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Chapter 7: Biology-based method s

Koadjman, S. A. L. M., Bedaux, J. J. M, Péry, A. R. R. & Jager, T.

7.1 Introdu ction

7.1.1 Effects as functions of concentration and exposure time

Biology-based methods nat only aim to describe observed eff ects, but also to uncerstand
them in terms of underlying processes such as toxicokinetics, mortality, feeding, growth and
reproduction (Koaijman 1997. This focus on dynamic aspeds makes that exposuretimeis
treaed explicitly.

This chapter focuses onthe analysis of data from a number of standardized bioassays on
mortality, bady growth (e.g. fish), reproduction (e.g. daphna), steady-state popuation growth
(of e.g. dgae duckweed). The guidelines for these bioassays prescribe that badkground
mortality is snall, while the duration of the bioassaysis dort relative to the life-span of the
test-organisms. Moreover the tests are done under condtions that are otherwise optimal,
which excludes multi ple stressors (e.g. effeds of foodrestriction, temperature (Heugens,
2001, 2003, and gquite afew processesthat are active under field condtions (e.g. adaptation,
popuation dynamics, species interactions, life-cycle phenomena (Sibly and Calow (1989).
The type of datathat are routinely coll ected in these bioassays are very much limited, and do
not include internal concentrations of test compounds. These restrictions exclude the
applicaion d quite afew potentialy useful methods and models for data analysis, such as
more alvanced pharmacokinetic models and time series analysis, see eg Newman (1995.
The theory behind bology-based methods can deal with dynamic environments (changing
concentrations of test compounds, changing food densities), bu the gplicationin the analysis
of results from bicassaysis smplified by the assumption that organisms’ locd environment in
bioassays is constant.

Biology-based methods make use of prior knowledge &ou the chemistry and kology behind
the observed effeds. This knowledgeis used to spedfy aresporse surface, i.e. the dfedsasa
function d the (constant) concentration d test compoundin the medium and the exposure
time to the test compound.This resporse surfaceis determined by a number of parameters.
Thefirst step isto estimate these parameters from data. The secondstep isto use these
parameter values to cal cul ate quantiti es of interest, such as the ECx-time airve, or the
confidence interval of the No-Effed-Concentration (NEC). It isalso possble to use these
parameter valuesto predict effeds at longer exposure times, or effeds when the cncentration
in the medium is not constant. If the observed effects include thase on surviva and
reproduction d individuals, these parameters can also be used to predict effeds on growing
popuations (in thefield) (Koojman 1985, 1988, 199'Hallam et al 1989.

It is esential to redise that ECx values deaease for increasing expaosure time, as long as the
exposure mncentration and the organism’s sensiti vity remain constant. Thisis partly due to

the fad that eff ects depend oninternal concentrations (Kooijman 1981, Gerritsen 1997 Péry
et al 20019), and that it takes time for the compoundto penetrate the body of test organisms.
(The standard isto start with organisms that were not previously exposed to the ammpound)



The exposure period duing which the decreaseis substantial depends on the properties of the
test compoundand d the organism and the type of eff ect. For test compounds with large
octanol-water partition coefficients and test organisms with large body sizes this periodis
usually large. The LC50 for daphnds hardly deaeases for a surfadant after two days, for
instance, bu their LC50 for cadmium still deaeases substantially after three weeks. For this
reason, kology-based methods fit aresporse surfaceto data, using all observationtimes
simultaneoudly. If just asingle observationtimeis avail able, however, these methods can till
be used and the resporse surface reduces to aresponse arve. Obviously, such data hardly
contain information about the dynamic asped of the occurrence of effeds. The parameter(s)
that quantify this aspect are then likely to be poaly defined. This does not need to be
problematic for all applications (such as the interpolation d resporses for other
concentrations at that particular observationtime; thisisthe job d dose-resporse methods). It
is grongly recommended, however, for atwo-day test on survival, for instance, to use not
only the murts at the end of the experiment, but also thase & one day. Such data are usualy
avail able (and GLP even requires to report those data), bu these data ae not always used.
More recommendations are given in sedion 7.3.

In pradiceit is not unusual that very few, if any, concentrations exist with partial effeds;
survival tendsto be of the “dl or nothing” type in most concentrations. High concentrations
run ou of surviving individuals more rapidly than lower concentrations. Thiscan occur in
ways such that for each single observationtime no, a very few, concentrations $ow partial
mortality. This stuation also occursif ead individual is exposed separately, and measured
rather than naminal concentrations are used in the data analysis; one then hasjust asingle
individual per concentration. Although such a cae is generally problematic for dose-resporse
methods, because afreeslope parameter hasto be estimated (Kooijman 1983), biology-based
methods do nd suffer from this problem, because the (maximum) slopeis not afree
parameter (models' slope of concentration-survival curvesincreases during exposure), and the
information d the complete resporse surfaceis used. An example will be givenin sedion 7.3

Biology-based methods all ow the use of several data sets Smultaneously, such as survival
data, sublethal effed data, and data onthe mncentration d test compoundinside the bodes of
the test organisms during acawmulatior/elimi nation experiments. Aswill be discussed below,
logicd relationships exist between those data, and these relationships can be used to acquire
information about the value of particular parameters that occur in all these data sets. Both the
statistica procedures and the mmputations can become somewhat more cmplex in this type
of advanced applications, bu free aad davnloadable software eist that can doall
computations with minimum eff ort (see below).

7.1.2 Parameter estimation

The maximum likelihoad (ML) methodis used to estimate parameter values (the aiterion d
least squared deviations between data and model predictionsis a spedal case of the ML
method, where the scatter isindependently normally distributed with a mnstant variance). If
more than ore data set is used (for instance, dataon bady size and reproduction rate and/or
internal concentration), the assumptionisthat the stochastic deviations from the mean are
independent for the diff erent data sets. This all ows the formulation d a cmmpasite likelihood
functionthat contains all parameters for all models that are used to describe the avail able data
sets. For effects on survival, the number of deal individuals between subsequent observation
times foll ows a multinomial distribution (see eg. Morgan 1992; for sublethal eff ects, the
deviations from the mean are asumed to be independently normally distributed with a



common (data-set-spedfic) variance The deterministic part of the model predictionisfully
spedfied by the theory, for the stochastic part, orly these straightforward assumptions are
programmed in the DEBtox software (seeSection 7.9). The software padage DEBtod,
allows more flexibili ty in the stochastic model, e.g. for ML estimatesin the cae that the
variance is propational to the squared mean; thisrarely resultsin substantially different
estimates, however.)

If surviving individuals are cunted in a bioassay and tissue-concentrations are measured in
ancther bioassay, a mmposite likelihoodfunction can be constructed that combines these
multinomia and namal distributions. The dimination rate (dimension: per time) isa
parameter that occursin bah types of data; in survival data it quantifies how long it takes for
deah to show up; if the eliminationrate is high, ore only hasto wait a short timeto seethe
ultimate dfeds. The diminationrate can, therefore, be extraded from survival datain
absenceof dataoninternal concentrations. Although it is helpful to have the concentration-in-
tisaue data (both for estimating the parameters and for testing model assumptions), these data
are by no meansrequired to analyse dfeds onsurvival. If one has prior knowledge @ou the
value of the dimination rate, one can fix this parameter and estimate the other parameters
(such asthe NEC) from survival data.

Profile likelihoodfunctions are used to oltain confidenceintervals for parameters of special
interest, and in particular for the NEC. Thisway of quantificaion d the uncertainty in a
parameter value does not necessarily lead to asingle compad interval, but sometimes leads to
two, nonoverlapping intervals. Therefore, they can better be indicaed with the term
“confidence set”. Computer simulation studies have shown that these confidencesets arevalid
for extremely low numbers of concentrations and d test organisms (Andersen et a, 2000.
Estimation procedures have been worked ou (Kooijman 1983 to handle somewhat more
complex experimental designs, in which living individuals are sacrificed for tissue analysis
during bioassays. The information that they were still li ving at the moment of sampling is
taken into acourt in the estimation d parameter values that quantify the toxicity of the
compound.Péry et al (2001) discussthe estimation d parametersin the case that the
concentration in the media varies in time using hazard models; Kooijman (1981) and Reinert
et a (2002 use aiticd body residue models.

7.1.3 Outlook

This document only discusses the simplest experimental designs of bioassays and the simplest
models. The auithors of this document are unaware of aternatives modelsin the open
literature that are gplicable onaroutine basis and hope that this document will stimulate
research into this direction. The models can be and has been extended in many different ways,
just one exampleisgiven. All individuals are esumed to have identica parameter valuesin
the models that are discussed below. Individuals can dffer, despite the standardisation eff orts
in bioassys. Such dfferencemight relate to dfferencesin one or more parameter values
(Sprague 1995. It is mathematicdly not difficult to include such dfferencesin the analysis,
onthe basis of assumptions abou the simultaneous <ater distribution o the parameter
values. Nedallessto say, oreredly does know littl e if anything abou this distribution. This
makes that such assumptions must be inspired by convenience aguments rather than by
medhanistic insight. A strong argument for refraining from such extensionsis that the method
becomes highly unpracticd. The data smply do not al ow a substantial increase in the number
of parameters that must be estimated from routine data.



The theory covers many feaures, such as extrapolating from constant to puse exposures and
viceversa, andincluding the dfeds of senescence, that are not yet worked ou in software
suppat (seeSedion 7.9.

7.2 The modules of effect-models

Effeds are described onthe basis of a sequence of threesteps (modues):

1) Changein theinternal concentration: the step from a wncentrationin the locd
environment (here the medium that is used in the bioassay) to the concentrationin the
test organism.

2) Changein aphysiological target parameter: the step from a mncentration in the test
organism to a dhange in atarget parameter, such as the hazard rate, the (maximum)
assmil ation rate, the specific maintenancerate, the energy costs per off spring, etc.

3) Changein an endpoint: the step from a change in atarget parameter to achange in an
endpant, such as the reproduction rate, the total number of off spring during an
exposure period, etc.

This decomposition d the description d eff ects into threemodues cdl s for an ea-
physiologicd model of the test organism that reveds all possble physiological targets. The
primary interest isin small effeds. A simplifying assumptionisthat just asingle
physiologicd processis aff ected at low concentrations and that this effed can be described by
asingle parameter. At higher concentrations, more processes might be dfected
simultaneously. This means that the number of possble df ects (and so the number of required
parameters) can rapidly increase for large dfeds. It isunpradica and, for our purpose not
necessary, to try to describe large dfedsin detail .

The oncept “most sensitive physiologicd process’ has an intimate link with the concept “no-
eff ect-concentration”. The general ideais that each physiologicd processhasits own “no-
eff ect-concentration”, and that these concentrations can be ordered. Below the lowest no-

eff ect-concentration, the @mmpound fas no effed on the organism as awhole. Between the
lowest and the seaondlowest no-effed concentrations, a single physiological processis

aff ected; between the secondand the third lowest no-effed concentrations, two processes are
aff ected, etc.

The oncept “no-effect-concentration” is quite natural in em-physiology (see eg. Chen &
Selledk 1969. All methods for the analysis of toxicity data (including hypothesis testing and
dose-resporse methods) make use of the concept “no-effed-concentration”. All methods
asume, at least implicitly, that compounds in the medium, apart from the tested chemical, do
not aff ect the organism’ s resporse. Hypathesis testing expli citly assumes that the tested
chemica has no effed at the resporse & concentrations equal to, and lower than, the NOEC.
Biology-based methods use the NEC as freeparameter.

Generally ead compound has threedomains in concentration:

1) Effedsdueto shortage. Think, for instance of e emental copper, which isrequired in
trace anounts for severa co-enzymes of most species

2) No-effect range. The physiologica performance of the organism seemsto be
independent of the concentration, provided that it remainsin the no-eff ect range.
Think, for instance, of the @mncentration d nitrate in phasphate limited agal
popuations; Liebig's famous minimum law rests onthe “no-effect” concept (von
Liebig 1840



3) Toxic effects. Think, for instance, of glucose, which is anutritious substrate for most
baderiain low concentrations, but inhibits growth if the concentrationisas high asin
jam.

It isessential to redise that the judgement “no-effed” is gedfic for the level of organisation
under consideration. At the moleaular level, molecules canna be dassfied into ore type that
does nat give dfeds, and ancther type that gives effeds. The resporse of the individual as a
whaeisinvoved (Elsassr 1998. The ancept “no-effed-concentration” can ded with the
stuationthat it is possible to remove akidney, for instance from a human subjed (so a dear
eff ect at the sub-organism-level), withou any obvious adverse df ects at the level of the
individua (during the limited time of a bioassay). This example, therefore, shows that below
the NEC effeds can occur at the subarganismic level (e.g. enzyme induction), aswell ason
other endpants that are not included in the analysis (e.g. changes in behaviour).

Most compounds are not required for the organisms' physiology, which means that their
range of concentrations that cause dfeds due to shortage is zero, and the lower bound @ the
no-effed rangeis, therefore, zero aswell. Some cmpounds, and espeaally the genotoxic
ones (van der Hoeven et a 1990, @ Rad et al 1985, 1987 Purchase & Auton 1999, are
likely to have ano-effect range of zero as well, and the upper bound @ the no-effed rangeis,
therefore, also zero. This gives no theoreticd problemsin biology-based methods. A NEC of
zero isjust aspedal case, and a point estimate for this concentration from eff ed-data shoud
(idedly) not deviate significantly from zero (apart from the Type | error ; aType | error
occursif the null hypothesisisrgeded, whileit istrue).

The model for each of the threemodues for the description d effedsiskept as sSmple &
possble for practicd reasons, where one usually has very littl e, if any, information about
internal concentrations, or physiologicd resporses of the test organisms. Each o these
modues can be replaced by more redli stic (and more mmplex) moduesif adequate
informationis avail able. Some gplicaions all ow further simplificaion. Algal cdls, for
instance are so small that the intracdl ular concentration can be safely assumed to bein
instantaneous equili brium with the mncentration in the media that are used in the bicassay for
growth inhibition. This gives a mnstant ratio between the internal and external

concentrations, and simplifies the model considerably. The standard modues are introduced
below.

7.2.1 Toxico-kinetics model

The toxico-kinetic modueistaken to be afirst order kinetics by default; the acemulation
flux is propartional to the concentration in the local environment, and the diminationflux is
propartional to the concentration inside the organism. This smple two-parameter model is
rarely acarate in detail, bu frequently captures the main feaures of toxico-kinetics (Harding
& Vass1979,Kimerle @ a 1981, McLeese @ a 1979, Spade & Hamelink 1979 Wang et a
1981 Jansen et a 1991, Legierse @ a 1998,Jager, 2003 Jaget et al 2003. It can be replaced
by a more-compartment model, or a pharmaaokinetic model, if there ae soundreasons for
this. Metabadli c transformation, and satiation in the dimination rate can modify toxico-kinetics
in ways that are sometimes smple to model (Koajman 2000.

If the organism grows during exposure, or changesin lipid content occur (for instance when
the test organisms are starved during exposure), predictable deviations from first order
kinetics can be expeded, and taken into accournt (Kooijman & van Haren 1990,Koadijman



2000. Dilution by growth shoud always be taken into acourt in the bioassays for body
growth and reproduction, since such a dil ution affeds the dfed-time profiles substantialy.

7.2.2 Physiological targets of toxicants

The spedfication d subletha effedsinvolves an ec-physiologicd model that reveds al
potential target parameters, and allows the evaluation d the endpants of interest. A popuar
endpant is, for instance, the aumulative number of off spring of female daphnidsin athree
weeks period. The model shoud spedfy such a number, aswell as the various physiologicd
routes that lead to a change of this number. It should aso be nat too complex for practicd
applicaion. An example of such amodel isthe Dynamic Energy Budget (DEB) model.
Becauseit isthe only model for which generic goplicaionsin the analysis of toxicity data has
been worked ou presently, the following discusson will focus onthis model.

The DEB model results from atheory that is described conceptually in Kooijman (2001) and
Nisbet et al (2000, and discussed in detail in Koojman (2000. Figure 7.1 gives a scheme of
fluxes of material throughan animal, which are spedfied mathematicdly in the DEB modd,
onthe basis of medanistic assumptions. The model’s main fedures areindicated in the
legend o Figure 7.1. The DEB theory is not confined to animals, however, and covers all

forms of life.
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Figure 7.1 Fluxes of material and energy through an animal, as specified in the DEB model.
Assimilation, i.e. the conversion of food into reserve (plus faeces) is proportional to structure’s
surface area. Somatic and maturity work (involved in maintenance) are linked to structure’s
mass, but some components (heating in birds and mammals, osmo-regulation in freshwater
organisms) are linked to structure’s surface area. Allocation to structure is known as growth;
to maturity as development; to gametes as reproduction. Embryos do not feed, juveniles do
not reprodu ce, adults do not develop. Reserves and structure are both conceived as mixtures
of mainly proteins, carbohydrates and lipids; they can differ in composition. The rate of use of
reserve depends on the amount of reserve and structure; this rate is known as the catabolic
rate. A fixed fraction of the catabolic flux is allocated to somatic maintenance plus growth, as
oppo sed to maturity maintenance plus development (or reproduction).

The genera phil osophy behind the DEB theory is afull balance gpproad for food (nutrients,
energy, etc): “what goes in must come out”. Off spring is (indirectly) produced from food,
which relates reproduction to feeding. Large individuals ea more than small ones, which links
feeding to growth. Maintenance represents adrain of resources that is nat linked to net
synthesis of tisaue or to reproduction. An increase of maintenance, therefore, indiredly leals
to areduction d growth, so to areduction d feeding and reproduction.

This reasoning shows that the model requires aminimum level of complexity to addressthe
various modes of action d a ompound.One needsto identify this route to translate dfectson
individuals to that on the growth of natural popuations (in the field). If food condtions are



good,investment into maintenance, for instance, comprises only asmall fraction d the daily
food budgt of individuals. Small effeds of atoxicant on maintenance, therefore, result in
very small effeds onthe popuation growth rate. If food condtions are poor, however,
maintenance omprises alarge fradion d the daily food budget. Small effects on
maintenance ca now translate into substantial effeds onthe popuationsize. Thisreasoning
shows that eff ects on pgoulations depend onfood condtions, which generally vary intime
(Koadijman 1985, 1988Hallam et a 1989. The different modes of adion usually result in
very similar point estimates for the NEC, within the aurrent experience. Furthermore, no
effects onindividualsimplies no effects on popuiations of individuals, but the mode of adion
is particularly important for predicting the dfeds at the popuationlevel.

7.2.3 Change in target parameter

The value of the target parameter is assumed to be linea in the internal concentration. The
argumentation for this very simple relationship isin the theorem by Taylor, which states that
any regular function can be gproximated with any degreeof accuracy for alimited damnain
by apadynomial of sufficiently large order. The interest is usually in small effects only, and
routine gopli cabili ty urges for maximum simplicity, so afirst order polynomial (i.e. alinea
relationship) isastrategic choice

The biological medanism of alinea relationship between the parameter value and interna
concentration bal s down to the independent action at the moleaular level. Each moleaule that
exceals individual’s cgpadty to represseffeds ads independent of the other moleaules. Think
of the analogy where photosynthesis of atreeisjust propationa to the number of leaves as
long as this number is gnall; as onas the number grows large, self-shading occurs and
phaosynthesisislikely to be lessthan predicted.

We doulilesdy require non-linea respornses for larger effect levels, but then also need to
include more types of effeds. Interesting extensions include receptor-mediated effeds. The
biochemistry of receptorsis rather complex. Two popuar models are frequently used to
model receptor-mediated eff ects and concentration: the Michadis Menten model boilsdown
to ahyperbdlic relationship, rather than alinea one (which has one parameter more, Muller &
Nisbet (1997); the Hill model bails down to alog-logistic relationship (and hes two
parameters more than the linea model, Hill (1910), Garric & a (1990), Vindimian et al
(1983). Such extensions are particularly interesting if toxicokineticsis fast, and the interna
concentrationis propartional to the external one (such asin cdl cultures). The assumption that
the target parameter is linea in the internal concentration daes not trandate into alinea
resporse of the endpant; it usualy translates into sigmoid concentration-endpant
relationships, which are well known from empirical results. Noticethat the linea model isa
spedal case of the hyperbdlic one, which is aspecial case of the log-logistic one.

7.2.4 Change in endpoint

The DEB model spedfies how changesin ore or more target parameters translate into
changesin aspedfied endpant. Popuar choices for endpants are reproduction rates (number
of off spring per time), cumul ative number of off spring (in daphnia-reproduction boassays),
body length (in fish-growth bioassays) and survival probabili ty. Survival and reproduction
together determine steady state popuation growth, if they are known for all ages.
Reproduction rates depend onage, namely, and the first few off spring contribute much more
to popuation growth than later off spring. Thisis a amnsequence of the principle of interest-



upon-interest; early offspring start reproduction earlier than later offspring. Aswill be
discussed below, indirect effects on reproduction come with a delay of the onset of
reproduction, while direct effects on reproduction do not. The DEB model takes care of this
more complex, but important, aspects of reproduction. Given the DEB model, thereis no need
to study all ages of the test organism once the DEB parameters are known. This application
reguires some basic eco-physiologica knowledge about the species of test organism, but the
acquisition of this knowledge does not have to be repeated for each toxicity bioassay.

7.3 Survival

The effects on the survival probability of individuals are specified viathe hazard rate. A
hazard rate (dimension: probability per time) is aso known as the instantaneous death rate.
The hazard rate h(t) relates to the survival probability q(t) as

t

h(t) =-q(®) ™" §at) or q(t) = exp{~[ h(s)ds}
The product h times dt has the interpretation of the probability of dying in asmall time
increment dt given that the organismisaive at time t. If the hazard rate is constant, which is
the standard assumption for the death rate in the control, the relationship between the survival
probability and the hazard rate reduces to q(t) = exp{ -ht} . Generally, the hazard rate increases
with time, however. The mortality process can be modelled via the hazard rate, asis standard
in survival analysis (Miller, 1981; Cox & Oakes, 1984). The hazard rate can depend on
ageing and toxicity, asimplied by the present model for survival, and can decreaseintime, if
the concentration of atoxic compound decreases in time, for instance. If the concentration is
constant the ultimate LC50 equals the NEC.

The following assumptions specify the survival probability at any concentration of test
compound:

+  Assumptions on control behaviour
o Thehazard rate in the control is constant
o Theorganismsdo not grow during exposure
«  Assumption on toxico-kinetics
o Thetest chemical followsfirst order kinetics
«  Assumption on effects
o Thehazard rateislinear in the internal concentration
+  Assumptions on measurements/toxicity test
o The concentrations of test-compound are constant during exposure.

o The measured numbers of dead individuals in subsequent time intervals are
independently multinomially distributed

In summary the model amounts to: the hazard rate is linear in the internal concentration,
which follows first order kinetics. These assumptions result in sigmoidal concentration-
survival relationships, not unlike the log-logistic one, with a slope that increases during

exposure (see Figure 7.2).
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Figure 7.2 The time and concentration profiles of the hazard model, together with the data of
Figure 7.7. The resulting ML estimates are : control hazard rate = 0.0083 1/d, NEC = 5.2 ug/I,
killing rate 0.037 (ug.d)™, elimination rate = 0.79 d™. From the last three parameters, LCx-time
curves can be calculated, curves for the LCO, LC50 and LC99 are shown. (Calculated with
DEBtox and DEBtool, see 7.9). For long exposure times, the LCx curves will tend towards the
NEC, for all x, in absence of blank mortality.

Asis shown, the three exposure- time-independent parameters of the hazard model
completely determine the response surface, so the LCx-time curves. It is even possible to
reverse the reasoning. If the LC50.1d = 50 mM, LC50.2d = 30 mM and LC50.3d = 25 mM,
the NEC = 17.75 mM, the killing rate = 0.045 1/(mM.d), the elimination rate = 2.47 1/d. Such



reconstructions are not very reliable, howvever, but they improve somewhat if more LC50
values are used.

If the observation times are very close together, the resulting huge matrix of survival-count
data can be reduced to time-to-deah data. Concentration-response modelling is traditionally
considered to be different from time-to-deah modelli ng, c.f. Newman et al (1989, Dixon &
Newman (1991), Diamond et a (1991), but in the framework of biology-based models, these
two approaches are just extreme cases of analyses of resporse-surfaces; their distinction
vanishes and we generaly deal with mixtures of both.The log likelihoodfunction then

reducesto
=Y Inht) -5 J;" h(s)ds

where the first summationis aaossthe individuals that acually died at the observed time
points (excluding the ones that are taken alive out of the experiment, for instance a the end o
the experiment, or because their internal concentration is measured in a destructive way) and
the seamnd oreisacrossal individuas (the onesthat died, as well asthe ones that were
removed alive). This sampling scheme dl ows that the concentrations for all individuals differ.

An example of application isasfollows:

Time-to-deah and concentration pairs (in dand mM, respedively):

(21,1); (20,1.9; (20,0.9;(18,1.2; (16,1.3; (16,14); (15,1.5; (10,2; (9,18); (6,2.2; (5,2.5;
(2,3; (2,4.3; (1,9; (1,45). Time-of-removal and concentration pairs: (21,0); (21,0; (21,0;
(21,1). The ML estimates for this combined data set for 19 individualsin total are: control
hazard rate =0.061d ™, NEC = 1.93mM, killi ng rate =0.33 Z(mM.d), elimination rate 0.75

d™*. Thismeans, for instance that the LC50.2d= 5.6 mM and the LC50.21d= 2.06 mM.
(Calculations with DEBtod, see7.9.2

The link between the DEB theory and the survival model isin the ayeing modue of the DEB
model, where the hazard rate, as affeded by the ageing process depends on the respiration
rate in a particular way due to the adion d freeradicds; genotoxic compounds have avery
similar mode of adion and these compounds accd erate the ageing process(Kooijman, 2000.
The processes of tumour induction and growth have dired links with the ageing process(van
Leeuwen and Zonreveld, 2007). These dfects on survival are beyondthe scope of the present
document, which deals with survival during (short) standardised expaosure experiments.

On the asumption that test animals do nd reaver from immohili sation, the concept “deah”
can bereplaced by “initiation o immobili sation” in this model. Due to the nortli neaity that
isinherent to toxico-kinetics, thismodel does not belong to the dass of generalised linear
models for survival, which has been propcsed for the analysis of toxicity data (Newman 1995,
McCullagh & Nelder 1989).

The model for effects on survival, and cetail s about the statistica properties of parameter
estimates (especialy that of NECs) are discussed in Andersen et a (2000, Bedaux &
Koajman (1994, Klepper & Bedaux (1997, 199@), Koojman & Bedaux (1996, 1996).
Effeds at time-varying concentrations are discussed in Péry et al (2001, 201a), Widianarko
& van Straalen (1996.

7.4 Body growth

The DEB model allowsfor (at least) threeroutes for affeding body growth:




1) adecrease of the assimilation rate. Assimilation deals with the transformation from
food into reserves, and can be affected by a decrease of the feeding rate, or a decrease
of the digestion efficiency.

2) anincrease of the somatic maintenance costs. These costs comprise protein turnover,
the maintenance of intracellular and intra-organismal concentration gradients of
compounds, osmo-regulation, heating of the body (mainly in birds and mammals),
activity and other drains on resources that are not linked to processes of net synthesis.
Somatic maintenance costs directly compete with body growth for resources (in the
DEB model). So an increase of maintenance costs directly results in a decrease of
body growth, due to conservation of mass and energy.

3) anincrease in the specific costs for growth. Thisis the case where the resource
allocation to body growth is not affected, but the conversion of these resources to new
tissueis.

Thislist does not exhaust all possibilities. An interesting alternative isin the change of the
allocation to somatic maintenance plus body growth versus maturity maintenance and
maturation (or reproduction). Under control conditions, the DEB model takes the relative
investments in these two destinations to be constant (the absolute investments can change in
time). Parasites and endocrine disrupting compounds (e.g. Andersen et a 2001, Kooijman,
2000) are found to change these relative investments. It is possible that alarge number of
compounds have similar effects. A practical problem in the application of amodel that
accounts for changes in the allocation fraction is that standardised bioassays for body growth
do not include measurements that are necessary to quantify the effect appropriately. Detailed
modelling of effects on mammalian devel opment has been developed and applied (Setzer et a
2001, Lau et a 2000), but such approaches require adequate data and are specific for the
compound as well as the test organism.

The following assumptions specify the effect on body growth at any concentration of test
compound:

«  Assumption on control behaviour
o thetest-organismsfollow avon Bertalanffy growth curve in the control.
«  Assumption on toxico-kinetics

o thetest chemica followsfirst order kinetics.
(Dilution by growth is taken into account.)

« Assumption on effects
One of three modes of action occur

o theassimilation rate decreases linearly in the internal concentration.

o the maintenance rate increases linearly in the internal concentration.

o thecostsfor growth increases linearly in the internal concentration.
«  Assumptions on measurements/toxicity test

o the concentrations of test-compound are constant during exposure.

o the measured body lengths are independently normally distributed with a
constant variance



The von Bertalanffy growth curveisgiven by L(t) =L, — (L, — L) exp{-rt} , where L(t) is
thelength at timet, L, istheinitial length, L, isthe ultimate length, and r, isthe von

Bertalanffy growth rate. The DEB model predicts that body growth is of the von Bertalanffy
type only at constant food densities, in the case of isomorphs (i.e., organisms that hardly
change in shape during growth). An implied assumption is, therefore, that food density is
constant, or high. Food intake depends hyperbolically on food density in the DEB model;
variations in food density, therefore, hardly result in variations in food intake as long as food
remains abundant. Examples of application of the model of effects on growth by an increase
of the maintenance costs and by a decrease of assimilation are as follows:
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Figure 7.3 The time and concentration profiles for effects on growth of Pimephalus promelas
via an increase of specific maintenance costs by sodium pentachlorophenate (data by Ria
Hooftman, TNO-Delft). The parameters estimates are: NEC = 7.65 g/l; control ultimate length =
37 mm; tolerance conc = 43.5 g/l; elimination rate = large; Fixed parameters are: initial length =
4 mm; von Bertalanffy growth rate = 0.01 d. The profile likelihood function for the NEC is
given left. The EC0.36d = 766g/l; EC50.36d = 176 g/l. The use of the profile likelihood graphs to
obtain confidence intervals is explained in the legend to Figure 7.8.
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Figure 7.4 The time and concentration profiles for effects on growth of Lumbricus rubellus via
a decrease of assimilation by copper chloride (data from Klok & de Roos 1996). The parameters
estimates are: NEC = 13 g/g; control ultimate length = 11.6 mm; tolerance conc = 1.2 mg/g;
elimination rate = large; Fixed parameters are: initial length = 0 mm; von Bertalanffy growth
rate = 0.018 d. The profile likelihood function for the NEC is given left. The EC0.100d = 13g/g;
EC50.100d = 605 g/g.

The first example showsthat it is not necessary to have observations in time; the second
example shows that it is not absolutely necessary to have a control. Although inclusion of a
control is aways radvisable, the control is treated in the same way as positive concentrations
in the DEBtox method. The statistical properties of the parameter estimates and the
confidence one has in them obviously improve if controls and positive concentrations are
available.

At high concentrations, the test compound probably not only affects body growth, but usualy
also survival. The DEBtox software (see section 7.9) accounts for differences in number of
individuals of which the body size have been measured.

The models for effects on body growth, and details about the statistical properties of
parameter estimation (especialy that of NECs) are discussed in Kooijman & Bedaux (1996,
1996a)

7.5 Reproduction

The DEB model allowsfor (at least) five routes that affect reproduction. The first three routes
areidentical to that for growth and are called the indirect routes. The DEB model assumes
namely that food intake is proportional to surface area, so big individuals eat more than small
ones. This makes, that if growth is affected, feeding is directly or indirectly affected as well,
which leads to a change in resources that are available for reproduction. The routes not only
lead to areduction of reproduction, but also to adelay of reproduction. In addition there are
two direct routes for affecting reproduction



1) anincreasein the costs per offspring, so an effect on the transformation from reserves
of the mother to that of the embryo
2) death of early embryos, before they leave the mother. Dead embryos can be born, or
are absorbed; only the living ones are counted.
These two direct routes assume that the allocation to reproduction is not affected by the
compound, but that the compound affects the conversion of these resourcesinto living
embryos.

The following assumptions specify the effect on reproduction at any concentration of test
compound:

+  Assumptions on control behaviour
o thetest-organismsfollow avon Bertalanffy growth curvein the control

o reproduction depends on assimilation, maintenance and growth as specified by
the Dynamic Energy Budget (DEB) theory

«  Assumption on toxico-kinetics

o thetest chemical followsfirst order kinetics (Dilution by growth istaken into
account.)

« Assumptions on effects One of five modes of action occur
o theassimilation rate decreases linearly in the internal concentration
o the maintenance rate increases linearly in the internal concentration
o thecostsfor growth increases linearly in the internal concentration
o thecostsfor reproduction increases linearly in the internal conc.
o thehazard rate of the neonates increases linearly in the internal conc.
«  Assumptions on measurements/toxicity test
o the concentrations of test-compound are constant during exposure.

o themeasured cumulative numbers of young per female are independently
normally distributed with a constant variance

An implication of the DEB theory isthat indirect effects on reproduction (the first three
modes of action) are areduction of the reproduction rate as well as adelay of the start of
reproduction, while direct effects (the last two modes of action) involve areduction of
reproduction only. All three indirect effects on reproduction also have effects on growth,
despite the fact that just a single target parameter is affected. The delay of the onset of
reproduction is, therefore, coupled to effects on growth. The measurement of body lengths at
the end of the bioassay on reproduction can be used as an easy check and as an identification
aid to the mode of action. This mode of action is of importance to translate effects on
individuals into those on growing popul ations (K ooijman 1985, Nisbet et al 2000).

The DEBtox software (see section 7.9) accounts for possible reductions of numbers of
survivors in the reproduction test viaweight coefficients; the more females contribute to the
mean reproduction rate per female, the more weight that data point has in the parameter
estimation. An example of application is from the OECD ring-test for effects of cadmium on
Daphniareproduction (Fig 7.5); the full results are reported in Kooijman at al (1998):
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Figure 7.5 Effects of cadmium on the reproduction of Daphnia magna through an increase of
the costs per offspring. Data from the OECD ring-test. The figures show the time and
concentration profiles. The Parameter estimates are: NEC = 3.85 nM, tolerance conc = 5.40 nM,
max reproduction rate = 14.4 d, elimination rate = 3.0 d. Fixed parameters are: von Bertalanffy
growth rate = 0.1 1/d, scaled length at birth = 0.13, scaled length at puberty = 0.42, energy
investment ratio = 1. The NEC does not differ significantly from 0 on the basis of these data. If
a more accurate estimate is required, lower test concentrations should be selected. These
parameter values imply: EC0.21d = 0.1 mM and EC50.21d = 0.336 mM.

The models for effects on reproduction, and details about the statistical properties of
parameter estimation (especially that of NECs) are discussed in Kooijman & Bedaux (1996b,
1996c).

7.6 Population growth

If individuals follow a cycle of embryo, juvenile and adult stages, one needs the context of
physiologically structured population dynamicsto link the behaviour of population dynamics
to that of individuals. If the individuals only grow and divide, a substantial simplificationis
possible in the context of the DEB model. Thisisthe casein the algal growth inhibition
bioassays, and in bioassays with duckweed, for instance.

Three modes of action of the compound are delineated here. The following assumptions
specify the model for effects on popul ations:

«  Assumptions on control behaviour

o theviable part of the population grows exponentialy (the cultures are not
nutrient or light limited during the bioassay)

«  Assumption on toxico-kinetics
o theinternal concentration israpidly in equilibrium with the medium

«  Assumptions on effects
One of three modes of action occur

o thecostsfor growth arelinear in the (internal) concentration

o thehazard rateislinear in the (internal) concentration during a short period at
the start of the experiment

o thehazard rateislinear in the (internal) concentration during the experiment
» Assumptions on measurements/toxicity test
o the concentrations of test-compound are constant during exposure.



o theinoculum sizeisthe samefor al experimentally tested concentrations
o biomass measurements include living and dead organisms

o the measured population sizes are independently normally distributed with a
constant variance

The rationale of the second mode of action (death only at the start of the experiment) is that
effectsrelate to

- thetransition from control culture to stressed conditions, not to the stress itself

+ theposition of the transition in the cell cycle; Cells are not synchronised, so the
transition occurs at different momentsin the cell cycle, for the different cells. If cells
are more sensitive for the transition during a particular phase in the cell cycle, only
those cells are affected that happen to be in that phase.

The ECx values for this type of bioassay can be calculated in various ways, with different
results. One way to do thisis on the basis of biomass as a function of time. This should not be
encouraged, however because the result depends on experimental design parameters that have
nothing to do with toxicity (Nyholm 1985). Another way to do thisis on the basis of specific
population growth rates, which are independent of time (Kooijman et al 1996a). An example
of application of the DEBtox method is as follows

Time: day, Conc: microgram/liter, Resp: 102 cells ml-’

0 0 10 18 32 56 100 180
0.0000 0.4 0.8 0.9 1.1 1.1 1.0 1.4 1.1
0.9375 49 54 6.8 54 47 5.2 2.8 2.5
1.8958 70.5 774 745 711 64.0 56.6 6.9 3.9
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Figure 7.6. The effect of a mixture of C,N,S-compounds on the growth of Skeletonema
costatum via an increase of the costs for growth (data from the OECD ring test). The figures
show the data, and the time and concentration profiles (note that this data set contains two
blanks). The estimated parameters are: inoculum = 494 cells/ml, specific growth rate = 2.62 1/d,
NEC = 0.053 mg/l, tolerance conc = 0.0567 mg/l. The profile likelihood function for the NEC is
given in the figure left. The EC50 = 0.0624 mg/l. The robustness of this approach is
demonstrated by the fact that removal of the highest concentration leads to the same point
estimate for the NEC (but with a larger confidence interval).

The model for effects on population growth, and details about the statistical properties of
parameter estimation (especially that of NECs) are discussed in Kooijman et a (1996a). Toxic
effects on logistically growing populations in batch cultures are discussed in Kooijman et al
(1983); a paper on the interference of toxic effects and nutrient limitation isin preparation.

7.7 Parameters of effect models

The parameters of effect models can be grouped into a set that relates directly to the effects of
the test compound and a set that relates to the eco-physiological behaviour of the test
organisms.

7.7.1 Effect parameters

The basic biology-based models have two toxicity parameters and a single dynamic
parameter:

« NEC = ECO(x0): No-Effect Concentration, which is the 0% effect level at very long
exposure times (dimension: external concentration).

« killing rate (for effects on survival; dimension: per external concentration per time) or
tolerance concentration (for subletha effects; dimension: external concentration).



« eiiminationrate of first order kinetics (for survival, bady growth and reproduction
tests; not for popuation growth inhibition tests. Dimension: per time). Large values
mean that the internal concentration rapidly reaches equili brium with the
concentration in the medium. If theinternal concentrationisin equili brium, the dfeds
nolonger change. Notice that the dimination rate has no information abou the
toxicity of the test compound.

Thekilling rate isthe increase in the hazard rate per unit of concentration d test compound
that exceals the NEC:

concentration
BCF

where BCF = Bio-Concentration Fador and where the symbad , meansthat if internal
conc./BCF is below NEC, them hazard rate equals control hazard rate. The BCF stands for the
ratio of the internal and external concentration in equilibrium. No assumptions are made &ou
itsvalue; it can be very small for compounds that hardly penetrate the body.

» hazardrate = control hazardrate + killing rate Qnternal - NEC@L

Thetolerance concentration quantifies the change in the target parameter per unit of
concentration o test compoundthat exceeds the NEC:
» parameter value = control parameter value x (1 + stressvalue)

1 internal concentration
. stress value = B ternal concentratio —NEC@L

tolerance concentration ] BCF
where BCF = Bio-Concentration Fador.

Thetarget parameter value in this gedficaion d the tolerance mncentration can be the
spedfic costs for growth, the spedfic maintenance costs or ancther physiological target
parameter. This depends onthe mode of adion d the cmmpound.

The name “tolerance concentration” refers to the fad that the higher its value, the lesstoxic
the chemicd compound.Noticethat theratio “internal concentratior/ BCF” has the
interpretation o an external concentrationthat is propartiona to the internal concentration;
the tolerance concentration, like the NEC, hasthe dimension d an external concentration.
Thisis dore because internal concentrations are generally unknowvn in practice Theinternal
concentration, and so the stressvalue, depends on the (constant) external concentration and
the (changing) exposure time. The stressvalue is a dimensionlessquantity, which isonly
introduced to simplify the spedfication d the change in the target parameter.

The NEC, the dimination rate and the tolerance concentration (or killi ng rate) are parameters
that do NOT depend onthe exposure time. Thisisin contrast to ECx vaues, which do depend
on exposure time. Noticethat the acamulation rate (a toxico-kinetic parameter) does not
occur in the parameter set of effect models. Thisis because lesstoxic compounds that
acamulate strongly cannot be distinguished from toxic compounds that hardly accumulate if
only effects, and nointernal concentrations, are observed. Thisis aso the reason why NECs,
killi ng rates and tolerance mncentrations are in terms of external concentrations, whil e the
medianism isviainternal concentrations. Effed models tred internal concentrations as
hidden variables.

The kinetic parameters depend onthe properties of the dhemical compourd. The dimination
rateisinversely proportiona to the square-roct of the octanol-water partiti on coefficient
(Pow), While the uptake rate is propartional to the square-roat of this coefficient (Koojman &
Bedaux 1996,Koajman 200Q. Since dfects depend oninternal concentrations, so ontoxico-



Kinetics, eff ect parameters depend onthe partiti on coefficient as well; the NEC, tolerance
concentration and inverse killi ng rate ae dl inversely proportional to the Py, (Gerristen 1997,
Koajman & Bedaux 1996,Koojman 200Q. Such relationships can be used in pradiceto test
parameter estimates against expedations.

The prediction d how the toxicity parameters depend onthe octanol-water partition
coefficient can be used for seleding appropriate concentrations to be tested. An exampleis as
follows.

Suppase that compound 1with Py, = 10° has been tested of its eff ects on survival, which
resulted in the parameter estimates: NEC = 1.3mM; killi ng rate =1.5 ¥(mM.d); elimination
rate =0.5 ¥d. Now have to test compound 2 with a physiologicdly similar mode of adion
anda P,y = 10". exped to find the parameter estimates NEC = 0.13mM:; killi ng rate =15
1/(mM.d); eliminationrate =0.5V10= 0.16 ¥d. These three parametersimply that the
LC0.2d= 0.47mM andthe LC99.2d= 1.9mM, which gives some guidance for choasing the
concentration range to be tested in atest of 2 d.

Suppase now that we tested compound 1for effeds on reproduction in Daphniawith a control
max reproduction rate of 15 dfspring per day. Let assume that the cmpound increases the
maintenance ®sts. Thisresulted in NEC = 1.3 mM, tolerance oncentration=10mM;
eliminationrate =0.5 ¥d. We e&ped to find for compound 2 NEC = 0.13mM, tolerance
concentration=1 mM; eliminationrate =0.16 1d. These three parameters imply that the
EC0.21d= 0.18mM andthe EC99.21d= 1.9mM, which gives osme guidancefor choosing
the mncentration range to be tested in areproductiontest of 21 d.(Calculations with
DEBtod, see7.92)

Contrary to more usual techniques to establi sh Quantitative Structure Activity Relationships
(QSARs), the influence of the Py, onthe parameters of biology-based models can be
predicted onthe basis of first principles; these QSARs are nat derived from regression
tedhniques that require toxicity data for other compounds. The reason why traditi onal
regresson techniques for establi shing QSARS are somewhat cumbersomeisin the
standardisation d the expasure period. For any fixed expasure period (usually 2d a 14d) the
LC50 (or EC50) for a mompoundwith alow Py, is close to its LC50 for very long exposure
times; for compound with alarge Py, hovever, the ultimate LC50 is much lower than the
observed ore. If we compare LC50s for low and hgh P,,, values, we observe mmplex
deviations from simple relationships, which are masked in log-log plots and buied in the
allometric models that are usually applied to such data. (An alometric model isamodel of the
typey(X) = a x° where a and b are parameters.)

Effeds of modifying fadors, such as pH, can be predicted, and taken into accourt in the
analysis of toxicity data (corrections on measured or nominal concentrations, and on
measured o modell ed pH values). If the cmmpound aff ects the pH at concentrations where
small effeds occur, andthe NEC and/or the killi ng rate of the molecular andionic forms
differ, the relationships

m 4 ilOpH—pK - 1+1OpH_pK

apply, where pK istheion-product constant, and are the NECs of the molecular andionic
forms, and are the killi ng rates of the molecular and ionic forms (Koajman 2000,K6nemann
1980. The pH is affected much more eaily in soft than in hard water (see eg. Segel 1976,
Stumm & Morgan 19%). Compound may effed internal pH to some extent; in that case the
relationship is approximately only.




On the assumption that the chemical environment inside the body of the test organismsis not
affected (due to homeostatic control), the observed survival pattern can be used to infer about
the toxicity of the molecular and the ionic form. The partitioning between the molecular and
ionic form isfast relative to the uptake and elimination (both in the environment and in the
organism); this makes that the elimination rate relates to both the molecular and the ionic
form. An exampleisasfollows.

PH 7.5 7.5 7.4 7.2 6.9 6.6 6.3 6.0
Conc 0 3.2 5.6 10 18 32 56 100
0 20 20 20 20 20 20 20 20
1 20 20 20 20 20 20 19 18
2 20 20 19 19 19 18 18 18
3 20 20 17 15 14 12 9 8

4 20 18 15 9 4 4 3 2

5 20 18 9 2 1 0 0 0

6 20 17 6 1 0 0 0 0

7 20 5 0 0 0 0 0 0

Suppose that we found the numbers of survivors asin the left table for acompound with
ionisation product constant of 9.0. The parameter estimates are (cal cul ations with DEBtool,
see 7.9.2):

Molecule lon

ML sd ML Sd
Control mort rate 0.009 0.005
NEC 249 16.9 0.17 0.03
Killing rate 0.039 0.013 2.82 2.16
Elimination rate 1.48 0.50

The elimination rate is proportional to the ratio of a surface area and a volume of the test
organism, which yields an inverse length measure. This relationship implies predictable
differences between elimination rates in organisms of different sizes, which have been tested
against experimental data (see e.g. Gerritsen 1997). Thisisrather straightforward in the case
of individuals of the same species, but also applies to individuals of different, but
physiologically related, species. The body size scaling relationships as implied by the DEB
theory suggest predictable differencesin the chemical body composition, so in lipid content
and in elimination rate and toxicity parameters. Such relationships still wait for testing against
experimental data, but are helpful in devel oping an expectation for parameter values; such
expectations can be used in experimental design, and in checking results of parameter
estimations.

The prediction of how the three parameters of the hazard model depend on the body size of
the test organisms can also be used for selecting appropriate concentrations to be tested. An
exampleisasfollows:



Suppose that a compound has been tested using fish of aweight of 1 mg, which resulted in the
parameter estimates: NEC = 1.3 mM; killing rate = 1.5 1/(mM.d); elimination rate = 0.5 1/d.
Now we have to test the compound for fish of 1 g of the same species. We expect to find a
differencein the elimination rate only, i.e. 0.5/10= 0.05 1/d. These three parameters imply
that the LC0.2d = 1.4 mM and the LC99.2d = 5.5 mM, which gives some guidance for
choosing the concentration range to be tested in atest of 2 d. (Calculations with DEBtool, see
7.9.2)

7.7.2 Eco-physiological parameters

The model for effects on survival has the control mortality rate as parameter, which results
in an exponentially decaying survival probability. This means that the model delineates two
causes for death: death due to background causes (for instance manipulation during the assay)
and death due to the compound. This obviously complicates the analysis of the death rate at
low exposure levels, because we can never be sure about the actual cause of death in any
particular case. Not only the data in the control, but all data are used to estimate the control
mortality rate; if no death occurs in the control, this does not imply that the control mortality
rateis zero. The profile likelihood function for the NEC quantifies the likelihoods of the two
different causes of death. Figures 7.2, 7.3 and 7.4 show how background causes can be
distinguished from those by the compound.

Time: day, Conc,: microgram/liter

0.0 3.2 56 10.0 18.0 32.0 56.0 100.0
0 20 20 20 20 20 20 20 20
1 20 20 20 20 18 18 17 5
2 20 20 19 17 15 9 6 0
3 20 20 19 15 9 2 1 0
4 20 20 19 14 4 1 0 0
5 20 20 18 12 4 0 0 0
6 20 19 18 9 3 0 0 0
7 20 18 18 8 2 0 0 0

Figure 7.7 A typical table of data that serves as input for the survival model, as can be used in
the software package DEBtox (Kooijman & Bedaux 1996). The data in the body represent the
number of surviving gupp ies. The first column specifies the observation times in days, the first
row specifies the concentrations of dieldrin in g/l. Figure 7.8 shows how an answer can be
found to the question whether the two deaths in the concentrations 3.2 and 5.6g/l are due to
dieldrin, or to “natural” causes.
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Figure 7.8 This profile likelihood function of the NEC (right panel) for the data in Figure 7.7
results from the software package DEBtox (Kooijman & Bedaux 1996). It determines the
confidence set for the NEC (first select the confidence level of your choice in the left panel,
then read the In likelihood ; the concentrations in the right panel for which the In likelihood s are
below this level comprise the confidence set of the NEC; the confidence set for the NEC is a
single interval for low confidence levels, but a set of two intervals for high confidence levels).
The maximum likelihood estimate for the NEC is here 5.2 g/l, and corresponds to the
interpretation of death in concentration 3.2g/l due to “natural” causes; the second local
extreme at 2.9g/l corresponds to the interpretation of this death due to dieldrin. The figure
shows that this interpretation is less likely, but the figure shows that we cannot be excluded
this possibility for high confidence levels. If the lowest concentration would have no deaths in
this data set, the profile likelihood function would not have a second local extreme.

The model for effects on growth have a single eco-physiological parameter each (the ultimate
body length, and the maximum reproduction rate), that is estimated from the data, and a
scatter parameter that stands for the standard deviation of the normally distributed
deviations from the model predictions. The latter parameter also occurs in the models for
effects on population growth.

The models for effects on body growth and reproduction have some parameter values that
cannot be estimated from (routine) bioassays. Their vaues should be determined by
preliminary eco-physiological experiments. These parameters are
» von Bertalanffy growth rate (dimension: per time). This parameter quantifies how
fast theinitial length approaches the ultimate length at constant food density. (The
food density affects this parameter.) In principle, its value could be extracted from
length measurements in the control, provided that enough observation times are
included. Under standardised experimental conditions, its value should always be the
same, however. Moreover, the lengths are usually only measured at the end of the
bioassay only. These data do not have information about the value of the von
Bertalanffy growth rate.
 initial body length (dimension: length), which is the body length at the start of the
bioassay. It is assumed that this appliesto all individualsin all concentrations. The
DEB model for reproduction has a scaled length at birth as parameter, which is
dimensionless. This scaled length is the ratio of the length at birth and the maximum
length of an adult at abundant food. Since the daphnia reproduction bioassay uses
neonates, the initial body length equals the length at birth.
» scaled length at puberty (dimensionless). Thisisthe body length at the start of
reproduction in the control as a fraction of the maximum body length of an adult at
abundant food. The DEB model takes this value to be a constant, independent of the



food censity. At low food density, it takes arelatively long time to read this length.
The start of reproduction, therefore, depends onfood density. The model for effeds
onreproduction reeds the length at puberty. That on baly growth dces not use this
parameter.

* energy investment ratio (dimensionless. This parameter stands for the ratio between
the spedfic energy costs for growth and the product of the maximum energy capacity
of the reserves and the fradion d the catabalic energy flux that is all ocated to
somatic maintenance plus growth. The maximum (energy) cgpadty of the reservesis
readed after prolonged exposure to abundant food. The caabadlic flux isthe flux that
is mobhili sed from the reserves to fuel metabolism (i.e. all ocation to somatic and
maturity maintenance, growth, maturation a reproduction; the relative dlocaionto
somatic maintenance plus growth is taken to be constant in the DEB model). The
value of the parameter does nat aff ect the results in a sensitive way. The logic behind
the DEB theory requires its presence, however; the parameter plays a more
prominent role & varying food densities.

The DEBtox software (see below) fixes these parameters at appropriate default values for the
standardised hioassays on fish growth and daphniareproduction. The user can change these
values.

The models for popuation growth have two e-physiologicd parametersthat are estimated
from the data
* theinoculum size (dimension: massor number per volume), which is taken to be
equal in al concentrations
* the @ntrol specific population growth rate (dimension: per time)

7.8 Recommendations

7.8.1 Goodness of fit

As appliesto all modelsthat are fitted to data, one shoud always check for goodressof fit (as
incorporated in DEBtox), insped the cnfidenceintervals of the NEC, and mistrust any
conclusion from models that do nd fit the data (see dso Sedion 6.4. The routine presentation
of graphs of model fitsis grongly recommended. “ True” models, however, nat aways fit the
datawell, dueto randam errors. If deviations between data and model-fits are unacceptably
large, it makes ®nse to make sure that the experimental results are reproducible. Problems
with solubili ty of the test compound, i effeds, varying concentrations, varying conditi ons of
test animals, interadions between test animals and other factors can easily invali date model
asuumptions. It might be helpful to redi se that one approach for solving this problem isin
taking such fadors into accourt in the model (and apply a more complex model), but ancther
approad is to change the experimental protocol such that the problems are drcumvented. The
models are designed to describe small effects; if the ladk of fit relates to large dfeds, it can be
recommended to exclude the high concentration(s) from the data analysis.

Any mode might fit datawell for the wrong reasons; a goodfit does not imply the “validity”
of that model. This shoud motivate to explore dl passble means for cheding results from
data analysis, an expedation for the value of parametersis avaluable tod.

The asssumption o first order kineticsis not alwaysredistic in detail . A general
recommendationisto consider more daborate dternatives only if data on toxico-kinetics are



available. Depending on the given observation times, the elimination rate is not always
accurately determined by the data. In such cases one might consider to fix this parameter at a
value that is extracted from the literature, and/or derived from arelated compound, after
correction for differencesin Py, values.

7.8.2 Choice of modes of action

Experience teaches that the mode of action usualy has little effect on the NEC estimates.
Models for several modes of action frequently fit well to the same experimental data set; if
additional type of measurements would have been available (such as feeding rate and/or
respiration rate), it is much easier to choose between modes of action. These modes of action
are of importance to tranglate effects on individuals to those on population dynamics, and how
food availability interferes with toxic effects. The DEB theory deals with this trandation.

M easurements of feeding and respiration rates, and of body size (in reproduction tests) greatly
help identifying the mode of action of the compound. The proper identification of the mode of
action islessrelevant for estimates of the NEC.

7.8.3 Experimental design

DEBtox has been designed to analyse the results from bioassays as formulated in OECD
guidelines (numbers 201, 202, 203, 204, 211, 215, 218, 219) and I SO guidelines (numbers
6341, 7346-3, 8692, 10229, 10253, 12890, 14669). The experimental design described in
these guidelinesis suitable for the application of DEBtox. Confidence intervals for parameter
estimates are greatly reduced if not only the responses at the end of the toxicity experiments
are used, but also observations during the experiment. Ideally, one should be able to observe
how fast effects build up during exposure in the data, till the effect levels satiate. Note that
this does not require additional animalsto be tested, only that they are followed for alonger
period of time.

Large extrapolations of effects, especially in the direction of longer exposure times, are
generally not recommended; thisis because, ideally, the assumptions need to be checked for
all new applications. It, therefore, makes sense to let the optimal choice for the exposure
period depend on the compound that is tested, and the test organisms that is used. The higher
the solubility in fat of the test compound (e.g. estimated from P,,,), and the larger the body
size of the test organisms, the longer the exposure should last.

As has already been stated in the introduction, it is strongly recommended to include al
available observations into the analysis; not only those at the end of the experiment, but also
the observations that have been collected during the experiment (for instance when the media
arerefreshed). It is generally recommended that the number of observations during exposure,
the concentrations of test compound and the number of used test animals are such that the
model parameters can be estimated within the desired accuracy.

Experimental design should optimise the significance of the bioassay; the significance of
single-speciestestsis discussed in Anonymous (1999). From adata analysis point of view it
makes sense to extend the exposure period till no further effects show up. The length of the
exposure period then relates to the physical-chemical properties of the compound.



7.8.4 Building a database for raw data

Since biology-based methods not only am at a description, bu aso at an understanding of the
processes that underlie effeds, it is only redistic to assume that this understanding will evolve
over the years. It might be useful in the future, to reanalyse old datain the light of new
insights. Anticipating on this stuation, bul ding a database for the raw data is recommended.

7.9 Software support

The models that are used by biology-based methods are fully derived and discussed in all
mathematica detail i n the open literature; a summary of the specificationis given in the
appendix of thisreport. Thereis, therefore, no reed to use any of the software that is
mentioned in this dion. On the other hand, fitti ng sets of differential equationsto data (as
required by the models for effeds on baly growth and reproduction), the cdculation d
profile likelihoods for NECs, and the more alvanced methods of fitting several datasets
simultaneously, is beyond the cgacity of most standard padages. Even if padkages can do
the job, the optimisation d numerica procedures (such as lving initial value problems) can
be somewhat laborious.

The computations for biology-based methods have been coded in two padkages, DEBtox and
DEBtod, which can be downloaded fredy from the dedronic DEB-laboratory at
http://www.bio.vu.n/thi/deb/. Both padages are updated at varying intervals; the user has to
chedk the website for the latest version. These packages are used in (free) international
internet-courses that are organised by the Dept Theoreticd Biology at the Vrije Universiteit,
Amsterdam.

A Ms Excd maao ableto estimate Hill parameters using norlinea regressonis avail able
under the GPL license on the site: http://perso.wanadoofr/eric.vindimian

7.9.1 DEBtox

DEBtox is aload-modue for Windows and Unix that is meant for routine appli caions.

The user canna define new models. The package has many options for parameter estimation,
confidence intervals and profil e likelihoods (for the NEC for instance), fixation o parameters
at particular values (such as NEC = 0) while estimating the other parameters, caculation o
statistics (such as ECx.t and ETx.c values and their confidenceintervals), hypothesis testing
abou parameter values (such as NEC # 0), graphical representations to check goochessof fit,
residual analysis, etc. Example data-fil es are provided for each bioassay.

DEBtox is a user-friendy package, and the numericd procedures are optimised for the
various models (modes of adion) that can be chosen. The dimination rate, for instance, is not
always accurately determined by the data, espedally if asingle observationtimeis given.
DEBtox always cdcul ates threesets of parameter estimates, correspondng with the
elimination rate being afreeparameter, or zero, or infinitely large. Only the best result is
shown. Theinitial values for the parameters that are to be estimated are seleded
automaticdly. In fact many trials (some hurdred) are performed, and ony the best result is
shown. The user does not have to bather about these mmputational “detail s”. (The likelihood
function can have many locd maxima, depending onthe model and onthe observations. The
result of the numerical procedure to find alocd maximum depends ontheinitial value; are
only interested in the global maximum, however. This problem complicaes nonlinea



parameter estimationin pradice it is an extrareason to ched the result graphicdly in all
applications.)

The present version d DEBtox can handle asingle endpant only (i.e. asingle table of
observations of responses at the various combinations of concentration and exposure time). In
the period 20022006 DEBtox will be extended to include multi ple samples to al ow the
analysis of effeds onsurvival and reproduction simultaneously, and to test hypotheses about
diff erences of parameter val ues between samples.

7.9.2 DEBtool

DEBtod is ®urce ode (in Octave and Matlab) for Windows and Unix that is meant for
research appli cations. Octave is freely downloadable, Matlab is commercial. DEBtodl is much
more flexible than DEBtox, bu requires more knowledge for proper use; it islessuser-
friendly than DEBtox. Initial values for parameter estimations are nat automatic, for instance
DEBtod has many domains that ded with the various appli caions of DEB modelsin em-
physiology and kiotedhnology; the domain “tox” deds with appli cations in eatoxicology.
The padkage can handle multi ple data sets; several numerica procedures can be selected to
find parameter estimates. DEBtod all ows to estimate parameters if the varianceis
propartional to the squared mean, to calculate the NEC, killi ng rate and elimination rate from
LC50 values for three exposure times, to estimate parameters from time-to-deah deta, to
extrad the toxicity parameters for the molecular andtheionic formwhenthe pHis
measured for each concentration, etc. Many specific models are aded, and the user can
change and add models.
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Annexes to chapter 7: Biology-Based Methods

This appendix specifies the models for bioassays on survival/immobilisation, body growth,
reproduction and popul ation growth. Biology-based methods put emphasis on the story
behind the model, rather than the model itself; the derivation from underlying mechanistic

assumptionsis not given here, however. The assumptions themselves are given in the main
text.

The dimensions and interpretations of all variables and parameters are given in tables for each
type of bioassay. The dimensions are indicated with symbols that have the following
interpretation

symbol interpretation

- dimensionless

t time
mol mole

I length
# number

Effectson survival

The target parameter isthe hazard rate. At time t, = —k;*In{1-c,/c} the survival probability
starts to deviate from the control for ¢ >c,. The survival probability is given by

q(t,c) = exp{—h,t + c(exp{—k.t,} —exp{-k.t} )b, 'k, b (c—c,)(t -t )}if c>c, and t >t,
q(t,c) = exp{—hy,t} if c<c,or t<t,

DEBtox estimates up to four parameters from bioassay data. The variables and parameters are

variables dimension interpretation

t t exposure time

c mol |73 external concentration
q - survival probability
Parameters

h, t? control mortality rate
G mol 178 NEC

b, mol ™ I3t killing rate

k, t?t elimination rate

Effects on body growth



Growth depends onthe concentration d the mmpoundin the tissue. This concentrationis
treded as ahidden variable and scded to remove a parameter (the BioConcentration Factor

BCF). The scaled tissue-concentration ¢, relatesto the tissue-concentration C, as
¢, = C,/ BCF; the scaled tissue-concentration hes the dimension d an external concentration,
but is propartional to the tissue-concentration. The change in scaled tissue-concentrationis

3c L, .
&G = keE:—cq - keLqm %LET with c,(0) =0.

The third term in the secondfador acourts for the dil ution by growth; the change in bady
length depends on the mode of adion d the ommpoundandis gedfied below. The three
modes of adion are expressed in terms of the dimensionless*” stress’ function

s(c,) =& max{o,c, —c,}
The modes of action are

* Dired effects on baly growth: target parameter is the cnwversion efficiency from
reserve to structure

1+g

ab= b o)

with L(0) = L,.
» Effedsonmaintenance: target parameter is the specific maintenance sts.
S L =rg(L, - L@+s(c,))) with L(0) = L,.

» Effedsonasdmilation: target parameter isthe maximum spedfic asgmil ationrate
S L =ry(L,@-s(c,)) - L) with L(0) = L,.



DEBtox fixes threeparameters at default values, and estimates up to four parameters from
bicassay data. The variables and parameters are

variables dimension fix Interpretation

t t exposure time

c mol |72 external concentration

C, mol |72 scded internal concentration

L I body length

s(c,) - stressfunction

Parameters

L, I +  initial body length

L, I - maximum body length

g - + energy investment ratio

ry t? +  vonBertaannfy growth rate
mol |72 - NEC

C. mol 17 - tolerance mnconcentration

Ke t™t - Elimination rate

Effects on reproduction

Body length istreaed as a hidden variable and scd ed to remove aparameter (maximum
length L, ); scded length relatesto lengthas | =L/ L,,. Thereproduction rates are given as a
function o scded length, and external concentration. The scded length and scded internal
concentration are given as differential equations. Their solutions are functions of time and
external concentration. The endpant in the Daphnia reproduction boassy isthe aumulated
number of off spring, rather than the reproduction rate. This number N relates to the
reproductionrate R as

N(t,c) =J:;R(I (s),c)ds or &N =R((t),c) with N(0,c) =0.

The reproductionrate in the control amourts to

R(,0)= 1 ELJ’LIZ—IgEformp; R(1,0)=0 for | <I,, where | =L, /L,

1-13 o+

Growth and reproduction depend onthe concentration d the compoundin thetissue. The
changein scaled tissue-concentrationis

gc, =k, (c—c, ~3c, k41 )/1 with ¢, (0)=0.

dt ~q q e dt

The third term in the secondfador acourts for the dil ution by growth. The reproduction and
growth rates depend onthe mode of action, and are spedfied below. The dfeds are expressed
in terms of the dimensionless*”stress’ function

s(c,) = ¢ max{o,c, —c;}



For indirect effects on reproduction (namely via effects on assimilation, maintenance or
growth), the change in scaled body length and the reproduction rate R(l,c) at scaled body
length | and external concentration c are

» for effects on assimilation (target parameter is the maximum specific assimilation rate)
$1=r0-s(c,) -1) with 1(0) =1,
R(l,c) = (1-s(c,))’R(1,0) for | >1,

» for effects on maintenance (target parameter is the specific maintenance costs)
&1 =r(1-1(1+5(c,))) with 1(0) =1,

R(,¢) = (1+5(c,)) 2R(,0) for | >1_

» for effects on growth (target parameter is the conversion efficiency from reserve to

structure)
a1 _ 3 1+g . _
H=rAh o Wi 0=,
R() = o SN0 by

T 1-13 Hi+s(c,)g +1 3
For direct effects on reproduction, the body growth is not affected and reduces to

2L =rg(L, —L) with L(0) =L,, or L(t) =L, — (L, —Ly)exp{-rgt}.
In scaled body length have

21 =rg(@-1) with 1(0) =1y, or I(t) =1-(1-1,) exp{-r4t}
Two types of direct effects on reproduction are delineated:

» for effects on the survival of (early) offspring (target parameter is the hazard rate of
offspring):
R(l,c) = R(l,0)exp{-s(c,)} for | >1

» for effects on the costs for reproduction (target parameter is the conversion efficiency
of reserve from mother to offspring):

R(,¢) = R1,0)1+ s(c,)) ™ for 1 >1,

DEBtox fixes four parameters at default values, and estimates up to four parameters from
bioassay data. The variables and parameters are



variables dimension interpretation

t t exposure time

C mol |72 external concentration

C, mol |72 scaled internal concentration

I - scaled body length

s(c,) - stress function

Parameters

l - initial scaled body length

I - scaled body length at onset
reproduction

g - energy investment ratio

Iy tt von Bertalannfy growth rate

R, #t7? maximum reproduction rate

G mol 17 NEC

C. mol |73 tolerance concentration

elimination rate




Effects on population growth

The number of individualsin a population is partitioned into living and dead ones; the total
number is counted or measured. The internal concentration is taken to be proportional to the
external one, so the stress function can be written as

s(c) = ¢ max{0,c—c,}
Three modes of action are delineated:
» effects on growth costs
N(t,c) = N(0,c)exp{r(c)t} with r(c) =r,(1+s(c))™
» effectson survival (during growth)

N(t,c) = N(O, C)%%exp{r(c)t} +1—%Ewith r(c) =r,(1+s(c))™

» effects on adaptation (i.e. on surviva at the start only)
N(t,c) = N(0,c)(exp{rot — S(c)} +1-exp{-s(c)})
DEBtox estimates up to four parameters from bioassay data. The variables and parameters ard

variables dimension interpretation

t t exposure time

C mol |72 external concentration

s(c) - stress function

Parameters

N(O,c) #17° inoculum size at concentration ¢

o t? control specific pop. growth rate
mol 173 NEC

C mol |72 tolerance concentration




