest, and involves fitting a one-
compartment first-order kinetics model to LC50 and duration data in a manner very similar to
the derivation of a toxicity curve in Section 2.3.1. Although this approach is not recommended
statistically, because the L.C50 data are not independent, it can be useful if the analyst is
presented with only LC50 data, rather than the complete set of raw data (Rand et al., 1995).
However, it is preferable to use a more sophisticated and valid statistical method if time-to-death
data are available.

For example, Chen and Selleck (1969) suggested that when organisms are exposed to toxic
chemicals there is an induction period (t;)) in which no effects are observed, because toxicity is
unlikely to be spontaneous. The formal mathematical expression of this is dN/dt = 0; 0<t<t. N in
this equation is the number of organisms surviving at a particular exposure time and t is a rate
coefficient. When t is greater than t; the concentration of the toxicant in the organism can be
expressed by the equation dN/dt = - KC'N + HN; t > t;. In this equation, K and H are also rate
coefficients and n is the order of reaction. These parameters are all derived by regression
analysis from a concentration-response test. The term - KC"N is the rate of toxification and the
term HN is the rate of detoxification (Figure 2.8). These simple equations can be rearranged and
integrated to provide valuable summary statistics, such as the threshold concentration (C,) and
the survival ratio (N/N,).
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Figure 2.8 Chen and Selleck’s ( 1969) kinetic model.

Kooijman (1981, 1987) used ideas similar to those of Chen and Selleck (1969) in developing a
model to describe the relationship between toxicity and time and was also able to produce a
model of the relationship between acute and chronic LC50 values. Recently, however, Kooijman
has rejected his earlier attempts to 'improve' standard models for analysing toxicity data
(Kooijman, 1996). He points out that standard analyses often treat toxic effects as deterministic
at the level of the organism, but stochastic at the population level. In other words, individuals die
when a fixed toxic threshold is exceeded, but that threshold is a random trial from a statistical
distribution for the population. Kooijman (1993, 1996) believes that there is now sufficient
theoretical and empirical evidence to suggest that effects at the individual level are also
stochastic. This then allows the use of hazard-based models that replace estimates of the LCx
and the slope of the response with a single parameter, the killing rate (defined as the probability
of dying, per unit of time and per unit of environmental concentration that exceeds the NEC
(Bedaux and Kooijman, 1994)). Hence, the new model involves the estimation of only three
parameters (NEC, killing rate and elimination rate), compared with the four required in
Kooijman's (1981) model (LC50, slope of response, NEC and elimination rate).
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The hazard rate of a substance is estimated from the following,

hitc) = k,(c(1-e™) - ¢,),
where h(t,c) = hazard rate (the probability of dying during a
given exposure period)
t duration of exposure
c = concentration of substance in environment
k. = killing rate
k, = elimination rate of the substance
Co = NEC of substance in environment
(x), = maximum of x and 0

A comparison of this model with the earlier extension of the standard model (Kooijman, 1981)
showed that the prediction of effects after prolonged exposure was more realistic with the hazard
model (Kooijman, 1993; Bedaux and Kooijman, 1994). Simulations also show that the hazard
model is more likely than the extended standard model to produce a positive, non-zero estimate
of the NEC, which is of obvious practical advantage (Kooijman and Bedaux, 1996d). The
mechanistic basis of this model allows the estimation of toxic effects on reproduction and
growth in different species using the same approach (Kooijman and Bedaux 1996a, b, c;
Kooijman et al. 1996). A further advantage is that it is possible to model the effects of episodic
exposure to toxicants and the effect of non-persistent chemicals that degrade relatively rapidly
(Widianarko and van Straalen, 1996). However, a potential problem with the hazard model is
that accurate estimation of k, may require fairly large sample sizes (Bedaux and Kooijman,
1994). Another problem is that the model includes a number of assumptions that may not be
transparent to a naive user. For example, one of the assumptions is that effects are exponential,
but Newman (1995) provides an example in which the exponential model fitted survival data
less well than several others. Kooijman and Bedaux (1996d) themselves recommend that the
goodness of fit of the model should always be inspected graphically to ensure a common sense
interpretation, but this requires some basic knowledge of statistics that most ecotoxicologists
unfortunately appear to lack. A software package, Debtox, is available for making the
calculations and producing the graphs described above and is one of those used in the next
section of this report (Kooijman and Bedaux, 1996d; Figure 2.9)
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Code : 0001

Experiment : Survival, Model : Hazard
Cempound : Butyl benzyl pthalate
Species : Fathead minnows
Experimentalist : Monsanto

Measurements: Number of survivors

Time Concentration: microgramy/liter
hour 0 740 1060 2100 2770 3230
0 30 30 30 30 30 30
24 30 30 30 28 8 2
48 30 30 29 23 3 1
72 30 30 29 22 2 1
96 30 30 2 22 2 1
Hazard model, Fast kinetics . o ASD Correlation coefficients
Blank mortality rate 0.0001165 h 0.000
No-effect concentration 2049 pg 1! 20.948 0.087
Killing rate 6.376e-005 1 pg'h? 0.000 0.000 0.495
Deviance 29.52
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Figure 2.9  Example output from Debtox (Kooijman and Bedaux, 1996d)
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3.  EMPIRICAL TESTING OF METHODS

Section 2 above describes the development of data analysis techniques in ecotoxicology from
early graphical to computer-intensive approaches. Currently, the main summary statistics
from a toxicity test or bioassay are an ECx or an NOEC. In this section we use data generated
from two main sources and apply several different statistical techniques to arrive at
quantitative summaries of the data.

3.1 Sources of Data

The two main sources of data used in this report were,

e Mayer er al.'s (1991) data set for fish mortality in pure chemical and effluent tests. The
data set consists of observations at different times on mortality during acute tests, mostly
lasting for 96-h. Mayer et al. (1991) also report the results of chronic tests with the same
chemicals. This allows us to compare model based predictions of chronic toxicity with
empirically based measurements;

o Effluent bioassay results provided by the Agency from a series of pilot studies
(Environment Agency, 1997). Daphnia magna immobilisation over 48-h was the most
sensitive higher organism test for four effluents discharged to freshwaters. These data
were also amongst the few from the pilot studies that included observations at different
time periods (0, 24 and 48-h). The effluents were discharged by three sewage treatment
works with industrial inputs and by a chemicals manufacturer. Thirty-six separate
Daphnia tests were performed on these effluents, of which 30 are analysed below. Data
from the remaining six bioassays were not used because there were no mortalities at the
highest concentration tested.

Because the data from the pilot studies described above were rather poorly behaved when
analysed, a further effluent bioassay dataset was selected. This consisted of 96-h test data for
brown shrimp Crangon crangon provided by Mike Mallett of Eurolaboratories Ltd. This
species has not been selected by the Agency for routine use in the DTA programme because it
Is less sensitive to toxicants than many other species (D. Forrow, Environment Agency, pers.
comm.). However, Anglian Region of the Environment Agency have used it for several years
when testing effluents discharged to coastal waters. Five brown shrimp data sets were selected
at random for analysis, simply to determine whether there was any intrinsic problem with
eftfluent bioassays that prevented the use of the methods described above.

3.2  Analytical Techniques

The statistical techniques that were used to analyse the data were,

o Estimation of a time-specific ECx. Toxstat version 3.4 (West Inc., 1994) was used to
estimate an LC50, LC20 and LC10 and associated 95% confidence intervals (CI) for each
data set, where the data quality allowed. Probit (parametric) and Spearman-Karber

(nonparametric) models were used to produce estimates, where possible. Neither probit
nor Spearman-Karber models are appropriate if there are no partial mortalities but only
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total survival and total mortality. In datasets where this was the case, the binomial method
(Stephan, 1977) was used to derive an LC50 and 95% CI.

e [Estimation of an LCx from both exposure and duration data. Debtox version 1.3
(Kooijman and Bedaux, 1996d) was used to estimate an L.C50, L.C20, LC10 and LC1 at
the end of each test, using data from all observation periods during the tests.

e Estimation of an NEC. Debtox version 1.3 (Kooijman and Bedaux, 1996d) was used to
estimate a No Effect Concentration and 95% confidence interval, using data from all
observation periods during the tests.

e Prediction of chronic effects from acute data. The Two Step Linear Regression approach
and the Accelerated Life Testing approach were used in the Acute to Chronic Estimation
software package (ACE, Mayer ef al., 1996) to estimate LCx values at infinite time.

The ratios between pairs of data sets were compared and the mean, standard deviation (SD)
and range of these ratios calculated. This was done to determine the predictive accuracy of
each technique. For example, a ratio of 1 between a predictive method and a measured
chronic NOEC shows that the prediction was very accurate. A ratio of 0.1 shows that the
prediction overestimated the NOEC by an order of magnitude and a ratio of 10 shows that the
prediction underestimated the NOEC by an order of magnitude.

The fish data from Mayer et al. (1991) were then logged, and the DTA Daphnia data arcsine
transformed before further analysis to normalise the distributions (Zar, 1984). Ordinary least
squares linear regression was used to analyse pairs of parameters and derive a regression
equation, the significance of the intercept and slope, and the coefficient of determination (r?).
Pearson's correlation coefficient (r) was also calculated. These summaries can be used to
determine whether there is a linear relationship or a correlation between the x and y values
and how strong this relationship might be.

All calculations were performed using Unistat Version 3.0 statistical software (Unistat Ltd.,
1994).

3.3 Results And Discussion
3.3.1 Fish Toxicity Data Set

Table 3.1 shows comparisons between summary statistics for the fish toxicity data published
by Mayer et al. (1992). The first column identifies the datasets that were compared and
whether they were the x or the y variable in subsequent comparisons. The next three columns
give information on the ratios between the x and y values. The first of these provides a mean
ratio for all pairs of data that were compared, the second gives a standard deviation (SD) for
this mean and the third shows the range of ratios in the data set. The next eight columns give
information from a linear regression performed with the data. The first two provide the
regression coefficients a and b, so that the reader can reconstruct the relationship by
substituting the coefficients into the usual linear equation y = a + bx. The next column gives
the degrees of freedom (df) for the regression. The two columns headed 'intercept’ give the t
statistic and p value for the intercept, which show whether the regression line intercepts at a
point other than zero. The two columns headed 'slope’ provide the same information for the
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slope of the line and allow the reader to determine whether there was a significant positive or
negative relationship between the two datasets. The r° value is the coefficient of
determination, which is a measure of how well the data fit the linear model (1 = perfect fit).
The r value is the correlation coefficient, which is simply another way of expressing the
strength of the relationship between the two datasets. The data are presented in this way,
rather than graphical form (see example in Figure 3.1) since graphs of these data would have
looked very similar, because of the need to log the variables.

Debtox estimates of the NEC, EC10 and EC1 generally underestimated the empirically
determined NOEC by an average factor of 4 or 5. However, the lower 95% CL of the Debtox
NEC estimate tended to overestimate the chronic NOEC by a factor of about 1.5. The
predictive power of the latter relationship appears particularly high for the transformed data,
with an r value of 0.96, although this tends to disguise some major differences. For example,
the chronic NOEC of EPN to sheepshead minnows was 4.1 pg/L (Lowest Observed Effect
Concentration (LOEC) 7.9 ng/L), but Debtox predicted a lower 95% CL for the NEC of
124.3 pg/L. In contrast, the chronic NOEC of methyoxychlor to brook trout was 1.1 pg/L
(LOEC 3.1 pg/L), but Debtox predicted a lower 95% CL for the NEC of 0.0372 ng/L.

ACE two-step linear regression produced more accurate estimates of the chronic NOEC than
Debtox and the range of ratios between ACE estimates and the chronic NOEC was narrower.
The maximum underestimate of the chronic NOEC was by a factor of 12 and the maximum
overestimate was by a factor of 7. The ACE output produces different model results and the
user is advised to select the result with the highest r* value. This can have the paradoxical
effect, as shown in Table 3.1, of chronic EC10 predictions overestimating the true chronic
NOEC, ECI predictions underestimating the NOEC, and ECO0.01 again overestimating the
NOEC! However, the final results suggest that the technique is empirically useful, despite this
anomaly, and that chronic EC0.01 predictions have high predictive power. Anomalies also
occurred when Debtox was used. For example, if the data were poor, the estimate of the 95%
CI could be zero and the estimate of the NEC might be greater than the EC50 estimate.

Four of the ACE ECO0.01 predictions from the 28 data sets (14 %) produced a negative lower
95% CL, thus leaving uncertainty with regard to the existence of a safe level of chemical.
This never occurred for this dataset with the Debtox estimates. As would be expected from
the above, ACE estimates of the EC1 and EC0.01 tended to be lower than Debtox estimates
of the NEC by an average factor of 3.6 and 7.5 respectively. Accelerated Life Testing (ALT)
results were generally very poor predictors of chronic NOEC values. The results are not
reported in Table 3.1 because they were so poor that we suspect a software problem. Once
this problem has been resolved we recommend further testing of the ALT models, as Mayer
et al. (1996) reported that they gave good predictive power.
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The use of time-specific probit, Spearman Karber or binomial methods to estimate 96-h
EC50, EC20 and ECI10 values always overestimated the chronic NOEC, on average by a
factor of 3.2 - 4.6. However, there was close agreement between the 96-h EC values
estimated by approaches that were time-specific or incorporated both time and concentration.
This agreement was particularly close when Toxstat 96-h EC50 estimates were compared with
Debtox 96-h EC50 measurements. The two approaches produced estimates with greater
differences for smaller EC values, but there was still no more than a threefold difference.

3.3.2 DTA Pilot Study Data Set

Unfortunately, ACE two-step linear regression could not be used to analyse the Daphnia data
from the DTA pilot study. The programme was unable to use the limited information
provided within this data set to perform the probit analyses that are a necessary first step with
this approach.

Table 3.2 shows comparisons between the summary statistics that could be calculated. These
comparisons are set out in the same way as in Table 3.1. Debtox estimates of the NEC, EC10
and EC1 consistently suggested that the acute NOEC, currently proposed for setting a toxicity
target, was unprotective. The acute NOEC was on average 6.7 times higher than the predicted
NEC and 440 times higher than the lower 95% CL of the NEC. In contrast, the Debtox 96-h
EC10 and EC1 estimates were in agreement with the acute NOEC and the Toxstat 96-h EC
estimates.

Since the Debtox predictions of chronic effects in the analysis of Mayer et al.'s (1992) data
appear on average to be underprotective, it is of some concern that the Debtox estimates of
chronic toxicity for the pilot study data suggest that the current approach for deriving a
toxicity target is also underprotective. This means that there may still be very high chronic
toxicity in surface waters receiving toxicity controlled effluents. A further concern is that the
quality of the data from the pilot study was generally insufficient for adequate statistical
analysis, even though one of the 'best-behaved' data sets was selected for use in this report.
Many of the Daphnia data comprised all or nothing responses, with one concentration
producing no effect and the next highest concentration producing total mortality. With
concentrations spaced relatively far apart, this produces inaccurate and imprecise estimates of
summary statistics. Evidence for this is that 22 of 30 Debtox estimates of the NEC lower 95%
CL (73%) were zero.

3.3.3 Brown Shrimp Bioassay Data

The difficulty in adequately analysing the DTA pilot study data was not due to inherent
difficulties in effluent bioassays. Five sets of results from the brown shrimp bioassay data
were successfully analysed using all of the techniques, including ACE two-step linear
regression. These analyses suggest that the reasons for the difficulties encountered in
analysing the DTA pilot study data were the lack of observations at several time intervals and
the lack of partial effects in many of the pilot study data. This latter problem can be addressed
either by choosing more appropriate concentrations or by making more frequent observations.
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4. GENERAL DISCUSSION

There is a wide range of techniques available for analysing toxicity data, but environmental
toxicologists do not appear to be making full use of them. The NOEC is considered by many
to be a summary statistic with a very low information content (Chapman er al., 1996).
However, even time-specific EC estimation does not use all of the data gathered in most
ecotoxicity tests (Newman, 1995). It is because of these concerns that the Organisation for
Economic Cooperation and Development organised a meeting of experts in Braunschweig,
Germany in 1996 (OECD, 1996). The report from this meeting is added as an appendix to
this report.

The main conclusions from the Braunschweig meeting were that bioassays should provide
information that is accurate, precise, and interpretable to the non-expert and that information
on the time course of effects should be integrated with information on the concentration-
response curve. However, it was acknowledged that the specific type of information required
from a test will largely depend on the way in which it is extrapolated to the natural world.
Ideally,

o the danger of false negatives (Type II errors) should be reduced;
e tests should focus on biologically significant endpoints;

e it should be possible to link bioassay results to predictive ecological and biological models
and incorporate biologically important covariates, where this is appropriate;

e Dbetter use should be made of all test measurements;

e methods guidelines should make explicit recommendations on appropriate statistical
analytical techniques;

e summary statistics and parameters should be simply interpretable by non-statisticians and
decisionmakers.

Would the use of the different models examined in this report and recommended to the OECD
influence the way in which the Agency derives and monitors toxicity based targets? Currently,
the Agency proposes to set toxicity targets by comparing the acute NOEC derived in an
effluent bioassay with the Predicted Environmental Concentration (PEC) of the effluent in the
surface water to which it is discharged. If the available dilution in this surface water is
insufficient to bring the concentration of effluent down to a level below the acute NOEC then
toxicity reduction will be required (Johnson et al., 1996). If there is sufficient dilution then no
toxicity reduction will be required. Clearly, if chronic toxicity is predicted to occur at effluent
concentrations several orders of magnitude lower than acute toxicity there may be many more
dischargers who would be required to reduce their effluent toxicity. This could potentially
increase the number of toxicity-regulated discharges quite considerably.

The results presented in this report suggest that time of exposure can and probably should be
used in the analysis of effluent bioassay data. However, many different models are available,
each with their own assumptions. The Agency needs criteria for appropriate selection from
the available mechanistic and empirical models. The best reasonable fit should be the most
important criterion for model selection: models should be as simple as possible and only as
complex as necessary. Mechanistic models, such as Debtox, are not necessarily more complex
than empirical models and they may be more biologically consistent. If this is so, then they
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should be favoured if they fit the data, and empirical models used only as a default. However,
in this report the empirically-based ACE two-step regression model was more successful than
Debtox at predicting chronic NOECs. Further work is required to determine whether this is
always the case and whether even more accurate and precise models exist. It would also be
useful to compare model predictions with #rue chronic NECs, rather than the chronic NOECs
that were the only data available to the report authors.

It might be argued that one of the major ways in which effluents cause mortality is by oxygen
depletion due to high biochemical oxygen demand. Do the models discussed in this report
adequately describe this indirect effect of chemicals in the environment? The evidence is that
they do. Both early and more recent research (eg Sprague, 1969; Kooijman, 1993) suggest
that the time course of lethality is similar for both chemical toxicity and oxygen starvation.

Finally, Johnson et al. (1996) found, as we have, that there was a close agreement between
estimates of EC10 and the acute NOEC. This is not surprising, as effluent bioassays, unlike
pure product toxicity tests, are constrained to produce both LC/EC and NOEC values
between >0 and 100%. However, other authors have found that NOECs tend to exceed
concentrations causing 10% effect in effluent bioassays (Fikslin, 1995; US EPA, 1991).
Johnson et al. (1996) recommend that both the NOEC and EC10 are used as a Predicted No
Effect Concentration (PNEC). This terminology is unfortunate. A PNEC derived in such a
way is probably not an NEC, even for acute exposure periods, especially if it is simply a
synonym for the EC10 (ie 10% effect). The PNEC is certainly not a chronic NEC. We
believe that both the Agency and the effluent dischargers whom they regulate would benefit
from the use of a summary statistic that is agreed by all to represent a safe level in the
environment and has proven relevance to an agreed assessment endpoint.
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5. CONCLUSIONS AND RECOMMENDATIONS

These conclusions and recommendations are derived both from this report and from the
OECD report in the appendix.

e The NOEC has many disadvantages and should not be used to summarise effluent
bioassay data.

e The Environment Agency should move towards a regression-based estimation procedure
in which, as a minimum, the ECx at time t, model parameters, measures of error and
measures of goodness of fit are reported.

¢ Time should be incorporated in the analytical procedures for DTA data and experimental
design optimised for estimation of ECx at the last time interval, where this is both relevant
to risk assessment endpoints and cost-effective.

e Procedures for the collection of data through time should be included in test protocols
developed or updated in the future, where this is relevant and cost-effective.

e A modelling exercise should be undertaken to determine the optimum spacing of test
concentrations, the optimum number of replicates per concentration and the optimal
number of organisms per replicate for effluent bioassays.

e Predictions of chronic effects from acute effluent bioassay data sets should be tested in the
field through the use of macroinvertebrate biomonitoring and in situ bioassay techniques
(several examples of this approach may be found in Grothe ez al., 1996).

e The Environment Agency should initiate further study into the models that are available
(both mechanistic and empirical) and which of these, if any, best meets the needs of the
DTA programme. This work should extend the analyses in this report to all of the test
systems recommended for DTA such as bacterial bioluminescence tests, algal growth tests
and the Oyster Embryo Larval test, and to the whole range of possible endpoints,
including those producing different types of discrete and continuous data.

e The relationship between different measurement endpoints such as survival, growth and
reproduction should be investigated to determine whether there are predictable
regularities. The use of energy budget models or life tables may be the most appropriate
approach, particularly for Daphnia and algae. The benefit of this would be the ability to
use acute data sets to predict a wider range of ecologically important chronic effects.

e A steering group should be set up by the Environment Agency to direct the mathematical,
statistical and biological work required to take these recommendations forward and to
provide a firm underpinning to the quantitative analysis of DTA data.
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Executive Summary

. Following a decision taken by the National Co-ordinators of the Test Guideline Programme and the HAAB
in their joint session in December 1995, an OECD Workshop on Statistical Analysis of Aquatic Ecotoxicity
Data was held in Germany on 15-17 October 1996. The meeting was hosted by the BBA in Braunschweig
and was chaired by Dr. Amo Lange from the German UBA.

The pbjecﬁves of the workshop were to:

(i) review the options available for the analysis of data from ecotoxxcxty tests;

(1) compare their advantages and disadvantages;

(ili) recommend (a) the most appropriate approach for deriving a summary para.mcter(s) which
has scientific validity, and (b) further work for OECD and/or others, as appropriate.

In a series of breakout and plenary sessions, the workshop discussed statistical data analysis appropriate for
‘single-species chronic/subchronic studies using a number of test concentrations. Aquatic tests served as a
basis for these discussions although the issues addressed may be similar for ecotoxicity tests in general.

‘Background documents had been prepared on the fol]owmg main existing approaches of data ana]ysxs for
such tests: - -

"o Analysis of Vanancenypothesxs Testmg (“ANOVA/NOEC approach")
e Regression analysis (based on empirical models)
* o Mechanistic modelling (theory-based)

The workshop concluded that the NOEC as the main summary parameter of aguatic ecotoxicity tests is
scientifically inappropriate for 2 number of reasons and should therefore be phased out. It was recommended
that OECD should move towards a regression-based estimation procedure. The time course of effects should
be incorporated in the analytical procedures. OECD should initiate a study into the dynamic regression
models that are available (bot> mechanistic and empirical) in order to select those which best meet OECD's
needs. The study should also aldress the issue of appropriate values of ‘x* for ECx and the optimal
“experimental designs. A steering group should be set up to direct the mathematical, statistical and biological
work required to take the workshop recommendations forward. This group should include mpmsemauves
from the appropriate scientific and regulatory communities. :



Introduction
Background

Within OECD countries, a number of aguatic ecotoxicity test guidelines are used to assess the potential
effects of chemicals (including pesticides) on aquatic organisms. For the use in hazard/risk assessment
schemes, summary parameters (e.g., the LC50 and the NOEC) are established by statistical methods. This .
statistical evaluation plays a major role in developing the test guidelines since the experimental design is
crucial for the statistical method that can be applied, and both together are central for developing tests that
-produce high-quality data with a minimum use of resources and test organisms.

In 1992, the National Coordinators for the OECD Test Guidelines Programme decided to have a review of
existing and draft aquatic toxicity test guidelines with respect to test design and statistical data analysis. The
“Review of Statistical Data Analysis and Experimental Design in OECD Aquatic Toxicology Tést
Guidelines” (Annex 10) was prepared by Dr. Simon Pack in 1993 and widely circulated and discussed. The
review and the recommendations made were broadly well-received and appreciated. Other activities of the
scientific community on this issue included workshops in The Hague (1994) and in London (1996).

All these activities concluded that the NOEC is inappropriate as a sumnmary measure of toxicity. Replacing -
the NOEC as suggested has implications for the test designs as well as for hazard/risk assessment. Hence,
within the context of OECD work, both the OECD Test Guidelines and the Hazard/Risk Assessment
Programmes became involved, and the relevant bodies (the National Co-ordinators of the Test Guideline
Programme and the HAAB) decided to have a joint workshop to proceed the issue further.

The OECD Workshop on Statistical Analysis of Aquatic Ecotoxicity Data was held in Germany on 15-17
October 1996. The meeting was hosted by the BBA in Braunschweig and was chaired by Dr. Amo Lange
from the German UBA. There were 52 participants from 15 Member countries and industry (Annex 1). -

Objectives

The objectives of tr,> workshop were to:
(i) review the options avmlablc for the analysis of data from ccotoxlcxty tests;
(i) compare their advantages and disadvantages;

(iii) recommend (a) the most appropriate approach for deriving a summary parametcr(s) which
has scientific validity, and (b) further work for OECD and/or others, as appropriate.

‘Noppen, F., N. Van der Hoeven and A. Leopold.. 1994. How to measure no effect : towards a new

- measure of ch:omc toxicity in ecotoxicology. Workshop Report of the Netherlands Workmg Group on
Ecotoxicology. The Hague

Chapman, P.F., M. Crane, J.A. Wiles, F. Noppert and E.C. Mclndoc (eds.). 1996. Askmg the Rxght
Questions: Ecotoxicology and Statistics. Report of a Workshop Held at Royal Holloway Umversuy of
London, Surrey, U.K. SETAC-Europe .



Focus

The workshop focused on approaches to data analysis appropriate for single-species chronic/subchronic
aquatic tests using a number of test concentrations, although it was recognized that the discussion might
also be relevant to the analysis of data from ecotoxicity tests in general. The implications of the different
statistical approaches on test design were also considered. .

Workshop structure and discussion topics
The workshop was organised around a.series of plenary sessions and three working groups (Annex 2).
These working groups all addressed the same issues in parallel sessions and reported on progress during
plenary sessions. Discussion topics were framed as questions and are listed below.

Session 1:
e Why are OECD ccotoxxcxty tests performed ?
e What kind of information do we want from'the tests ?
e Are we happy with the current statistical practices ?
- Session 2: - :
e Review and companson of the different approaches to data ana]y51s
¢ Should the NOEC be retained ?
O Which other analytical technique could replace the NOEC?
0 What type of information (statistical summary parameter; test endpoint) do we want
.from the new approach ?
‘e What work needs to be done with respect to se]ecuon of stansuaal approach ?

"I'he mdmdual working group reports are given in Anncxes 3,4 and 5..

Background documents

Documents describing the three main approach 2s to data analysis, including an assessment of thexr strengths
and weakness, were prepared and dxstnbuted in advance of the workshop:

e A Discussion of the NOEC/ANOVA Approach to Data Analysxs (Annex 6)
- Alternatives to the NOEC Based on Regression Analysns (Annex 7
-« Dynamic measures for ecotoxicity (Annex 8) : :

e The Dynamic Energy Budget (DEB) model (Annex 9)
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Summary of Plenary Discussions

Plenary Rapporteurs: Peter Chapman (UK), and Mark Cfane (UK)

This section summarises the main outcomes of the workshop. .The discussion issues, together with a
summary of the views put forward, and a list of recommendations arising out of the workshop, are listed
below. There was a high degree of agreement on all of the issues, and, where there was disagreement or lack
of consensus, this is highlighted. A more detailed account of the proceedings of each working group can be
found in their individual reports (see Annexes 3 - 5)

1. Why are OECD Ecotoxicity Tests Performed?

Ecotoxicity tests are performed to evaluate the toxicity of chemicals in order to predict their potential effects
on natural populations. These tests provide information which is used in the registration / notification of new
chemicals and the assessment of older chemicals, including pesticides and biocides, The results from these
tests are used in the classification and labelling of chemicals and contribute the ‘effects’ component to a risk
assessment. They may also be used to predict adverse effects in the event of an accident.

OECD Test guidelines are primarily' developed for the above reasons, but may also be used in other
situations, including the bioassay of environmental samples and fundamental research.

2. What Kind of Information Do We Need from OECD Ecotoxicity Tests?

The workshop agreed that toxicity tests should provide information that is accurate and precise, and that
permits easy interpretation by the non-expert. Ideally, information on the time course of effects should be
integrated with information on the concentration-response curve. The information should be of ‘biological
relevance’, although there was no consensus on whether this should refer 'simply to the types of
measurements taken (e.g., survival, growth and reproduction are usually considered as relevant parameters

because changes in them can afect population abundance), or to ‘ecological relevance'. '

It was recogmsec\ that the specific type of information mqmred from a test will largely depend on the way in
which it is extrapolated to the natura. world. ‘There was no consensus on whether ‘classification’ and 'risk
assessment’ demanded different information and analyses, or whether classification is simply a point on the
road to risk assessment and which uses similar data and analyses. However, classification will normally use
only acute lethal data, while risk assessment will often use both lethal and sublethal data.

3. Are We Happy with Current Statistical Practices?
There was virtually unanimous agreement that current practices were ﬁnsatxsfactory’ and there was a
_ great deal of consistency in the vxcws put forward The list below is a compnehenswe summary of all
views raised.

There is a concern that the NOEC may not be sufﬁcxemly protectxvc because of the danger of _
false negatives.
The statistical methods are suboptimal.

YY)



OECD Test guidelines contain insufficient information on statistical techniques.

Data are wasted in the determination of values such as the NOEC.

NOECs are leading to misunderstandings and misinterpretations.

Current summary statistics cannot be linked to population models.

There are no statements of biological significance, only statistical sxgmﬁcance (there was no--
consensus on this issue because 'bxolovxcal significance’ appears to mean different thmgs to
different people). :

More effective use should be made of test a.mmals

Results are often imprecise.

Biologically relevant covariates are not considered.

4. What Should OECD Tests Look Like in Future? L.
It was agreéd that new testmg frameworks should not 'be devcloPed that (@ exclude results from tests*
performed within the current framework, or (b) remove all ﬂexxbxhty in approach However, there was
common agreement that certain xmprovcments are desxrab]e

The danger of false negatwes should be reduced. :

Tests should focus on biologically sxgmﬁcant cndpoxnts (althouah a deﬁmhon needs to be
agreed first).

We should be able to link test results to prcdxctwe ecological/biological models.

Biologically important covariates should be included, where this is appropnate

Better use should be made of all test measurements.

Test guidelines should make explicit recommendanons on appropnate statistical analytical
techniques.

_ Summary statistics and parametcrs should be capable of being mterpreted by non-statisticians
", and decision makers.

®
.

5. Comparison of the Different Approac_hs to Daté_Analysis |
51  Hypothesis testing to determine an NOEC -

Advantages A P
The NOEC is easy to understand (but regression is also easy to understand). However, only one
model is available versus many potential models to choose if OECD moves to regression.
It can always be determined when regression models fail (but its detanmnamn under t.hese
circumstances may not always be reasonable‘)
Occasionally there are large confidence mtervals for regressxon ana]yscs (but there are none at
all for NOECS) :

ma_d_vgn_ta.gg_

The NOEC nsclf is sxansncally unfounded (Thc mwcw report IAnnex 10] by Pack gives a
detailed expla.nanon of this point.)

- Hypothesis testing in general is not well suited to t,he type of data obtamed from most toxxcxty
tests (thh thc p0551b1e cxcepnon of limit tests).

&



5.2. Static regression -
Static regression models, in which a model is fitted to measurements taken at 2 single fixed time, and which
therefore does not include a time component, do not use all of the data in an efficient manner. However such
models may be politically acceptable 'stepping stones’ to dynamic analyses. Static regression models are the
only option for those endpoints which are assessed only once.

5.3. Dynamic regression

Tume of exposure should be mcorporated into the analysis of data, where possible. However, many different
dynamic regression models are available, each with their own assumptions. Criteria are needed for the
appropriate selection from the available mechanistic and empirical models. Best reasonable fit should be the
most important criterion for model selection. Also the model, whilst being as complex as necessary, should
be as simple as possible. Dynamic models are not necessarily more complex than static models (there can be
less parameters) It may be that empirical models are less biologically consistent than mechanistic models
(eg increases in survival may occur over time). Mechanistic models should be favoured if they fit the data;
empirical models should be used as a fallback.

In the short to medxum term there is no need to modify test protocols in majbr ways. However, minor
modifications may produce a better result. It may also be useful to collect data at intermediate time intervals
in some tests, such as the fish growth test, although there are more cost implications in this proposal.

6. Gancerns About Moving Awa); From the NOEC

Concerns were expressed about deciding to abandon the NOEC before altemative methods have been
identified and evaluated for their implications on ecotoxicity test designs. It is possible that specific methods
will be needed for each species and ecotoxicological endpoint. Where 'several ‘methods exist, guxdance for
their selection for regulatory use would be required. . :

yu



Workshop Coriclusions and Recommendations
The NOEC should be phased out as a summary of toxicity.

OECD should move towards a régressxonAbascd estimation procedure in which, as a bare minimum,
the following should be reported: model parameters plus measures of error and goodness of fit; ECx R
important biological parameters; parameters describing the time course of effects.

Time should be incorporated in the analytical procedures for OECD toxicity test data and

experimental designs should be optimised for estimation of ECx at the last ime mterva] (where this is
both relevant and cost-effectlve)

If different models are equivalent and give adequate fits to data, and if assumptions are valid,
mechanistic models are preferred over empirical models.

Procedures for the collection of data through time should be included in test protocols that are
developed or updated in the future (where this is relevant and cost-effective).

'OECD should initiate a study into the dynamic regression models that are available (both mechanistic
and empirical) and which of these, if any, best meets OECD's needs. This study should include
dlSCUSSlOﬂ of the foUowmg :

— what staLstIcal summaries are robhst and should be reported to regulatory authorities?

—- other biologica] estimates or parameters that should be reported.

— a sensmwty ana]ysxs of test design to justify an appropnate ECx (data should be reanalysed to '
determine the precision associated with low ECx values and the optimal expenmema] desxgn)

— ‘whether a different x is requlred for defcrent tests because of the dxffcmnt levels of ‘precision
- achievable in each.

— 'an ana.lys1s of the advantages and dxsadvamages to risk as:essment of a move to dynamic . ‘

regression approaches for different organisms and endpoints.

A stcering group should be set up tb direct the mathemarjcal, statistical and biological work required
‘1o take the workshop recommendations forward. This group should include representatives from the
" appropriate scientific and regulatory communities. Thc group could gather data from the testing
: commumty viaa qucsuonnmrc :

-The report of this workshop, mcludmg background documents and the 1993 review. repon by Pack :
should be pubhshed as an OECD Monograph .
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ANNEX 3
Report of Working Group A

Chairman: John Fenlon (UK)
Rapporteurs: Helle Holst (DK) and Leslie Touart (US)

- SESSION 1: Why are tests performed and what do we want from the res'ul.ts?

- Why do we have ecotoxicity tests?

The group focussed its discussion on aquatic ecotoxicity tests within the OECD
framework. OECD 1is concerned with developing harmonized test guidelines generally for
pesticides and industrial chemicals. These tests are used mainly to derive data for regulatory
purposes (e.g. for classification and risk assessments within notification and registration schemes),
in order to predict possible effects of the tested substance on the aguatic environment. It is worth
poting, however, that other types of risk assessments use / require different testing procedures or
‘guidelines (e.g., bioassays for monitoring or for site-specific assessments using contaminated
~ sediments, soils or wastewater).

In consxdcraUOn of these (mamly reoulatory) purposes of OECD- type tests, the group
recognized that:
= standardization of the test design is essential for the mutual use of such data by different
, countries and for the use of the same data for both classification and risk assessment. ‘
= some flexibility in the designs is also necessary in order to cope with the vast vancty of
different substanccs and their physical-chemical propemes ’

With respect to possxble changes of test demgns e. g as a consequencc of changes of the
statistical analysis, the group also stated that:
= OECD should then as well develop methods for the continued use of e)usnng data Repetmon
of tests should be avoxded where possxble :

What kind of infonnation do we need from vecotoxicity tests" }

Informat.lon from laboratory tcstmg is used to predJct the possibility of effects in the real
environment. This extrapolation involves a high degree of uncertainty from various causes.
However 'since field testing is not possible at the necessary scale and does not provide
~ unambigious results, laboratory Lcstmg is necessarily being used for decision makmg Thereforc it
is generally agreed that :

- = we must continue to merove testmg and ‘apalytical tcchmqucs to movc toward reducmg
uncertainty.
This mvolvcs two aspccts more use of the generated data and better analyszs



As to the use made of the data, the existing tests already generate a lot of information but
frequently only one data point is ultimately expressed (e.g., NOEC). This may be sufficient in cases
where only a relative measure of toxicity is needed (e.g., priority setting, classification, limit tests
to identify substances of very low toxicity). Risk assessments (prediction of possible effects)
obviously require better/absolute measures of toxicity and refined analysis. The group agreed that

‘= results from tests providing more detail about effects other than NOEC approaches are more
useful in risk assessments.

As to improving the analysis of test results, a major'issue of reducing uncertainty is the
introduction of a measure of precision of the test endpoint. Unlike classification 'schemes, risk
assessments do consider a precision component. The group concluded that: _

*  New analytical techniques which provide for such a measure of precision and/or which reduce
the extent of the necessary extrapolation are regarded to give better results, which is generally
perceived as an improvement.

* The degree of accuracy needed for ‘each endpomt and the use of this mformatxon in risk
assessments needs to be discussed further.

* If new analytical techniques are to be introduced into the OECD test guidelines, the

. implications of the recommended technique(s) for ex_tstmg test designs and for the continued -
use of existing data needs to be eva]uated

It should also be rccognized that the perception of risk may vary, and, therefore, some
countries may require more fixed criteria for using the endpoint in a risk assessment.

Are we happy with current practices? What should tests look like in future?
" The group i idcnr.iﬁed several major shortcomings of the current testing practice:

o Waste of data/imprecnse results

ANOVA-type determination of the NOEC (.., by comparing control and one

treatment with hypthesis tests) does not use mformatxon from all the other treatment °

levels (i.e., the slope of the dose-response-curve).

There is no measure of precision of the NOEC. :

The NOEC itself is imprecise because it can only be one of the test concentratlons and

because the power of the statistical tests frequently does not allow for detecting

~ considerable effects (up to 20 % was mentioned). Thus, bad testing (high variability of

controls) is rewarded, and the NOEC as one -of the tested concentration is subject to
decisions of the study director (the chosen concentrations and their spacing). This is
regarded as scientifically inappropriate.

- = For all these reasons, the group ¢oncluded that the test design and/or the statistical

~ analysis should be improved.

*

* *

. Ineffectlve use of test animals

* By not usmg 'much of the data (see abovc) test ammals are uscd mefﬁcxenﬂy Th.lS is |
‘not acceptablc and needs tobe improved.
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+ Extrapolation needed

* Both the NCEC and the ECx correspond to a standardized exposure time, species, and
laboratory condition. Hence, an extrapolating factor is needed for their use in risk
assessments. With mechanistic modelling, the need for part of this factor may be

reduced (e.g., the part which accounts for the extrapolation from standa:dxzed to
unlimited exposure time).

e Lack of time component

= There was agreement that more information on the time component (effect build-up
over time) and more use of such data is required. This was stated for both acute and
(sub)chronic tests. Such dynamjc informat.ion 'is an important aspect in risk
using ume—depcndent fate data), for evaluating the relative risks for different effects
(e.g., growth reduction versus reproduction impairment) and for risk/benefit analyses.

o Further issues to consider:

Perception of the NOEC: Most regulators do not use NOEC values thhout some
further interpretation of the data. Ong approach is comparing the NOEC with an ECx,
e.g. the EC10. An NOEC > EC10 should then be used only carefully and with low
confidence. However, the NOEC is frequently misinterpreted as a true no-effect-level, .
especially with the lay public and with risk managers where there are more decision
making levels. As to the US, participants stated that EPA is somewhat ,happy* with
the NOEC in the context of its regulatory use. In EPA evaluations, it usually represents
low "level effects’ which ‘are not identified as statistically significant. While
acknowledging the scientifc shortcomings and frequent confusion with an no-effect-

level, the proper interpretation of other endpomts (ECx, NEC) by risk managers and the
" public would also be a point of concern. ‘

Revised test design: In case of a move towards regressxon analysxs scveral xssues
‘would need to be addressed in detail:

* The optimized test design may necd to be dlfferent for dlffercnt organisms and
endpoints of concern.

* The same applies to thc value ‘of “x" in ECx, due to different natural variability of
endpoints like growth, reproduction, mortality with several organisms. The value of
“x” and the chosen statistical technique also are hkely to have nnphcamns on the
number and spacing of test concentrations. . :

* Further, any change of the analytical technique should be accompamed by ‘discussion _
and recommendations on the use of exisiting data in the future and on the parallel
use of NOEC and the new measure(s) dunng a transmon penod

RN
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SESS]O.\' 2: Review an_d comparison of the different approaches to data analysis

The group first focussed on the basic compariéon between NOEC (hypothesis testing) and

estimation procedures with regard to regulatory tests.

Should the NOEC still have a role in future testing or should we move away from it?

In reviewing this issue, the grdup collated the following views:

- pro NOEC

..contra

* easy to understand

* easy to misunderstand

can always be determined

* is often misused or inappropriate

* big confidence intervals using

Tegression

* no confidence intervals or other

measureof precision with NOEC

many regression models to choose
between

NOEC also can depend on the choxce
of model or statistical test

untrue to say that only control/NOEC
data are used in NOEC (ANOVA
incorporates variance/df from all data,

- Williams' test considers additional dose
related information)

NOEC is not a sound and reasonable
measure, for the reasons outlined in the
background papers by S. Pack and P.
Chapman and in the 1993 review

-report by S.Pack.

In conclusion, the group reached consensus on the following recommendation:

= OECD should move from the NOEC towards a regression-based (estxmatnon)

analysis of aquatic ecotoxicological data

The group also addressed bneﬂy the general lmphcatxons of a possnble change towards

regression or mechanistic modelling:

i

Range finding tests for the optimal choice of test concentrations are pecessary at any rate,

regardless of the analytical technique.

Test designs would need to be optimized for static regression -analysis (e. g more test
concentrations, less replicates). Some modifications would also be needed for the dynarmc
approaches (time component), although existing data can already be used for modelling in

DEBtox, for example. However, some changes would provide for better results.

Guidance would need to be developed for the selection of the best model(s) (both static and
dynamnic) and for special cases (poor dose sc]ecuon/dl-condmoned data, ctc) where modc]

fitting fails.

+ Procedures for the use of existing data sets would be necessary.
*" The proper use of the additional information in risk assessments should be dlSClISSCd
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Which other analytical technique could replace the NOEC ?

During an animated discussion about empirical versus mechanistic-modelling, one view
was that many empirical models were contrary to biological knowledge and frequently inconsistent.
Another view, in the minority, was that an empirical, best-fit approdch was better. It was further
pointed out that empirical regression methods can also incorporate time-dependent hazard/survival
data, and that an ECO is model dependent and can be present (or not) in both empirical and
mechanistic models. While doubts were expressed if a move to full-scale mechamsnc modelling
could be achieved in one step, the group recommended that:

= Dynamic (time-based) components should be incorporated into the regression
' models. The collection of time-course data should be extended. '

~

 Which statistical measure(s} shauid be reported?

All raw data would be available to regu]atory agencxes However raw_data normally are
not used for decision making without analysis of some form, presently in determining an NOEC.
For reasons of transparent and consistent decision-making by agencies and for planning purposes
by industry, such ‘reference point(s)’ would be needed for risk assessment schemes in future. There
was, however, a clear split of the group on whether NEC/ECO values should serve this purpose (in
. avote, 5 members expressed havmg problems with this concept while 9 had no such reservations,
avith 2 abstentions). ~ :

Without agreement on that issue the'group neverless concluded that:

* The form and parameters of the regressron model should be reported together wrth conﬁdence :
statements.

* A general model could probably be used for many datasets. '

* If OECD decides to use mechanistic modelling, the ECO should be reported :

* With the ECx - approach, different values of ‘x’ would probably be needed for different test -
procedures/=ndpoints, both in terms of matching up to the NOEC and of the achievable
sensitivity. The value(s) of ‘x’ could either be chosen to correspond to the current level(s) of
possible effects at the NOEC, or could be deterxmned by usmg a sensitivity analysxs of the
optimized test design.

* _For now, values of EC5 by increments of 5to EC25 could be determined routmely

Further. to facilitate the decision on whrch partrcular model(s) could be used in future, the
group recommends that ,

= OECD should undertake a study with exxstmg (nng-test) data to compare
' drfferent types of dynamic regressnon models



In conclusion, the group reached consensus on the following recommendations:

= OECD shou]u move from the NOEC towards 2 regression-based (estlmatlon)
analysis of aguatic ecotoxicological data.

= Dynamic (time-based) components should be incorporated into these regression
models. The collection of time-course data should be extended. :

= OECD should undertake a study with existing (ring-test) data to compare
different types of dynamic regression models.
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ANNEX 4

Report of the Working Group B

Chairman: Kees Romijn (FRA)
Rapporteurs Jacques Bedaux (NL) and Dwame Moore (CAN)

. 'SESSION 1: Why_are the tests performed and wha't do Q'e wént from the results ?

Why do we have ecotoxicity tests ?

Ecotoxicity testing can be conducted for several purposes, which can be grouped in different ways:

_A) Prediction

'B)‘ Control and Monitoring -

C) Diagnosis

“or ,
A) Legal/Regulatory

B) Non-nzgu]atpry

C) Research

Hazard identification
Classification and priority setting
Guidelines, Criteria '
Product development

Risk assessment

Research

* Permit compliance (monitoring/standards)

Research

Incidence reports

Toxicity Identification and Evaluation (TIE)
Research (identify causal agents)

New pi'oducts

‘Re-evaluations

Site assessment

_ Critenia, standards

Permit setting and compliance

‘Waste management .
Product development and safety
Market driven issues :
Emergency procedures

- Commercial issuc_s

Diagnosis

Mode of action
QSARs

Some of these applications of ecotoxncnty data are bcyond the scopc of the workshop, Wthh is to
dca] merely thh substanccs and regulatory issues.

’



What kind of information do we need from these tests ?

The kinds of information we may wish to obtain from these tests are listed below. The types of
information used in various applications is shown in'table 1. '

1) Lower levels of biological organisation:

biochemical
behaviour
survival
growth
reproduction

2) Population and higher levels of organisation:

Intrinsic rate of growth
Bioenergetic endpoints
Demographic endpoints
Richness, community structure
Community function endpoints

Data can be summarised using different parameters:

- NOECs, LOECs, MATCs
ECs, LCso, ICso
EC,, LGC,, IC,
LDy
elc.

In the applications listed in table 1, various cxtrapolatron procedures are avmlab]c for use with the
ecotoxicity data mcludmg -

Um. !rtainty factors
Model. .
Uncerta nty analysis

"“The above are used to extrapolate from one spccnes to another from laboratory to field condmons
from short to long term effects, and from lower to hxgher blologmal levels of orgamzanon .

Are we happy wuh current praz:nces ?

) Paxtxcxpants agreed that the current summary parameters for ecotoxicity testing (e g., NOEC) are
inadequate and that other summary parameters and analytical techniques should be investigated.
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SESSION 2: Review and comparison of the different approaches to data analysis

The topics discussed were: R

(i) Should we use NOEC/ANOVA?

(1) If not, what altemnatives do we have?

(iii) ‘What measures do we want to report?

(iv) How do we choose appropriate models?

Almost everybody agreed that ANOVA- -type methods were not apprbpn’atc for estimating effective

concentrations. However, if the aim is to test toxicity values against oen.am hmns ANOVA or other similar
test procedures can be applied.

As a result, the following recommendations were made:
1) OECD tests should use a regression-based approach for the analysis'of.toxicity data.

2) For limit testing and other similar application, ANOVA-like methods can be épplied.

Afterwards, the Group discussed what kind of regression models should ..be used.  Two |
classifications were used: (1) static versus dynamic, and (2) empirical (or descriptive) versus theory-based
(or mechanistic). Here static means that time is not incorporated in the model formulation. After a long
discussion the following recommendations could bc made: :

3) OECD guidelines should encourage the charactenzauon of the time-dependence when
appropnate data are available (see table 2).’

4) OECD should evaluate whether data should be collected at intermediate times for tests that do
not currently have this requuement in the guideline.

Then, the Group dxscussed wh!ch summary measures are appropnate This resulted in the following -
recommendations:

5) OECD should encourage the estimation of ECx,t including confidence limits for severa] valucs
of x and, where appropnate at different time mtcrvals

6) OECD should reanalyse existing ring tést data to determine the precision associated with Jow

‘ ECx,t values for different biological test systems and several models. The objective would be
10 determine the lowest effect values that can be cstxmawd with reasonable confidence for each
test system. : .

7 Expenmenta] designs for OECD lest systems shou]d be opnmxsed for esumatmn of ECx. t for
thc last time mterval
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8) OECD should determine:

) how dynarmc data analyses would be used to effect better decision- makmg :
(ii) whether this improvement justifies the extra resources required to collect and analyze dynamic
data for different tests.

- Two 1ssues were also identified in this session. The first issue is that the spacing of treatments for
precise estimation of low ECx,t is difficult for all time intervals (sec figure 1). Therefore, the Group
recommended that: -

9) OECD should not modify experimental test designs cxphcnt]y for dynamic analyses unless the
benefits justify the additional costs of collecting and analyzmg dynamxc data.

The second issue raised concerned the ‘choice of an appropfiate low ECx,t value for risk assessment
and other applications. Choosing such a value involves both statistical and regulatory considerations, and
therefore was viewed to be outside the scope of this workshop Nevenheless various regulatory and other
agencies should examine this issue canefully -

: The next topxc dlscussed was the procedure for choosing models. Group B dxd not agree with the
initial Group C’s proposa] for choosing models based on the following pnormes

1. Best possible fit

2. Mechanistic -

3.  Empirical
.An alternative proposal was made (which did not get consensus):

If models gwe equivalent and adequate fits and 1f assumpnons .are valid, mechanistic models are
preferred over empirical models.

Concern was expressed about relying solely on best fit models because the chosen model could

change between.time intervals and between tests.” A last general remark was that models should bc as simple
as possible and as complex s necessary.
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Table 1: Cfommorﬁy used summary parameters in different applications of ecotoxicity data.

NOEC Population

Application {LCsp [LCx LCx,, Community
LOEC ECsp |ECy Ecx,t Level Level
: Measures |Measures

Classification , I xx XX

Criteria and XX XX XX

Guidelines

Screening Level Risk XX XX X

Assessments

Higher Tier Risk X ' X XX XX - xx XX
Assessments

Permit Compliance ~ |x XX XX n

Product Development XX 1Xx o fxx n

and Stewardship

Diagnosis X % S xx b SR X

(e.p., TIE) !
‘A Research X X XX XX xx XX

X  sometimes used Xx frequem.lyvu;ed

Table 2: Pétcntial]y useful summary barametcrs from an.'ecotoxicity test. It is also critical that the
model equation, estimated parameters and their standard error, model goodness-of-fit, and
other test results be reported as appropriate.

'Eﬁ'ecz;fir}w 7 k7 t3 o t4.
5 ECsj95% CI |ECs517295% CI |ECs43395% C1. | EC5 14£95% Cl
10 Ecm,u_ﬂﬁ% CI |EC100295% Cl |ECy0,3%95% ClI |ECj(44295% CI
15 EC1541295% Cl |ECy5,0#95% CI |ECj53295% CI |ECy5,44295% CI
20 - ) ECy0,41295% CI - |EC20,12295% CI |ECp( 3395% CI - ECy0,14295% Cl
25 ECp541£95% C1 |ECy5 9295% C1 |ECys43295% CI |ECp5,14295% CI
30 EC30,11295% CI EC’30'Q:95_'% CI |EC30,3495% C1 |EC3( 14295% CI
40 EC40,11295% Cl |EC40,10%95% CI .| EC4,13295% CI | EC40,44295% CI
50 ECs0,1495% C1 |ECs0,12295% CI |ECs0,3495% CI |ECs0,14295% Cl
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ANNEX 5
Rebort of Working Groﬁp C

Chairman: Michael Newman (US)
Rapporteurs: Colin Janssen (BE) and Gerd Joermann (D)

~ SUMMARY

" Recommendations

The working grﬂoup recommermd that OECD should move away from the ANOVA/NOEC approach,
and that future test methods should have the follomno qualities or mxprovements

1. reduction of the possibility of biased mults N
. more focus on biological significance of endpoints =~ '
3. - more linkage to predictive, ecological or bxologxcal models allowing for the mclusxon of relevant
covariates where appropriate
4. inclusion of guidance for explicit statistical techniques in test guidelines
5. choice of summary statistics that can be generated and interpreted by non-statisticians.

To this end, the fiting of regression models was recommended: specxﬁc theory-based models, if -
appropriate, should be used for.each individual test.

Future approach

The working group recommended test-specific regression models theory -based 1f appropnatc It was
agreed that test results should include the followmg ,

estimates of all model parareters, exror terms andgoodnms of fit.
a slope, if appropriate .
ECx values . ..

biologically relevant parameters

parameters describing the time course
confidence limits for summary stausnes as is good statistical practice.

!

M A LN -

' SESSION 1: Why are the tests performed and what do we want frosm the results?
Why do we have ecotaxu:zty tem" ‘ .
"The workmg group decxded that the reason for oonducnng eootoxmty tests were
*to measure absolute or relative (ran.kmc of) tox:cxty values
* for routine regulatory use :
‘todetemnnctheneedforandthedwgnofl‘ugl'muert&ts

~ *to protect the environment by predicting the effects on natural popu]atxons (non human)
,""to generate point estimates that are useful for assessment
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What kind of information do we need from ecotoxicity tests?
The working group decided that the following type of information is nesded:

* one or more endpoints (i.e. which is/are required for applying a classxﬁcanon schcme)
*time scale for effects

*biologically significant information

* indication and expression of reliability (accuracy, precision)

*information readily understandable by non statisticians

* representative of what is to be protected. '

Are we happy with current statistical practices? '

The working group identified the following shortcomings and problerrs in the currently used
ANOVA/NOEC approach _

*unnecessarily high risk of falsc negatives

* no statements of biological significance, only statistical significance

* the type of data generated nowmllnotmeetfumrencedsofnskass&smtscherms
 *inferior statistical methods

*no linkage to ecological, predictive models

* inadequate extration of information (e.g. only NOEC, no slope)

*NOEC: lead to misunderstanding and misinterpraation

* detailed guidance on statistical methods is missing in guidelines

*no incorporation of covariates.

The working group recommended the following with regard to the design and performance of future tests -
and statistical analyses:

* Reduce the danger of false nevauvm and false posmves

* Develop tests that focus on biological significance.

* Make more efficient use df test information. :

*Choose endpoints that are directly applicable to predictive ccnlog:cal models and mcorporate unportant
covariates (e.g. tme) where appropriate. . -

* The summary statistics/parameters chosen should be interpretable ty non—e.Xpens

* Make statistical tests an inherent part of test method development. :

* Provide explicit recommendations for statistical data analysis in test methods and clear guidance on how
to perform f/them. It mmust be possible for non-expert statisticians to perform thc analyses.

* New statistical approaches should be compatible with GLP practice. -

* Control variability should be taken into account in any analyses.

* A way to link new surmmary parameters to‘old endpoints is desirable.
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SESSION 2: Review and eémparison of the different a _QQI"O to data wb

Should the NOE C/AJVOVA approach be retamed ?

A large majority of working group pamapa.ms did not want to retain the NOEC/ANOVA approach
However, one participant expressed some concern about replacing the NOEC for the fol]owmg reasons:

- uncertainty with what it will be replaced with
- no infrastructure for moving away from NOEC (i.e. computer programs)
- NOEC has protected the environment in the past
- possible need to develop new safety factors (i.e. risk assessment practices)
- the current stringent requirements for dcsign. doses, random variation lead to valid NOECs.

What could the NOEC/ANOVA approach be replaced wzth"
The following opt:ons were consxdered

1. summary parameters for dose-mponsc models which allow assessment (e.g. ragressxon, mechamstnc
" mixed regressio/ANOVA approach, others ..). .
improve NOEC methods (e.g. test design, statistical test method, reporting, ...)

parallel reporting (both NOEC and ECx), including quahﬁcatxon of existing NOECS

EPA lnterpolarJon method. : ‘

Lol ol

The working group agreed to concentrate further discussions pmdbnﬁnately on option 1.

What type of information (endpoints; summary statistics) do we want? .
e Empirical vs Mechanistic

There was no clear consensus on whether mouzls should be empirical or mechanistic. ‘Some participants
did not feel comfortable with the mechanistic models (e.g. DEBtox) as they did not cornpletely undcrstand them.
. Theprosandconsdepcndedonthevanousfactom(eg tbeor_\, usedb&stﬁt, ). ,

Thc working group did, howcver propose the followmg loglca] sequence:
best (reasonable) ﬁt > mechansnc if possiblc >if not, then use empmcal models.
Most participants were in favour of theory-based models, fit Ly non lincar regression.
» Include covariates in the dose-rsponse assessment? . .
The working group agreed that models giving the best (reasonable) fit should be chosen first. ' Time
should be included in thxs rnodcl, if appropnatc Tbe inclusion of time and other covariates was selected as a
’ sacond choice. . - _

5 - With mpect to thc mclusxon of time as a covariate, the group aclmow]edgc that for some existing tcsts
. “time could be included without changes to the method (e.g. Daphma reproducnon study) However other tcsts
: wouldncedtoberedwgnedandt}us caused some concern.
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What type of summary statistics do we want from our selected approaches?
Finally, the worfdng group identified the type of summary statisﬁcs that should be reported:

- estimates of all model parameters completed by terras of exror, goodness of fit
- slope (with confidence limits) . '
- ECx (with confidence limits) :

- biological parameters relevant for models

- parameters describing time course, if applicable.

Other summary statistics considered were:

- No Effect Concentration - NEC (or approximate of NEC)
- benchmark concentrations = lower confidence of ECx

Reservations were made with respect to the NEC. The fact that it is likely that a true NEC may exist for
some chemicals and not for others gave concern as 1o its use as a parameter in chemical regulation.



ANNEX 6

OECD Workshop on Statistical Analysis of Data
~ from Aquatic Ecotoxicology Tests

A Discussion of the NOEC/ANOVA
Approach to Data Analysis

~ Dr. Simon Pack
- Procter & Gamble, U.K.

- 35



Basic Principle
The NOEC/ANOVA approach is to compare each test concentration against the control.

In general, the NOEC is the highest concentration that is not statistically significantly different
from control. The LOEC is the lowest concentration that is significantly different from control.

There may be some ambiguity in these definitions if, for a concentration significantly different
from control, there is a higher concentration which is not significantly different. Some might
prefer an alternative definition that the LOEC is the lowest concentration sxgmﬁcantly different
from control with the NOEC being the next lowest concentration. |

Methodology |

Start with parametric ANOVA as described in basic statistics textbooks and as implemented in
all general statistical computer packages. Data should be transformed to satisfy the
assumptions (the assumptions should always be checked to validate -any analysis). The
ANOVA assumptions are that the residuals are independently and identically normally °
distributed with zero mean and constant variance. ‘With parametric ANOVA of aquatic
toxicology data, insufficient attention is often paid to the mean-variance relationship of the data
with the consequence that inappropriate estimates of variability are -obtained leading to

incorrect inferences. Generalised linear models do not'seem to be used. '

Non-parametric - versions of ANOVA exist that will geperally be more robust without
sacrificing much sensitivity. In fact, non-parametric methods could be uscd by default to avoid
issues around violations of the assumpnons

To compare test concentrations wnh the control " there are many approaches (multiple
comparison procedures). These take account of the multiple statistical tests by adjusting the

* statistical threshold for declaring significance. Dunnett's method is perhaps the mos: popular in

ecotoxicology area. Williams' metbod uses the assumed Lrend in the underlymg concwtratxon-

- response. - : A , , o

Dcspite the relative conceptual simplichy there are, in fact, a myriad of variants when the
different combinations of analysis and multiple comparisons are taken into account. '

Experimental Design

It is vital to identify what cbnstitutcsA a replicate e.g. individual fish in a tank. or the tank itself.

Investigation of the components of vanablhty may show whether gx'Oupmg of mdwxduals can be
reasonably made. , R
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The number of replicates will significantly impact the sensitivity of statistical analyses and
therefore the NOEC. Increased control repiication relative to each concentration will maximise
sensitivity for a fixed overall number of replicates and is recommended. The control replication
should be increased by a factor of ¥(no.of concentrations) relative to the test concentrations.

Optimising the design of ANOVA expenmcnts from a statistical vxewpomt seems to be seldom
done. _

Advantages of NOEC/ANOVA

e Conceptual szmplzczry : :
With ANOVA, we simply check if each concentration is dlffercnt from the control. The
modelling assumptions are relatively weak i.e. no concentration-response model is used.
Distributional assumptions can largely be avoided by using non-parametric methods of analysis.

_In comparison, regression methods aim to fit an empirical curve through the data points relating

response to concentration. This curve need not be given any particular biological interpretation
although one is often assumed. The main objective is to model the data. No-effect
concentrations (NECs), hormesis and time can be readily incorporated. The adequacy of the
model is assessed from the fit of the model to the data points. =~ -

Unlike ANOVA and regression methods, the mathematical modelling approach makes explicit
aSsumptions about the underlying processes. These assumptions then generate a concentration-
response model for the data. Unknown parameters are then estimated from the data. For some
models the experimenter may need to supply values for fixed constants however these should
still really be considered as parameters. The assumptions can only be verified by looking at the
adequacy of the fit of the model to the data points.
e  Computational simplicity : : .

Hand calculation is easy. Formulae are given in most basic statisu~s textbooks. Many

pccxallst and non-specxahst (e.g. spreadsheet) programs are available for ANOVA calculations.

In comparison, regression and mathematical modelling approaches require specxahst software.

- Some simple (non-parametric) methods have been developed for the estimation of e.g. EC50s.
However, these may not be sufficiently flexible for general recommendation. The more eomplex -
the assumnptions and the model, the more complex the computational side will be and the more
problems will bc cncountcred

. o Experimental design is straightforward
The number of replicates needed to give any degree of scnsmvxty can be rcadlly ca]culated if
the standard ANOVA assumptxons are assumed.

Optimal expenmenta] desxgn for the regression and mathematmal modclhng approaches is
possible but not straightforward and would most likely require further research.
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-degree of confidence.

Disadvantages of NOEC/ANOVA

«  The NOEC must be one of the test concentrations

The NOEC is determined to a large extent by experimenter's choice of concentrations. Usually
only a small number of concentrations are tested. Therefore the 'precision’ is likely to be very
limited. :

e The NOECisnota safe concentration '
If experimental varability is relatively high then the sensitivity of the analyses to detect
differences from control will be relatively low. This implies that only larger differences from

the control can be detected. This in turn implies the NOEC rnay be a concentration that
actually corresponds to quite large effects.

Literature supports this in practice. For_ exmple, the results of the final Daphnia magna
reproduction ring test showed sensitivity was such that effects up to 20% could have been

- declared as not significantly different from control. Effect sizes at the NOEC:s averaged around

10% but some corresponded to effects of 20- 30% _

“The example below (modlﬁed from a real expenment) illustrates the problem There is clearly

an effect at the NOEC whxch corresponds to an EC20.

Hesponse ao
s e
- p
604
1
40 4
conc, mean .
0 70
2 &
20l "3 %6 , :
|l noEC =2 EC20 S
B ) - . .
ol - , L
T T 3 -

Concentration o !

NOEC obtained using Dunnett’s method
Fined curve is 3-pammetu logisﬁc

’

o Itis zmpossxble to derzve an estimate of the prec:swn for the NOEC |

‘A power calculation can quantify the sensitivity of the analyses in terms of the difference from

control that could be reasonably detected. However, this doesn't address the real problem of

-how accurate the NOEC is. By definition the NOEC is just one of the concentrations. If

decisions are to be made -on envxronmental safety then it is sunely meortant to, quanufy the
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In contrast, precision estimates are readily available from both the regression and mathematical
modelling approaches.

o There is no information on the concentration-response curve

The rate of change of response with concentration may be useful in assessing how sensitive a
species is. This information is not available from ANOVA/NOEC methods. Therefore
valuable information is being wasted. Prediction of the effects at concentrations other than
those studied is not possible.

Prediction of effects or effect concentrations is particularly simple with regression modelling
.and, arguably to a lesser extent, mathematical modelling approaches, since the explicit aim is to
fit a model to the data points. If time is also incorporated then predictions of effects at a given
time can also be readily made. :

s Robustess

Parametric ANOVA is Tobust to moderate violations of assumptxons (e.g. lack of normality).
However, variations in the methodology may produce different NOEC values for the same
data. The extent to which these NOECs might differ will largely depend on the spacing of the -
concentrations relative to the observed concentration-response. Not much seems to have been
published on this. _

For regression and mathematical modelling, the more complex the model used, the harder it is
to validate against the data and robustness then becomes an issue. ’
The EC50 is a derived quantity and is known to be robustly estimated i.e. reasonably model-
independent. More extreme percentiles, e.g. EC5s, will be highly model-dependent. However,
estimates of precision will be correspondingly low, reflecting the information in the data, so
that confidence intervals will generally overlap for different models. Thercfore in general,
simplicity in the aims and approach is recommended.

e  The NOEC/LOEC may not exist -
If the lowest concentration tested produces a statistically significant difference from the control
‘then the NOEC will not exist. If none of the concentrations is significantly differen: from"
contro] then the LOEC will not exist. To obtain a NOEC/LOEC the experiment would need to
be re-run with different concentrations. The first experiment may therefore be considered to
have been wasted. However, the expenmcnt could still yield useful information on the

concentration-response curve. .

In contrast, both regression and mathematical modelling approaches may be able to derive
useful quantities, for example EC50s, from such ‘failed’ experiments. The basic requirement
‘would only be that the respective models can be fitted to the data.

e ' Good experimental practice is not rewarded = '

Generally, the poorer the experimental conduct the thhcr the vanablhty in the data. This in
turn means lower sensitivity to detect differences from control and consequently higher NOECs
may result, falsely implying ‘greater safety’. This is completely unacceptable. '
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Correctly appljed regression and mathematical modelling approaches will, in. general, produce
estimates of the parameters of interest with precision t.hat reflects the information and
variability in the data_ : .

« Other Issues

« ' NOEC/LOECs cannot be compared to ECx values
There have been attempts to correlate NOEC/LOECs with percentiles of the concentration-
response curve e.g. EC20s. NOECs are fundamentally different from ECxs and as the NOEC is

--largely dependent on the expenmental design then any correlations that have been found are
- almost entuely coincidental. .

e - NOECs are not NECs i -

The NOEC is not an estimate of the no-effect-concentration (NEC) As already explained, the
NOEC can correspond to non-zero effects .and does not csumatc a 'safe’ concentration.
'NOECs cannot be correlated with NECs or ECxs. ‘

. Hybnd methods -
‘Some authors have proposed methods aimed at overcoming the weaknesses of the NOEC. For
example, Hoekstra and van Ewijk propose a two-stage procedure. Firstly, the highest
_ concentration is found for which the effect is not estimated to be larger than 25% (the
 .bounded-effect concentration). Then interpolation is used, from the end-point of the
confidence interval for the effect size at this concentration, to estimate the concentration giving
a 1% effect (or other small value). They argue that this calculation yields a conservative
estimate of a concentration giving 'megligible' effects. While this -may ‘be the. case, the
concentration derived still suffers from the fact that an associated estimate of precision is not
provided although one could presumably be derived. Existence of the bounded-effect
concentration is also not guaranteed. However, their approach does go some way to limit the
dependency of the 'safe’ conccntraﬂon on the expcnmental dcsxgn '
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| Effective Concentration (EC) Estimation

An “effective concentration” (EC) is defined as the concentration that produces a specified size of effect
relative to an untreated control. An equivalent definition applies to an effective dose, but concentration is
“used throughout this document. - '

Methodology

A typical experiment comprises an untreated control plus a number of concentrations replicated a number of

‘times. The measurement made on each experimental unit is some form of sub-lethal sesponse such as the
weight of an organism or the number of offspring produced. A regression model is fitted to the data and,
through a process known as inverse estimation, a concentzanon correspondmg to a specified percent effect
relative to the control could be esUmated Figure 1 illustrates how an EC is estimated for a typical sigmoidal
dose-response curve. Confidence intervals for the EC can, and should always be, estimated.

The curve fitted will usﬁally be empirical in nature and will not have. any panioular biological justification.
However, experience demonstrates that many curves, such as that illustrated in figure 1, ﬁt ecotoxlcxty data
well and are adcquatc for the purpose of estimating effectwe concentrations. .

o
1+ (_p_) e p (x- PP)
- \1-p

- where X =|og(concentrahon)
p,p—logED,,

Yy =

“Hp ' - , X .
Figure 1 Conoentration-Résponsc curve for the logistic regréssion equaﬁon. .

’

Expenmental Desngn

The desxgn wxll usually take the form of a fully randomised or randomised completc block, although more
complicated designs are possible. If it has been decided to replicate the control and the doses, it is important
that replication is true replication and not pseudo—rephcanon (Pseudo-replication occurs when sub-samples
. from an cxpenmcma] unit, such as measurements on individual organisms within a single housing unit, are
used in the analysis of an expcnment as 1f they are true replicates ) Thc numbcr of replicates need not be the’

- same for each dose.
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Potentially Useful Extensions To Regression Procedures
Benchmark Concentration

The benchmark dose (BC) is defined as the statistical lower confidence limit on a concentration which
produces some pre-determined increase in response rate compared to the untreated control. In other words,
it is the lower confidence limit on an EC estimate. The BC is a relatively conservative quantity on which to
base the estimate of a safe concentration, but this characteristic has found it many advocates in fields such
as mammalian toxicology where the potential risk to humans must be kept very small indeed. It may
however be considered too conservative for use in ecotoxicology.

The ECy

Commonly used dose-response models, such as the logistic curve, predict non-zero effects even at very small
doses so an EC estimate cannot be regarded as an estimate of a true No Effect Concentration (NEC). It is
possible, however, to modify conventional dose-response models in order to estimate an ECo. Two such
types of model which deserve serious consideration are threshold models and hormesis models.

Threshold Models

Threshold models are based upon the supposition that there exists a dose at, and below which, a substance
produces no toxic effect and above-which an increasing effect occurs. Threshold models can be thought of
as two models joined together at a point. One part is a horizontal line describing the level of background - or
untreated - response; the other describes an increasing effect with increasing dose. The two parts join at the.
EC, or threshold dose (see figure 2). This is the maximum dose at which the response is equal to the
background and can be included in the model specification as a parameter and so be estimated directly.

Y=o . "X<ylo

y
- a

Y= - ‘xng

{he : 14 (P e BIOC-poHuppo)]
: 1-p :
P : where x =log(concentration)
pp=10gED, -

N V2 S, S eteeeceancaceaaasenass 'J.D=|OQEDO

wo Cow

Figure 2 : Calculation of a threshold concentraﬁon or ECy,
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.Homesis Models

‘Regression models ﬁncd to dose-response data are generally monotonic, reﬂccung an ever-increasing
adverse effect with increasing dose. Problems arise, however, when we come across effects which seem to
contradict this expected monotonicity. A particular example of this is hormesis, in which low doses of a
substance appear to stimulate an apparently beneficial response in the test organism even though larger
concentrations lead to a toxic effect (see figure 3). From an ecotoxicological perspective, the point at which
the response is equal to the untreated response - the EC, in figure 3 - could be interpreted as the
concentration at which the stimulatory effect ceases and the toxic effect begins and thus could be regarded as
an csumate of the true NEC. :

y y o +dx
o ) S 1.,( _p ) o Bllogx-g) ;.

-where X w=concentration
‘Ho=logEDg

il

!
csesrsssesnancvesbssnannan

Ho - T 'OQX

Figure 3 : ECy estimation in the presence of stimulation of response at low concentrations (hormesxs)
Time to Response Models :

If the ncsponses in a single ecotoxicity test are measured on a number of different days, then a sigmoidal
concentration response curve can be modified to include time. One of the benefits is that EC estimates can
be given for different times. An additional benefit is that time to response can be csumated as a function of

conccntratxon '

Advantages and Disadvantages of EC Estimates

Below is a list of advantages and di.sadvantages‘of EC estimation as an alternative to the NOEC. ‘The list of

advantages mainly draws attention to ways in which EC estimates overcome the scientific deficiencies in the

- NOEC. In contrast the list of disadvantages describes some of the difficulties to be encountered in trying to

estimate EC points. All of these difficulties can be overcome, although to do so may require very large

‘ cxpcnments or a significant amoum of resource in ana]ysmg data from an experiment.

-
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Advantages

1

Regression permns the estimation of effects at untested doses. In contrast, 8 NOEC can only be one
of the doses actually used in the experiment.

EC estimation rewards well conducted experiments - i.e those which are unbiased and of low
variability. The greater the precision in an experiment the smaller will be the width of the
confidence interval around the estimate. This implies that the lower the variability in an experiment
the the more likely it is that an EC estimate will be close to its true value. In contrast, highly
variable results are more likely to produ;.e EC estimates that are much larger, or much lower, than
theu' true values.

Standard ANOVA/NOEC evaluatmn, on the other hand, rewards poor cxpenments (i.e. high
variability) th.h high NOEC values.

Because conﬂdence mtervals can a]ways be calculated, the precision of an EC estimate can always
be determined, whercas the precision on a NOEC can never be determined.

An EC can always be estimated, even if it is outside the range of cxpenmenta] doses although
estimates far outside the range of doses should be treated with caution.

By contrast, the NOEC is not always obtainable, either because the lowest dose gives a statistically
significant effect or none of the doses do. This situation has resulted in tests having to be repeated.

The biological effect produced by a dose equal to the EC is not zero but it is known because it is
pre-selected. This situation is to be preferred to that of the NOEC, which also produces a non-zero
effect which can be quite large, but is of unknown magnitude. '

Unlike the NOEC, the esumated EC does not depend upon the typc lerror rate in 2 s:gmﬁcance test,
nor on the choice of multiple companson procedure.

Disadvantages

1 .

The choice of regression model: If one is interested in estimating an EC for a small effect size, such
as an EC10 or ECS5, the estimate will usually depend upon the choice of model. For any single set
of test results, therefore, the data analyst may have to fit a large number of models, and even then it
may be dxfﬁcult to decide which is best. :

Even if one is conﬁdcm that the nght model has been fitted, for small cffect sizes thc confidence
interval around the EC csumate w1ll be relatively large

Precxsxon of EC estimates depends upon the number of test concentrations and their values.
‘Therefore, if it is important to be able to estimate small. effect concentrations, some research will

_ need to be carried out to determine optimurn selection of test concentranons This may need to be

done separately for each modcl

Choxce of effect size: If EC estimation is to n:place the NOEC, then for each typc of endpomt in
each type of test the size of cffect of interest needs to be dccxded upon. ’ : '
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©5 For Benchmark Concentrations not only do the model and the effect size need to be chosen but also
the confidence level used in estimating the confidence interval.

6 Both threshold and horrnc51s models require at least one extra parameter compared with a 2 norrnal
sigmoid model. This makes it more difficult to fit the model.

7 Experience suggests that confidence intervals around NEC estimates from threshold and hormesis
models tend to be very wide. Thus before these models can be used some research mto thc optirnal
. selection and placing of doses is required.
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Abstract

There are three required components of dynamic models for toxic effects: toxico kinetics, effects
on a target parameter coupled to the internal concentration and the physiological component.
The Dynamic Energy Budget (DEB) model, which is used to mode] the latter component, relates -
a change in a target parameter of a particular physiological process, such as the specific costs
for growth, to an output varizble, such as the cumulative number of offspring. We compare
" the logit/probit and the DEB-based models conceptually and numerically and conclude that the
DEB-based model is more effective as an effect model. The DEB-based model solves the problem
of estimating the No-Effect Concentration and provides the required information to eva.luate the’
consequences of effects on mdmdua.ls for population dynamics.

1 Introduction

. In environmental risk assessments Predicted No-Effect Concentrations (PNl'-st), that are
derived from No-Observed Effect Concentrations (NOECs) in standard single species tox-
icity tests, are compared with Predicted Environmental Concentrations (PECs), derived

from production volumes, use patterns, and transport in the environment. The purpose ~

of the toxicity tests, together with their designs and experimental protocols, evolved grad-
ually towards sophistication. The analysis of the results of these tests, however, did not
catch up with these changes for & long time. This docurqent introduces a process-based
approach for the analysis of toxicity tests, which has & firm rooting in biology. -
The purpose of this document is to identify the aim of toxicity tests and to present
the DEB-based effect model as a method to achieve this aim. The static and the dynamic
methods are compared, conceptually and numerically. We tried to.refrain from technical .
. details in this paper and refer to Kooijman and Bedaux (1996) for a full discussion ‘of the

*Background Document for the OECD Warkshop on Ana]ysxs of Data from Aqnatxc Ecotoxicity 'Ibsts
Braunschweig, Oct 1996 )
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DEB-based model for toxic effects. A short mtroductxon to the DEB theory is given in a
separate document.

1.1 Aims of toxicity tests

The pnma.r) purpose of standard toxicity tests is to prowde information about

e the maximum concentration that gives no effect on a response variable (such as sur-
vival, body growth, reproduction, population growth).. This information is used to
derive & level in the environment that can be considered as "safe”.

e what effects are to be expected in the environment if these levels are exceeded (a little
bit)?

e ‘the requirement for further in- depth studies with respect to the ecotoxicity of the
chemical. The priority is high if expected levels in the environment are likely to
approach or exceed the level that is considered "safe” and, in that case, the effect is
likely to be substantial. The actual decision to further raearch depends on financial
possibilities for research and socio-economic factors in mdustnaJ activity.

The second and third application of toxicity tests imply a quantxﬁcatxon of effects as a
function of the corcentration. They alsé imply an extrapolation of the effects as observed
during the tests to eﬂ'ects at long-term exposure and a translation to eﬁ'ects in the envi-
ronment -

1.2 Classification of approaches

The analyses of toxicity tests can be classified into three approa.chs the ANOVA method
static methods and dynamic methods . ,

e The ANOVA method aims to identify the highest tested concentration mth a response
that does not deviate from the blank on the basis of 8 statistical procedure: the NOEC.

e The static method quantifies effects at a standardized exposure time on the basis of "
_concentration response models, such as the logit, probit or Weibull model, which are
all very similar. The toxic effect is quantified by EC50 (LC50)-or an ECz value for
some small value of z. The ruethod is called static because inforifiation about the rate
at which effects build up dunng exposure is not used. szed extrapolatxon £actors are
‘used to predict effects at long exposure, - '

e The dynamic method quantxﬁes effects as functxons of the ooncentretxon and the
_exposure time. - The Dynamic Energy Budget (DEB)-based model is an example
of this approach. The toxic effect is quantified by two parameters: the no-effect
concentration (NEC), and the killing rate (for survival) or the tolerance concentration
'(for other endpomts) s 2 measure of the eﬂect 1{ t.he NEC is exceeded
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2 The dynamic approach

The dynamic approach for the analysis of standard toxicity tests characterizes toxi¢ effects
with a No-Effect Concentration (NEC), a tolerance concentration (or a killing rate in the
case of effects on survival), and an elimination rate. These parameters directly relate to
long-term exposure, so no extrapolation factor is required here. They relate to changes in
processes. From these three parameters, it is possible to calculate the static parameters,
including the ECO at the end of the test (therefore comparable to the NOEC), as well as
* the full ECz-time behaviour. It is not possible to calculate the dynamic parameters from
the static ones, which shows that the dynamic parameters contain more information than
the static ones. The dynamic approach uses information about the rate at which effects
build up during exposure. It is important to realize that static and dynamic approaches
are alternative analyses for the same toxicity tests. The approaches only differ in the type
of information that is extracted from the data. Given the choice for the analysis of the
data, we can try to optimize the experimental setup of the test in terms of efficiency. This
is another issue that is beyond the scope of this paper.

2.1 The components of dynamic effect models

The three components that any dynamic model for effect should have are the kinetics, the
effect and the physiological component, which are discussed in the next subsections. The
implication being that responses are modelled as function of the concentration and exposure
time."We have a response surface, rather than a concentration response relationship. For a
Tesponse such as the cumulative number of offspring, this means that we include any delay
of the start of the reproduction into the analysis.

' 2.1.1 Kinetics

The kinetics component links internal concentrations to external concentrations. The first
order kinetics (also called the one-compartment model) is the simplest choice. It assumes
that uptake is proportional to the external concentration and elimination is proportional
to the internal covcentration. If the organism grows during exposure, dilution by growth
results in a deviation from. first order kinetics, that should be taken into account. The
DEB-based model takes uptake and elimination rates proportional to the surface area,
while the DEB component (see below) specifies the growth process. i

Actual measurements of time profiles for the internal concentration sometimes show
deviations from first order kinetics. More-compartment models are frequently used to
improve the fit, because they have more parameters. "A more detailed modelling of the
various uptake rates (via water and/or food), elimination rates (via water, reproduction
and/or respiration), changes.in fat content, and metabolic transformations, is frequently
more realistic than using multi-compartment models. Some chemicals are not taken up at
all, but have their effect.on the outer side of the organism. Multi-compartment models
should only be used if the compartments are identified and their concentrations of toxicant
measured. ‘The latter requirement applies to all kinetics models that are.more complex
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than the first-order one. Reconstructions of complex kinetics from observed effects, rather
than from measured internal concentrations, run into problems rather easily.

Since internal concentrations are not measured in standard toxicity tests, application
of more advanced models for kinetics in these toxicity tests is not feasible. The alternative
to refrain from dynamic modelling and apply an arbitrary extrapolation factor to arrive at
predicted long-term effects is certainly not a better.alternative. We consider the application
of a safety factor to compensate for possibly inappropriate use of first-order kinetics to be
a more promising alternative. This problem is inherent to the use of standard toxicity tests
for environmental risk assessments; an in-depth scientific study for long-term effects is the
only sensible alternative. Because of the financial costs of such a study, this will only be
possible for a limited number of chemical compounds.

2.1.2 Effects

The effect component links effects on a target parameter, such as the volume-specific
" costs for maintenance or growth, to the internal concentration. The linear effect model
is the simplest choice: The change in the target parameter is proportional to the internal
concentration that exceeds the internal No Effect Concentration (NEC). Translation of this .
concept into formulae gives the following relationships for sublethal and lethal effects on a
target parameter: if int.conc(t) > int.NEC at exposure time ¢ .

int.conc(t) — int.NEC)

 par,(t) = par, | 1 A
pare( )\_ p'o( * “Iat.tolerance conc.

int.cone(t) — int.NEC

- - BCF .
where BCF stands for the BioConcentration Factor (the ratio of the internal and the
external concentration after long-term exposure) and haz stands for the hazard rate, i.e.
the instantaneous death rate. Aslong as the internal concentration is less than the internal
NEC, we have that par.=parp and haz,=hazq. If we divide the internal concentrations by
BCF, we get external concentrations. The result is for conc(t) > NEC

" haz(t) = hazp + killing rate

<onc(t) — NEC ) *:
- tolerance conc.

par (t) = parg (1 +

ﬁuc(t) = haz, + ki]li.ng rate (conc(t) — NEC)

where conc(t) has the dimensions of an external concentration but it is proportional to
the internal one. Note that the NEC refers to long-term exposure. The NOEC for a
particular toxicity test depends on the maximum observed exposure time ¢. It is therefore -
_conceptually more or less comparable with the EC0.t, while the NEC equals the EC0.c0.

" The above mentioned formulae define the killing rate and the tolerance concentration;
these parameters occur as proportionality coefficients in the description of effects. The
killing rate has dimension “per environmental concentration per time’ and is a measure for
the toxicity of a chemical if it exceeds the NEC; 2 toxicity measure that is independent of
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the exposure time. The tolerance concentration has the dimension ‘environmental concen-
tration’. The more toxic the chemical, the lower is its velue. It is essertial tc specify the
target parameter to which the tolerance concentration relates.

Five target parameters are distinguished for eflects on reproduction: two for direct and
three for indirect effects. Direct effects on reproduction are defined as effects on what
bappens with the investment into reproduction, not on the size of investment itself. One
mode of action increases the energetic costs of each young, the other affects the survival
of each ovum during a short sensitive period. Indirect efiects on reproduction affect the
investment into reproduction, not the conversion of this investment into young. Indirect
effects increase the costs of growth or maintenance, or decrease the assimilative input.
These three indirect effects not only reduce the reproduction, but also delay the start of
the reproduction.

Counsistent with the five target parameters for effects on reproduction, there are three
target parameters for effects on body growth: one direct effect (the increase of the specific
costs for growth), and two indirect ones: the increase of maintenance costs and the decrease
of the assimilative input.

For effects on population growth of algae, we distinguish a direct effect on cell growth
(by increasing the specific costs for growth), and two effects on survival (so the target
parameter is the hazard rate): one effect lasts during population growth and the other only
operates during a very short period after inoculation. In the latter case, effects are supposed
to occur only during the transition from the culture to the experimental conditions. The
sensitivity of the cells is here supposed to relate to the cell cycle. The overall effect is a delay
of population growth, rather than a reduction. The uptake/elimination kinetics is assumed
to be fast relative to the population growth process, so that the internal concentration
equals the product of the BCF and the external concentration.,

The linear relationships between the internal concentration and the target parameter
follow from two arguments: effective molecules operate independently, and it is a simple
approximation for small changes in the target parameter. The improvement of goodness of
fit for large changes in the target parameter probably does not-balance extra parameters.
Moreover, at higher conceitrations, more physiological processes are likely to be affected
simultaneously. This makes that many parameters have to be introduced to capture large
effects. We consider such approvements counter productive in standard toxicity tests. The
argument implies that if the goodness of fit of the model to the responses is less than
excellent, a higher weight should be given to responses at low concentrations.

Note that a linear relationship between the target parameter and the internal concen-
tration, does not imply a linear relationship between the response (i.e. output variable)
and the external concentration. These relationships wark out to be sigmoid.

2.1.3 Blank physiology

For acute lethal effects we do not need 'a model for the blank physiology. For effects on
algal population, such a model can be very simple. For effects on body growth and re-
production, however, we need & physiological component that links output variable(s) to
the target parameter. The output variable is the variable that is measured, such as body
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length, cumulative number of offspring, number of surviving individuals, etc. The Dynamic
Energy Budget (DEB) model is the simplest choice that links all essential processes: feed-
ing, digestion, respiration, maintenance, growth, development, reproduction and aging. It
is introduced in a separate document. Many other models for the uptake and use of food -
have been described in literature, which typically involve many parameters. A comparative |
discussion of these models is beyond the scope of this paper. Since the physiological com-
ponent only relates to the ecophysiology of the test species that is involved, and not to the
toxicant, its applicability needs not to be studied for each individual toxicity test. It needs
to be studied only once per species. The physiological component in this respect differs
fundamentally from the other two components: the kinetics and the effect component.

Some chemicals, such as endocrine disrupters, might have an effect at the molecular
level that does not directly relate to the energetics of the organism, but other effects will
eventually translate into effects on the energetics; it is the choice for output variable (e.g.
growth or reproduction) that directly relates to the energetics, not the molecular mode of
action of the chemical. If a chemical has neither direct nor indirect effects on energetics,
such as a chemicals that only affects behaviour, it will have no effects in tox1c1t) tests for
effects on growth or reproduction.

- Effects on survival directly affect the hazard rate, which can be studied without detailed
reference to energy budgets. It is perhaps better to call the model a hazard-based model,
rather than a DEB-based one; the rich structure of the DEB model only comes into play for
effects on growth and, especially, reproduction. The fact that changes in the hazard rate
by toxicants beautifully link up with the effect of the aging process in the DEB model, can
be considered as a happy coincidence that has little relevance for most standard toxicity
tests. It becomes more relevant if the length of the toxicity test is not short with respect
to the life span of the test organism. Evaluation of the consequences of effects on survival
" for population dynamics does involve the complete structure of the DEB model.

Effects on the population growth rate for dividing organisms such as algae only involve
certain simple aspects of the DEB model, as is explained in Kooijman (1993). This is
because the surface area/volume ratio only changes within a very restricted range during
the cell cycle.” This does not hold for animals such as water fleas and fish.

3 Examples of épplication of the DEB-ba;séd model

Examples of the application of the dynamic approach for toxicity tests for effects on sur-
vival, body growth, reproduction and population growth are given in Figures 1, 2,3 and
4. All figures are composed from output files of the software package DEBtox, as provided
in Kooijman & Bedaux (1996). It fits the response surface to all available data simulta-
neously, so the different curves in the concentration and exposure time profiles are linked
and are not fitted independently.
. Since the use of profile In likelihood functions for the identifications of confidence in-
tervals (here for the NEC) is not standard (probably because of the substantial amount
of calculations that is involved), some guidance might be appropriate. The idea is that
a confidence level is first selected on the horizontal axis in the left panel; the threshold
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value for the In likelihood function is then read off on the vertical axis, and the graph in
the right panel is (mentally) intersected at this level. The intersection points represent
the boundaries of the appropriate confidence interval. More than one confidence interval
might result, because the In likelihood function for the NEC can deviate substantially from
a simple parabola, which is the shape that it should have if the large-sample theory for
parameter estimation would apply. This is why this way of obtaining confidence sets is
much more reliable than making use of the Asymptotic Standard Deviation (ASD, given in
the parameter tables). The profile In likelihood functions for the NEC in the toxicity tests
on fish body growth and algae population growth are close to the expected parabola in
these examples. DEBtox can also produce the numerical values of the interval estimates.
Note that, generally, the NEC cannot easily be guessed from the concentration profiles,
because this threshold corresponds with the ECO.t, while we have that NEC = EC0.00.

The confidence intervals for the NEC in Figure 3 are not small. The main reason is
in the uncertainty about the value of the elimination rate. If other information about
this rate could be supplied (for instance from direct measurements, comparison with other
toxicity tests or Quantitative Structure Activity Relationships), the confidence interval for
the NEC can be reduced substantially.

DEBtox can also be used to test parameter values statistically and to extract all kinds
of information about the effect surface, such as ECz values. This is not illustrated here.

4 Dynamic versus static approaches

-

4.1 Toxicity comparlsons

Apart form comparing different models for the same data, we can and should compare data
from different toxicity tests (different species of test organisms, different test chemicals,
different endpoints). These comparisons yield some arguments that play a role in the
comparison of the different models to the same data, and are, therefore, presented first.

4.1.1 Solubility in fat

The solubility in fat is a physical chemical property that is very relevant to the toxicity of
a chemical. The linear effect model (i.e. the effect component of the DEB-based model),
assumes that effective molecules operate independently. Since the ultimate number of
molecules in an organism is directly proportional to the octanol/water partition coefficient,
P,., the tolerance concentration and the NEC should be proportional to Pz}, and the
killing rate to Po,. The latter relationship directly follows from the argument that the
inverse of the killing rate is proportional to a tolerance concentration, as is obvious from
the dimensions of the killing rate.

The symmetry argument states that the uptake flux depends on F,, in the same way
as the elimination flux depends on P,,, while P,, = P;}!. This argument directly results -
in the expectation that the uptake rate is proportlona.l to /P, and the elimination rate
is proportional to 1/v/Poy. The logic is easily seen when we realize that the BCF equals
the ratio of the uptake and the elimination rate, while it is proportional with F,,
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Survival, Hazard mode! ASD Comelation coeficients

Blank mortality rate 2.296e-011 d 0.000
No-effect concentration 190.2 ugt? 0783  .0.000
Killing rate 0.009304 lug'd? . 0.001 0.000 0.081
Elimination rate ~ 7.018 g 2510 -0.000 0.134 -0.700
Deviance 31.41
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Figure 1: Effects of PCP on the survival of the fathead minnow Pimephales promelas. The
profile In likelihood function for the NEC, given in the graph on the left, has & non-typical shape,
because DEBtox used few evaluation points. The reason is that the confidence interval of the
NEC is here very small with respect to its value.

Body growth, Maintenance mode! ASD Correlation coeHicients
No efiect concentration 1113 g i 30.988
Blank ultimate length 3.065 g'? 0.026 -0.298
Tolerance concentration 546.8 ug it 188.734 0.403 0.028
Elimination rate 0.1059 d- 0.082 0.602 0.014 .0.956
Initial length ] 1.56 g'° : i
Von Bertalanffy growth rate 0.01. 4"
Energy investment ratio 1
Mean deviation 0.01425 g'»
Concentration profile: Body growth, Maintenance model, 0ca03 Egdy growth, Maintenance moda!, dcadd Profile kksithood -
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Figure 2 Effects of DCA on the body growth of the rainbow trout' Oncorhynchus mykiss.
Data from the OECD ring test 1988/9. The costs for maintenance has been selected as target
‘parameter. The profile In likelihood function for the NBC, gwen in the gra.ph on the left, is close.

to its large sample shape the parabola.
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Reproduction, Growth mode! ASD Correlation coefficients

Na ptiest congentration ZAET wm PRRN
Tolerance concentration 0.702 mg I* 0.133 -0.193
Maxima! reproduction rate 30.94 Nod! 0.359 -0.189 -0.031
Elimination rate 0.6683 d-! 0.124 0.122 0.950 -0.086
Von Bertalanffy growth rate 0.1 ¢ :
Scaled length at birth ) 0.13
Scaled length at puberty 042
Energy investment ratio 1
Mean deviation 10.85
Tane profile Reproduction, Growth modal, R8p4 . EReproduciion. Growth mocel, 28p4 Profie ikelinood
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Figure 3: Effects of phenol on the reproduction of the water flea Daphnic magna. Data from
the OECD ring test 1994/5. The costs for growth has been selected as target parameter. The
little “teeth” in the profile In likelihood function for the NEC, given in the graph on the left, are
artifacts that resulted from numerical integrations to obtain the reproductive output. They are
not typical; their occurrence depends on parameter values.

-

Population growth, Growth model ASD Correlation coefficients
inoculum size 5.663 *103 cells mI'* 0.685 .
Population growth rate 2.1 d1 0.063  -0.997
No-effect concentration 0.7769 mg 1" 0.031 0.118 -0.139

- Tolerance concentration 3.458 mgl? 0.307 -0.582 0.578 ~0.524
Mean deviation . 7.213 *103 cells mi?

I:gpula!ion prowth, Growth model, kerod Profile lkealhood
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Figure 4: Effects of K2Cr207 on the population growth rate of Skeletonema costatum. Data
from the ISO ring test. The costs for growth has been selected as target parameter. The profile
In likelihood function for the NEC, given in the graph on the left, is close to its large sample

‘shape: the parabola.
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Figure 5: The NEC, killing rate and elimination rate of alkyl benzenes-as a function of the
octanol/water partition coefficient. The nitro benzenes have been excluded. The slopes of the
lines, i.e. —1, 1 and —0.5, respectively, follow from simple theoretical considerations. The data
are from the 4d toxicity tests on survival of the fathead minnow, as presented in Geiger et al
1985-1990. The partition coefficients were obtained from Richardson & Gangolli or calculated
according to Rekker 1977. .

Figure 6: The elimination rate of alkyl benzenes as a func-
tion of the octanol/water partition coefficient for juvenile
Daphnia pulez with 2 body length of 1 mm (e) and for adult
ones of 3mm (o). The lines correspond with the elimina-
tion rate = 392/1/F,, d~? for juveniles and 124/ P, d~ 1.
for adults. The ratio between these elimination rates, i.e.
3.17, corresponds well with the ratio of the body lengths, as
expected from simple theoretical considerations. The data
s .« s e ; are from the 2d toxicity tests on survival, as presented in
wes . Hawker & Connell 1985.

"lug k_. g

The strength of these simple relationships becomes obvious if we have the results of a
toxicity test with a chemical with a P, of P, available and wonder about the toxicity of
another test chemical with a P, of P,. "The relationships tell us to-multiply the elimi-
nation rate with \/P1/P,, énd the NEC and tolerance concentration:with P,/P,. These
three statistics define the complete ECz.time behaviour of the second chemical. These
expectations can help 2 lot in chosing the concentrations that are to be used in a toxicity
test for the second chemical. This increase in 'eﬁiciency helps to reduce the ﬁna.ncial costs
- of a toxicity test. .

Figure 5 preserts the NEC, killing rate and ehmma.tlon rate as functxons of the oc-

tanol /water partition coefficients for alkyl benzenes. The theoretical predictions seem to
apply, but the scatter, particularly for the elimination rate, is substantial.

The simplicity of the relationships of the DEB-based model pa.ra.meters with the P,y
also helps to detect patterns in toxicity, comparing many test chemicals.

The EC50 of the logit model depends on the P, in & much more complex way, due to
“the fact that it depends on'the standardized exposure time. Chemicals with a sufficiently

{ : .
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small P, reveal their toxic properties fully during the toxicity test, but chemicals with a
large P, do not and the apparent toxicity will increase if the test would be extended. This
can be understood on the basis of the relationship between the elimination rate and the
P,.., as mentioned above. The same problem applies to the NOEC. The allometric model
EC50= a(P,, )} is usually fitted, but it is only based on empirical arguments. :

4.1.2 Size of the organism

The EC50 and NOEC not only relate in a more complex way to the solubility in fat,
compared to the dynamic parameters, but also to the body size of the test organism, by
exactly the same argument. The larger the test organism, the longer it takes for effects to
build up. This makes that the LC50s for daphnia and fish are difficult to compare. The
comparison of the parameters of the DEB-based model is easy, because the NEC and the
killing rate (or tolerance concentration) do not depend on body size. The elimination rate
is inversely proportional to a volumetric length, on the assumption that the exchange rate
between organism and environment are proportional to the surface area of the organism.
It is the only parameter that depends on body size. Figure 6 illustrates that these smnple
considerations make sense. :

4.2 Comparisons on the basis of parameters

The logit model has three parameters: the blank response, the EC50 (LC50) and the slope.
The NOEC is inconsistent with the logit model. Nonetheless it is frequently presented
‘with the logit parameters in practice. It can be viewed as a fourth parameter which is
‘estimated’ in a rather odd way. (It can take a very limited number of values and its
estimation procedure has regrettable properties.) An extrapolation factor is used (except
in population growth tests) to extrapolate to ultimate effects. This factor counts as a fixed .
parameter. The problem with this ‘parameter’ is that it relates to toxic effects, rather than
to responses in the blank, which implies that it should not be the same for all chemicals.
The DEB-based model has four parameters; a blank resnonse, a NEC, a tolerance
concentration (or killing rate) and an elimination rate. In addition to this, for growth
and reproduction tests only, it has three or four, respectively, porameters that are not
estimated from the data. All these these fixed parameters refer to details in the description
of what happens in the blank. The blank response in the test does not provxde the proper
information for the fixed parameters. These parameters are

e scaled length at birth, i.e. the length at birth as a fraction of the maximum length in
the blank, if the test would continue in time. This parameter applies to the toxicity
test for reproduction. That for body growth uses a related parameter: .the actual
length at the start of the expenment Although this fixed parameter can be treated
as a free parameter, DEBtox treats it as a fixed one, because the size at the start of
the experiment is frequently not measured in the case of early life stage tests.

e scaled length at puberty, i.e. the length at puberty as a fraction of the maximum
length in the blank, if the test would continue in time. This parameter only applies to
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reproduction. Puberty is defined as the moment at which allocation to reproduction
starts, which is somewhat earlier than the moment of first reproduction.

e energy investment ratio is a dimensionless parameter with a rather complex interpre-
tation, which is described in the separate document. Realistic values for animals such -
as daphnia and fish are around 1. Numerical studies indicate that variations around
this value have very little effect on the toxicity parameters.

e von Bertalanffy growth rate, with dimension time™!. The value of this parameter is
more important than of the previous one, but it can be measured easily and is known
for hundreds of species. -

The fixed parameters depend on the species, or even the strain, the culture conditions
and details of the experimental protocol. If a particular laboratory has standardized- its
experimental protocol, these parameters need to be tuned only once, and not for each test. -
Part of the differences of toxicity results among laboratoria can be attributed to differences
in fixed parameters. Good estimates can be given for the standard choices of species on
the basis of existing ecophysiological data (Kooijman and Bedaux 1996). -

The elimination rate in the DEB-based model stands for the rate at which effects build
up during exposure. Its conceptual role is more or less comparable with the extrapolation
factor in the static approach, but differs in a statistical sense. It is-an ordinary model
parameter, for which point-estimates as well as interval-estimates are available.

The slope parameter and the EC50 in the logistic model together play the same role as
the tolerance concentration in the DEB-based model. :

We can conclude that the DEB-based model has less parameters that are to be estunated :
from the results of the toxicity test than the logit model plus NOEC. On the basis of this
measure for the complexity of 2 model, the simplest dynamic model is, therefore simpler
than the static one for all four toxicity tests. :

4.3 Numerical comparisons

In this section we present numerical comparisons between the DEB-based model and tke
logit model plus the NOEC. Since the logit model only uses the response at the end of
the experiment (apart from the algal growth inhibition test), we restrict the comparisons
. to ECz values for that exposure time. We compare the NOEC with the DEB-based EC0
for that exposure time, and not with the NEC, because the NEC relates to long-term
exposure. The aim of this section is to compare statistics that are familiar to users of the
static approach, not to show the potential of the dynamic one.

" All calculations for the DEB-based model have beeri done with the software package
. DEBtox, as provided in Kooijman & Bedaux (1996). All calculations are based on nominal
concentrations, except for the survival analyses, which are based on measured concentra-
tions. .

We fitted models for different modes of action of the compounds (x e. target parameters)
 and noted that the dlﬁerences in goodness of fit were generally small, and resulted in very
similar values for the NEC.
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Effects on survival
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Figure 7: LCz.4d comparisons for the logit and the
DEB-based model for fathead minnows. The DEB-
based ECO is plotted against the NOEC in the bottum-
right graph. The bars indicate the estimated standard
o deviations. The 121 data sets are from Brooke et al
T s 1984 and Geiger et al 1985, 1986, 1988, 1990).
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4.3.1 Survival experiments .

-~

Figure 7 compares the LCz.4d values for fathead minnows on the basis of the logit and the
DEB-based model for many different chemicals. The logit parameters have been estimated -
according to the maximum likelihood method, as described in Kooijman 1981. We can
conclude that the LC50 and LC20 values are very similar for both models, but the LC5
values for the DEB-based model tends to be higher than that of the logit model. This is
to be expected, because LCz — 0 for £ — 0 for the logit model, but LC0.4d > NEC.-for
the DEB-based model. The fact that the LCxz values of the logit and DEB-based models
correlate well is not surprizing, _bec_:ausé both models are fitted to the same dxta; very toxic
chemicals result in low LCz values with both methods.

»s . - - Effects on body growth

g/l

1o 'Figure 8: The EC0.28d for the DEB-based model for
effects of DCA on the body growth of the rainbow
~ trout is plotted against the NOEC on the basis of
. ‘the Williams test for 11 toxicity tests of the OECD
*  ringtest 1988. Effects on growth via effects on main- .
" tenance costs turned out to be the best fitting DEB-

tee,

M s i e - based model.
. -2 L) 128 e 10
NOEC, ma/) )
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4.3.2 Body growth experiments

We used the data from the final ring test, organized by the OECD in 1988, with 3 4-
dichloroaniline (DCA), for the rainbow trout Oncorhynchus mykiss. Since the volumetric
lengths (i.e. the cubic root of weights) at the end of the toxicity tests differed little from
those at the start, an analysis in terms of ECz values for the logit model is less appropriate:
The EC50 would far exceed the highest tested concentration and the results would be most
unreliable. We only present the results of the comparison of the NOEC with the EC0.28d
in Figure 8. _

The NOECs were identified on the basis of the test by Williams (Williams 1972), using
a significance level of 5%. There were 16 individuals for each concentration of DCA.

The DEB-based model for effects on maintenance fitted best, although the differences
in goodness of fit with the models for effects on growth and assimilation were usually
small. The fixed parameters bave been set at: initial length = mean initial length, energy
investment ratio = 1, von Berta.la.nffy grow th rate = 0. 01 d-t.

4.3.3 Reproduction experiments

We used the data from the final ring test, organized by the OECD in 1994/5, with 3 4-
dichloroaniline (DCA), cadmium chloride and phenol. See Figures 9 and 10. '

The NOEC values for these data were taken from Anonymous‘(1995), as listed for the
case that the reproduction of females that die during the test are excluded. _

The logit model has been fitted with SYSTAT version 5.02 using non-linear regression -.
on the number of juveniles per adult for individuals that did not die in 21 days. The ECz
values, and their standard deviations have been obta.\ned via reparametrization of the logit
model.

The data from DEBtox represent the cumulated total reproductxon per living female,
including all observationtimes. The reproduction of a female that died during the test has
been included. No delay of reproduction could be observed for cadmium, and we selected
the model for effects on the hazard of the ovum as the best fitting model for direct eﬁect_s
on reproduction. This model is rather similar to the other direct effect model, i.e. effect on
costs per young. Where difference in goodness of fit for both models was relatively large
(but still small absolutely), the hazard model fitted best. Some delay of reproduction could
be observed for DCA and phenol, and we selected the model for effects on the growth costs
as the best fitting model for indirect effects on reproduction. Since no data on the size
of the adults are available,” we could not test the predicted effects on growth. The fixed
parameters have been set to the default settings of DEBtox: i.e. scaled length at birth -

= 0.13, scaled length at puberty = 0.42, energy investruent ratio = 1, von BertaJa.nﬂy
growth rate = 0.1 471 )

The growth model (or hazard model respectively) could be fitted to all data sets without -
problems, using DEBtox. The NECs and tolerance concentrations for data sets without
effect of the toxicant were large with huge sta.ndard errors, as_could be expected. We did
not include data sets into the comparisons where the EC50 21d was much larger than the
hxghest tested concentration. -
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Effects of DCA on Daphnia reproduction
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Figure 9: ECz.21d comparisons for the logit and the DEB-based model for the daphnia repro-
ductiqn test on DCA. The DEB-based EC0.21d is plotted against the NOEC. The bars indicate
‘the estimated standard deviations. The data sets are from the final ring test of the OECD 1994/5.
Four NOECs could not be obtained, and have been set to zero in the graph.

The Figure 9 and 10 present the comparisons of the ECz values and the NOECs for
the chemicals DCA, cadmium and phenol. The ECz values are quite comparable for both
models if £ > 5. The standard deviations of the ECz values of the logit model tend to be
somewhat larger than for the DEB-based model. The EC1 values of the logit model tend
to be lower than that of the DEB-based one. This can be expected, because the ECz — 0
if £ — 0 for the logit model, while ECO>NEC for the DEB-based model. We also see
that the scatter in the NOEGs is larger than the scatter in the ECOs for two of the three
chemicals. .

4.3. 4 Population growth experxments

We analysed the data on the effects of 3,5 dichloro-pbenol (DCP) a.nd pota.ssxum dlChI'O-
mate from the ISO ring test with the diatoms Skeletonema costatum and Phaeodactylum
tricornutum (marine algal growth inhibition test, ISO 10253, Geneva 1995).

The logit model was fitted to the data using non-linear regression, as described in
Kooijman et al (1983), where the population growth rate decreases logistically with the
concentration of test chiemical. The standard deviations of the ECz values were obtained
from those of the EC50, the slope and the cova.nance of both pa.ra.meters, on the basis of
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Effects of cadminm. on Daphnia reproduction
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The bars indicate the estimated standard devxatxons The data sets are from the final ring test
of the OECD 1994/5
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Effects of DCP on algal growth
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Figure 11: ECz comparisons for the logit and the DEB-based model for the alga growth inhibition
test on dichromate and DCP. The DEB-based NEC is plotte;d against the NOEC in the bottum-
right graph. The bars indicate the estimated standard deviations. The data sets are from ISO
ring tests. ’ . : . '
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the formulae presented in Kooijman and Bedaux (1996).

The DEB-based model for effects on growth costs fitted best for dichromate, while that
for effects on the hazard rate fitted best for DCP. Since the DEB-based mode} ‘assumes
- that toxicant kinetics is fast with respect to population growth, we have that ECO = NEC. .

Figures 11 compare the ECz values and the NOECs. The two data sets for dichromate, -
where the EC50 and the EC20 are small for the logit model and large for the DEB-based
one, have already been indicated by Hanstveit (1991) as outliers. For DCP we have the
opposite situation: two data sets for which the EC50 is large for the logit model and
small for the DEB-based one. We see that the logit model has relatively small standard
deviations for the EC50, but they rapidly become larger for the smaller effect levels to the
extent that they become meaningless in quite a few data sets.

No proper NOEC could be identified in 4 of the 12 data sets for DCP and 6 of the 15
data sets for dichromate. These values have been set to zero in the graphs. The NEC was
estimated to be zero in 1 data set for DCP and 1 for dichromate.

4.4 Advantages of the dynamic approach

e The DEB-based model allows the estimation of the NBC which has good statistical
properties, including an interval estimate.

e The dynamic approach needs no extrapolation factor to arrive at long-term effects.
‘The elimination rate plays this role.

e The comparison of results of different toxicity tests is easy on the basis of the DEB-
based model, because (i) its parameters are independent of the exposure time, (ii)
it gives simpler QSARs and (iii) simpler relationships with the body size of the test
animals. .

o The static parameters (EC:c values) can be obtained from dynamic ones, but not vice

versa, which illustrates that the dynamlc approach extracts more information from o

the same toxicity data.

. The dynamic approach uses all available data, while the static approach uses only the
“data at the end of the exposure. It has less parameters that are to be estimated from
the data than the static approach.

o Additional information, such as the elimination rate, derwed from toxico-kinetic data,
can readily be used in the dynamic approach. :

o The effects of repeated exposures and of pulse exposures can be evaluated readily,
because of the dynamic properties of the DEB- based model.

° The toxicity of mixtures of compounds can readily be evaluated, mcludmg interactions
between different compounds due to the lmeanty of effect component of the DEB-
-based model. . o

e The effects of mutagemc compounds and xonogemc radiation can be quantified via -
effects.on the target parameter ‘ageing a.cceleratxon (see sepa.rate document)
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Environmental risk assessment concerns effects of toxicants on ”natural” populations,

. not on individuals in a laboratory. To evaluate the consequences of toxic effects on

4.5

individuals for population dynamics, we have to know how survival and reproduction
change during the lifetime of an organism. This requires a dynamic approach.

The DEB-based mode! is mechanistic, based on biological ideas. It allows a series of
models from simple (routine testing) to complex (research) by changing the kinetics
component.

Disadvantages of the dynamic approach

The dynamic approach requires rather advanced numerical techniques for statistical
evaluations. This problem is solved by the software package DEBtox.

The blank component in the dynamic approach is more complex than in the static
approach and involves biological knowledge. This knowledge also must be used in the
application of the toxicity results in environmental risk assessment. Fixed parameters
for the blank response reflect this biological realism. Supplementary eco-physiological
data are required for each species of test organism to determine the values. These

_data are available for the species that are frequentlv used, and appropriate values for

the fixed parameters are knov»n

The different modes of action ‘of the various compounds relate to different target
parameters, which hampers the comparison of the toxicity of such compounds to
some extent. The proper identification of the mode of action is not always feasible
with the present experimental design. Additional observations, such as body length
at the end of the daphnia reproductxon experiment and/or the measurement of the
feeding rate, would help substantially. Numerical results indicate that the proper
identification of the mode of action is not essent1a.] for a reliable estimation of the
NEC. '

The dynamic approach does make assumptions about the effects, assumptions that can
be wrong: One should realize, however, that every approach is based on assumptions.
The use of a fixed extrapolation factor to transform the estimated toxicity into a
long-term toxicity in the static approach, for instance, assumes that this factor is the
same for all compounds The assumptions are more exphcxt and more rea.hst:c in the
dynamic approach.
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ANNEX9
‘I'he Dynamic knergy Budget (DEB) model

S.A.L.M. Kooijman, 12 sept 96

This short note introduces the Dynamic Energy Budget (DEB) model which specifies the
rules for uptake and use of food for ectothermic (“cold-blooded”) animals. The term
‘Dynamic’ refers to the change of the energy budget during the life history of an animal,
see Figure 1. Three stages are distinguished: the embryo (which does not eat), the juvenile
(which eats, but does not reproduce) and the adult (which eats and reproduces). With
minor modifications, the model also applies to endothermic (“warm-blooded”) a.nima.ls and
unicellulars (including bacteria) that are limited in growth by a single resource.

The diagram in Figure 2 presents the fluxes of energy through an animal, as conceived
in the DEB model. Energy is extracted from food and added to the reserves i.e. 2 com-
bination of carbohydrates, lipids and proteins. Energy in the reserves is used for four
destinations, which can be combined into two groups of two: growth (i.e. increase in struc-
tural biomass, mainly in the form of proteins) plus somatic maintenance (including activity,
protein turnover, etc) and maturation (i.e. development, the increase in the state of matu-
rity) plus maturity maintenance (i.e. maintaining the acquired state of maturity). Adults
do not longer invest into maturation, but into reproduction. The various destinations only
compete withirr each group. So, the animal ceases growth when the energy allocated to
growth plus somatic maintenance is fully required for somatic maintenance. Under these
conditions, it can ‘continue to reproduce (if it is an adult), because reproduction is not in
the same group of destinations. Likewise, reproduction ceases when the energy allocation
to reproduction plus maturity maintenance is fully required for maturity maintenance.

The rules, presented as axioms in Table 1, quantify the fluxes that are shown in Fig-'
. ure 2. Each of these axioms can be justified mechanistically, and has been tested against
experimental data for a wide variety of species. These simple rules have a myriad of impli-
cations for suborganismal organization and population dynamics. For instance, the energy
costs of an egg and its incubation time follow directly from these rules. Although the
rules define energy fluxes, all mass fiuxes, including respiration (i.e. axygen use or carbon

" Figure 1: Dynamic Energy Bud-
get theory quantifies the energet-
_ ics a5 it changes during life history.
The key processes are feeding, diges-
" tion, storage, maintenance, growth,
- development, reproduction and 2g-
ing. Dividing organisms, such as mi-
- . crobes, are mcluded by concewmg
- them a.sjuvemles
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Figure 2: Energy Buxes through an animal: f
ingestion (upteke), F defecation, 4 assimilation,
C catabolic, M, somatic maintenance, M, ma:
turity maintenance, M), heating (endotherms), G,
somatic growth, Gy, maturation, R reproduction.
The rounded baxes indicate sources or sinks. "All
;‘ volume l maturity| fluxes contribute a bit to dissipating heat, but this
- is not indicated in order to simplify the diagram.

/somatlc\( tumy\
\mamt kmam! )

~ dioxide production) and the rate of nitrogen waste (ammonia, urine) also follow from these " -
" rules, via the conservation law for mass. The rules give an explanation for the observed
" increase in respiration coupled to the feeding process (this previously poorly understood
phenomenon is called the ‘specific dynamic action’). It can be shown that the rules provide
4 theoretical basis for the widely applied method of indirect calorimetry, where measure-
ments of oxygen use, carbon dioxide production and mtrogen waste are used to obtain the
flux of dissipating beat. :

. The DEB model specifies the upta.ke and use of food by an animal as & dynamic system
with three state variables (volume of structural biomass, amount of Teserves and cumulated
damage) and 11 parameters: :

Ly length at birth . I.,, . length at pix'be.rty K  saturation constant
{Im} mex. spec. ingestion rate {Am} max. spec.a2ssim.rate . P, ageing acceleration
D! } spec. somatic maint.. cc]ansts [G]  spec. growth costs [E,,,] INAX. BPEC. Teserves
somatic maint.+growth costs ]
-catabolic epergy ) e overhead costs °f reprod

. Although the number of parameters mxght seem la:ge 1t is in fact extremely sma]l in view
of the number of processes that are specified. Only a small selection ‘of these parameters
is involved in the description of any particular measured variable. If we evaluate the ex- -
. pression for size as a function of age, for instance, we know beforehand that parameters -

with energy in their dimensions will occur only as ratios, such that the dimension energy

drops out. This is because energy is not involved directly in size measurements. We 'need

" to know the value of & pa.ra.meter that has energy in its dJmenswns only if we want to
describe energies.

- Three compound pa.rameters frequently appear in exprsslons for physxolog'xcal quanti-

ties (cf Figure 3): The maintenance rate constant, s = [M)/[G] (dimension: time~1); the

o energy conductance, ¥ = {Am} /[Ewm] (dimension: length tlme"), the energy investment

ratio, g = [G]/k|[Em) (dimension: none). ,
Figure 3 preserts the feeding-at-length, respiration- ab—leng'th growth-at.age a.nd repro-
duction-at-age of the waterflea Daphnia magna for the situation of constant food density -
and temperature. This species, like. most other species of animal, hardly changes its shape
. during growth, which implies that its surface area is proportional to the squared volumetric
length ‘and its volume to the cubed length. The four relationships in Figure 3 cover the
‘major processes of uptake and use of food. The expressions, which follow from the set
of rules of Table 1, show how the (compound) pa.ra.meters in the descnptlon of these
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relationships depend on the feeding conditions. The scaled functional response f (defined
as the ratio of the ingestion rate and the maximum one for an animal of that size) is
-under experimental control. Length-at-age turns out to follow the von Bertalanfiy growth
curve. By choosing different feeding levels, the von Bertalanffy growth rate (which is a
compound parameter) and the ultimate length (another compound parameter) change in
a particular way. This information can be used to estimate the compound parameters (m,
v and g) that are involved. These compound parameters can also be estimated from data
such as the specific rate of weight decrease during starvation, respiration ontogeny during
the embryonic period and survival probability-at-age.

The most far reaching and spectacular implications of the rules are the inter-specific
body-size-scaling relationships. These relationships give trends in parameter values as they
covary over different species (bacteria to whales). The 11 parameters can be classified in
two groups. One group of parameters does not depend on body“size, while the other
group does depend on body size in a simple and predictable way: these parameters are
proportional to the volumetric length, i.e. the cubic root of the body volume. Deviations
of parameter values from these trends reflect ecophysiological adaptations of that species.
All physiological variables that can be written as functions of the parameters can, for this
reason, also be written as functions of (maximum) body size. Many of these functions
have been worked out, tested against data and found to be realistic. Among them is the
respiration rate, which turns out to be a weighted sum of squared and cubic (volumetric)
length. This is very similar to empirical relationships, that indicate that respiration is
approximately proportional to body mass to the power 0.75. The DEB model solves the
long standing problem of understanding this empirical relationship.

“The intra-specific body-size-scaling relationships (where we have just one set of param-
eters to describe the processes of food uptake and use) are fundamentally different from
inter-specific body-size-scaling relationships (where we have ‘sloppy’ trends in parameter
values among species). Hence, the fact that respiration, as it increases during the growth
of an indivudual, turns out to be a weighted sum of squared and cubic length, just like for
inter-specific comparisons, is merely coincidence. The volume-specific respiration decreases
with body volume during life, because of the decreasing investment. into growth.

A full description of the theory can be found in:

Kooijman, S.A.I..M. 1993. Dynamic Energy Budgets in Bzologzcal Systems Theory and
applications in ecotozicology. Cambndge University Press, ISBN 0-521-45223-6, 350 pp.
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Table 1: Key assumptions of the DEB mode] that spec1fy a dynamical system with the state
variables structural body mass, reserves and cumulated damage.

» If the investment into maturation exceeds a given threshold value, the organism changes
its stage, i.e. it switches from the embryonic stage to the juvenile stage by initiating the
feeding process, or from the juvenile stage to the adult stage by ceasing maturation and
initiating the production of gametes (eggs, sperm). :

e Food uptake is probortional to surface area and depends hyperbolically on food density
(i.e. Holling type II functional response). :

e The specific reserve dynamics is first order, thh B rate that is inversely proportional to the
volumetric length.

o The allocation to somatic mamtenance plus growth (i.e. increase in structural bxomass)
is a fixed fraction of the energy drain from the reserves, which further includes maturity
maintenance plus maturation or reproduction. This rule is called the x-rule. .

o Homeostasis of structural biomass and reserves, i.e. their chemical composition does not
change, despite changes in the chemical composition of the environment. Since the amount
of reserves can change relative to the structural biomass, certain changes in the chemical

composition of the individual as a whole are p0551ble The homeosta.515 assumption implies
" that the following items are constant

food-energy conversion, although it depends on the type of food
volume-specific maintenance costs (both somatic and maturity)

volume-specific growth costs

-e The hazard rate is broportional to the accumulated damage
the damage prdduction is proportional to the changed DNA
the DNA change is broportion_a] to the use of oxygen
o The initial conditions are given by
The initial structural biomass is negligibly small.
The reserve density at birth equals that of mother at egg laymg.
The initial damage i is neglxglbly small.
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Figure 3: Investment into maturation and the x-rule for allocation of energy from reserves solves
the following puzzle: Daphnia magna starts to reproduce upon exceeding 2.5 mm body length.
Reproduction takes about 80% of the budget. Where does this energy come from? Ingestion or
respiration is not rapidly increased at this size, nor is growth reduced. The rules in Table 1 imply
the expressions presented above the graphs, where L stands for body length, a for age, and the
compound parameters are given in the text.
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