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Bioenergetic models, and specifically dynamic energy budget (DEB) theory, are gathering a great deal of interest
as a tool to predict the effects of realistically variable exposure to toxicants over time on an individual animal.
Here we use aquatic ecological risk assessment (ERA) as the context for a review of the different model variants
withinDEB and the closely relatedDEBkiss theory (incl. reserves, ageing, size &maturity, starvation).Wepropose
a coherent and unifying naming scheme for all current major DEB variants, explore the implications of each
model's underlying assumptions in terms of its capability and complexity and analyse differences between the
models (endpoints, mathematical differences, physiological modes of action). The results imply a hierarchy of
model complexity which could be used to guide the implementation of simplified model variants. We provide
a decision tree to support matching the simplest suitable model to a given research or regulatory question. We
detail which new insights can be gained by using DEB in toxicokinetic-toxicodynamic modelling, both generally
and for the specific example of ERA, and highlight open questions. Specifically, we outline amoving timewindow
approach to assess time-variable exposure concentrations and discuss how to account for cross-generational ex-
posure. Where possible, we suggest valuable topics for experimental and theoretical research.
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1. Introduction

Man-made substances that enter the environment can pose a risk to
exposed organisms. Prospective environmental risk assessments (ERA)
are conducted for substance groups prior to their release into the envi-
ronment (EFSA, 2010). The use of plant protection products can result in
highly time-variable exposure to environmental organisms due to mul-
tiple applications (Carazo-Rojas et al., 2018), weather driven events
(Spycher et al., 2018) (e.g. run-off) or themovement of animals through
a landscape (Liu et al., 2013). The assessment of such time-variable ex-
posures using the results of standard laboratory toxicity tests, usually
conducted with constant exposure conditions, requires extrapolation.
Mechanistic effect modelling is playing an ever-increasing role in ex-
trapolating the effects of constant toxicant exposure to organisms (e.g.
in standard laboratory toxicity tests) to effects expected under realistic,
time-variable exposure in the environment (Galic et al., 2010; Thorbek
et al., 2009).Within ERA the general unified thresholdmodel of survival
(GUTS) has been recognised as a suitable toxicokinetic-toxicodynamic
(TKTD) model to extrapolate lethality in laboratory tests to predict the
effects resulting from realistic, time-variable exposure profiles (EFSA
Panel on Plant Protection Products and their Residues (PPR) et al.,
2018). There is a clear need for models which can perform the same ex-
trapolation for sublethal effects, i.e. models that translate a time-
variable exposure concentration to predicted effects on growth, devel-
opment, and reproduction over time (Ashauer et al., 2011). The general
approach of sublethal effectmodellingmust differ fromGUTS due to the
increased complexity of the problem. Sensitivity to a substance may
change as the organism grows andmatures (Key et al., 1998) and the ef-
fects of the substance on growth and reproduction may in turn have an
effect on the uptake, distribution and elimination of the substance
(Bridges, 2000; Nichols et al., 2009). For these reasons it is essential to
consider how exposure will affect organisms of different sizes and ages.

Put simply, organisms are systems that acquire energy and use it to
grow and reproduce. Dynamic energy budget (DEB) theory offers a
comprehensive set of rules for the assimilation, dissipation (including
reproduction) and growth of a general organism which result in a sys-
tem of ordinary differential equations (ODEs) (Kooijman, 2010). Using
this as a basis it is possible to then model the uptake and elimination
of a toxicant aswell as the damage it causes to the organism by interfer-
ingwith the allocation of energy to growth and reproduction (Fig. 1 “Or-
ganism”). A wide range of DEB-based models have been developed and

tested to model these and other processes, each with TKTD additions in
what are now commonly referred to as DEBtox models, although the
name DEBtox was first coined for a specific piece of software
(Kooijman and Bedaux, 1996). Therefore, to avoid any potential confu-
sion we will refer to the approach and suite of potential model variants
as DEB-TKTD.

In order for thesemodels to be generally applicable the assumptions
they make must be reasonable, at least within the context of the
intended use. This is often difficult to assess. Further complications are
introduced with variable food, environmental or exposure conditions
which can induce starvation and are still not well accounted for within
current models. The effects of such variability are complex and not al-
ways entirely negative (Jager et al., 2013a; Costantini et al., 2010). Fur-
thermore, it is known that toxic exposure can have effects on future
generations in two main ways, either via altered sensitivity to the sub-
stance (Guo et al., 2012; Kim et al., 2012; Rix and Cutler, 2018), or direct
maternal transfer (Miller and Amrhein, 1995). Quantifying these effects
may be crucial to identify the true effects of exposure yet is largely ig-
nored in DEB models.

The number of different use cases and questions that have been ad-
dressed using DEB-TKTD has resulted in different assumptions and
therefore different model variants. We review the prominent DEB-
based model variants and explore the implications of each one's under-
lying assumptions in terms of its capability and complexity and propose
a clear unifying naming scheme which encompasses all variants. The
comparisons imply a hierarchy of model complexity which can be
used to guide the identification of the simplest model variant that is
fit for purpose both in terms of the species and stressor(s) of concern.
The study also provides essential context to understand how different
DEB-based models relate to each other.

While some have numerically compared different variants (Jager
and Klok, 2010) an analytical examination of the differences between
these models, both in the absence and presence of toxic stress, is cur-
rently lacking. We provide an analytical and numerical analysis detail-
ing the impact of the most important assumptions on model output to
investigate under which conditions they will impact the predicted ef-
fects of exposure.

Finally, we explore one potentialmethod to implementDEB-TKTD in
ERA, the moving time-window. While many open problems must still
be solved in this area, we propose ideas which may be the first steps
to a concrete and efficient implementation. For instance, the potential
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hazards of maternal transfer are discussed, and we derive a mathemat-
ical criteria to determine whether the age of the mother is a relevant
factor.

Although many aspects of this paper are broadly applicable across
different taxa and implementations of DEB theory, specific attention
will be paid to the question of extrapolating results from standard
chronic bioassays to realistic time-variable exposure for the purposes
of ERA. Using DEB to predict the effects of toxic exposure is one of the
most promising applications of the theory. Indeed, DEB-TKTD has al-
ready been used many times at the individual (Kooijman and Bedaux,
1996; Jager and Zimmer, 2012) and the population level (Martin et al.,
2012; Martin et al., 2014) and could play an important role in bridging
across even wider levels of biological organisation (Forbes and Galic,
2016). However, there remain a number of challenges which must be
overcome and the current lack of direction is impeding progress. The
goal of this paper is to discuss and, where possible, resolve as many of
these challenges as possible.

2. General DEB theory

A full description of DEB theory and the derivation of the standard
models have been presented many times before (see e.g. (Kooijman,
2010; Billoir et al., 2008; Jager et al., 2013b)). Herewe provide a brief in-
troduction to the core assumptions and energy fluxes illustrated in Fig. 1
(Organism). Readers with good knowledge of DEB theory may want to
skip to Section 2.1.

The general model organism has three life-stages: embryo, juvenile
and adult; and three state variables: structure (described by the cube
of structural length L), reserve (E) andmaturity (EH: embryo, juveniles)
or the reproductive buffer (ER: adults). Energy in the reserve is
mobilised and divided between the somatic (growth) and maturation
(reproductive) branches, a constant fraction κ of mobilised energy
goes towards growth, with the remaining (1 − κ) going to

maturation/reproduction. In each branch energy is first spent on main-
tenance, based on the current amount of structure (i.e. volume – L3) or
maturity. For endothermic organisms, one must also consider surface-
area related somatic maintenance for temperature control, although
these can be set to zero undermost laboratory conditions. Oncemainte-
nance has been paid, remaining energy in the growth branch is spent to
build new structure, and in the maturity branch on either maturation
(embryos, juveniles) or reproduction (adults).

Life stage transitions occur once a threshold maturity value is
reached. Embryos do not feed, instead they survive and develop solely
from the initial reserve received from their mother. Feeding begins
once embryos mature into juveniles. Once juveniles become adults
(known as puberty) maturity no longer increases and the energy is
used to build a reproductive buffer. How and when this buffer is emp-
tied is species specific and not in the domain of DEB theory. However,
for iteroparous batch-spawning organisms (which include standard
aquatic test organisms) reproduction is often modelled as a continuous
process (Jager and Zimmer, 2012; Jusup et al., 2017), hence no buffer is
necessary.

The feeding rate is determined by the functional response, f, a Holling
Type II response scaled between zero and one to represent the fraction
of the maximum feeding rate the organism could achieve (Holling,
1959). The standard DEB theory assumes isomorphic growth, meaning
the organism does not change shape as it grows and feeding scales
with surface area. Many organisms do change shape, including many
species offish (Kooijman, 2014) and there aremodel extensions that ac-
count for this (see Kooijman, 2010 and the associated comments docu-
ment). Although these are not explicitly considered in this paper, the
same issues remain relevant for these extended models.

Arguably the highest profilemodification to the standard DEBmodel
is DEBkiss, which follows an almost identical set of rules to DEB theory
but removes the reserve compartment (Jager et al., 2013b). Ingested
food is immediately mobilised into either the somatic or maturation

Fig. 1. Conceptual diagram of the framework of DEB-TKTDmodelling for ERA to address the time-variable exposure problem. “Environment” contains an exposure profile for the toxicant
of concern. “Internal toxicity” translates the exposure at any given time in thewindow to a level of physiological damage to the organism, based on the properties of the substance and the
organism. “Organism” deals with the general DEB-TKTD processes, the arrows show the energy fluxes, and the circled letters denote the various physiological modes of action, that is, the
processes which the stressor may affect (A= assimilation, M=maintenance, G= growth, R= reproduction). “Effects” shows a hypothetical example of growth and reproduction under
control (black) and exposure (red) conditions. The fat bidirectional arrowbetween “Internal toxicity” and “Organism” indicates the feedback loop between them. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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branch. The central currency in DEBkiss is mass, not energy (although
they obey the same general rules), this means that some state variables
change, for example maturity is typically written as mass of assimilates
spent onmaturation,WH. Embryos also behave differently inDEBkiss; as
there is no reserve their growth is instead funded by an egg buffer
which is assimilated as a food source (Jager et al., 2013b). Although it
is not necessary, DEBkiss models typically also do away with the con-
cept of maturity by assuming that there exists a constant ratio between
(structural) size and maturity; as a result life stage shifts occur not only
at a fixed maturity level but also a fixed size. The consequences and ev-
idence in support of the simplification are discussed in Section 0.

Despite the listed differences, DEB and DEBkiss are generally very
similar. For instance, von Bertalanffy growth emerges under constant
conditions in both DEB and DEBkiss. Furthermore, many parameters in
DEB have functionally equivalent counterparts in DEBkiss, although di-
rect comparison of parameter values is unwise due to the different di-
mensions and slight nuances in certain processes. Table 1 lists the core
parameters for both frameworks. Where possible, the differences be-
tween models are quantified and discussed in Section 4.3.

For both DEB and DEBkiss, moving from the model variables to real
world measurements requires auxiliary (or conversion) parameters.
Relevant examples for this paper are the dry weight density of structure
dV (similarly the densities of the reserve and reproductive buffer) and
the shape coefficient δM, used to translate between physical length Lω
and the structural length L (which assumes a cubic shape). Other auxil-
iary parameters may be necessary depending on the type of data avail-
able (e.g. wet weight instead of dry weight).

The parameters of the core models of both DEB and DEBkiss are
known as “primary parameters”, which relate to individual biological
processes or quantities but are generally abstract and difficult to mea-
sure from standard biological observations. The complexity of the
models can be reduced by introducing “compound parameters”
(Kooijman, 2010), but requires several simplifying assumptions,

namely: a constant ratio between size and maturity, and a fixed ener-
getic cost per egg. In the spirit of simplicity these models also assume
that reproduction is a continuous process. Compound parameters
group together primary (and sometimes auxiliary) parameters to re-
duce the total number of parameters. Compound parameters not only
reduce the challenge of model calibration but are also generally more
intuitive and often directly measurable. Knowledge of these relation-
ships can also be used to help refine estimates for the primary parame-
ters. Arguably the greatest benefit of using the compound parameter
models is that their simplicity often means that it is feasible to fully cal-
ibrate the physiological part of the model from bioassay data (observa-
tions of growth and fecundity over time) alone (Jager and Zimmer,
2012; Jager, 2020).

2.1. Model variant naming convention

Theprimary and compound parameters inspire the namingofmodel
variants within this paper. Models written in terms of primary parame-
ters have the prefix “pri” (e.g. priDEB) and those written in terms of
compound parameters the prefix “com”. Full details of the naming
scheme are given in Fig. 2. The relevant compound parameters are
also listed and defined in Table 1. Many of these compound parameters
appear in both comDEB and comDEBkiss, with equivalent purposes and
similar (or possibly identical) values but different mathematical defini-
tions in terms of primary parameters.

The history of DEB modelling briefly outlined above has led to sev-
eral predominant variants which could be used as the physiological
part of a DEB-TKTD model. These are: the standard DEB model, priDEB
(Kooijman, 2010); the simplified standard model, comDEB (Jager and
Zimmer, 2012); the reserve-less priDEBkiss (Jager et al., 2013b) model
and its simplified variant, comDEBkiss (Jager, 2018). The equations
and initial conditions of each model variant are stated in full in the
supporting information (SI). These physiological models describe the

Table 1

Table showing all parameters involved in the physiological part of the DEB variants (V and S.A. are abbreviations of volume and surface area). Primary parameters are those used in the
priDEB and priDEBkiss+mat variants. Parameters removed by priDEBkiss are shown in bold. The removal of maturity from priDEBkiss means that Lp appears in the model despite being
listed as a compound parameter. Dimensions are given as ℓfor length, ℇ for energy, t for time, m for mass (organism), ma for mass of assimilates and a dash for dimensionless parameters.
The von Bertalanffy growth rate in DEB is only truewhen the animal's reserve is atmaximumcapacity (see SI). N/a denotes parameterswhich are absent fromDEBkissmodels. Compound
parameters for both DEB and DEBkiss models are also defined mathematically. The zero in Lm0

3 highlights that these values are themaximum size in the control. DEB notation follows the
standard rules (Kooijman, 2010), i.e. a dot above the parameter denotes that it is a rate (dimension includes t−1), quantities per structural surface area (dimension L−2) have curly braces
and per volume have square brackets (L−3). Note that the shape coefficient δM (which translates between structural and physical size) can be incorporated into Lb, Lp, and Lm to directly
model physical lengths and remove the explicit need for this parameter in compound parameter models. While many of these parameters share the same purpose care must be taken if
values are compared between DEB and DEBkiss models due to the different underlying assumptions.

Primary parameter name DEB notation DEB dimension DEBkiss notation DEBkiss dimension

Maximum S.A. specific assimilation rate p
:

Am

� �

ℇℓ
−2t−1 JAm

a maℓ
−2t−1

Energy conductance v
:

ℓt−1 N/a –

Somatic fraction κ – κ –

V. specific costs for growth [EG] ℇℓ
−3 dV

yVA
maℓ

−3

V. costs for somatic maintenance p
:

M

� �

ℇℓ
−3t−1 JM

v maℓ
−3t−1

Maturity maintenance rate k
:

J
t−1 JJ

h t−1

Egg production efficiency κR – yBA –

Maturity threshold for birth EH
b

ℇ WH
b ma

Maturity threshold for puberty EH
p

ℇ WH
p ma

Energy cost per egg E0 (not constant in priDEB) ℇ WB0 ma

Compound parameter name DEB notation DEB definition DEBkiss notation DEBkiss definition

Energy investment ratio g EG½ � v
:

κ p
:

Amf g
N/a –

Length at birth Lb
κ

1−κ

Ebh
EG½ �

� �

1
3 Lb κ

1−κ

yVA
dV

WB0

� �1
3

Length at puberty Lp
κ

1−κ

Ep
h

EG½ �

� �

1
3 Lp κ

1−κ

yVA
dV

Wp
H

� �1
3

Maximum length Lm κ p
:

Amf g
p
:

M½ �
Lm κ JaAm

JvM

Somatic maintenance rate k
:

M
p
:

M½ �
EG½ �

N/a –

Von Bertalanffy growth rate r
:

B
p
:

M½ �g
3 EG½ � 1þgð Þ

rB yVA J
v
M

3dV

Maximum reproduction rate R
:

m
κR

E0
1−κ

κ
p
:

M

� �

L3m0−L3p

� �

Rm yBA
WB0

1−κ

κ
JvM L3m0−L3p

� �
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growth and reproduction of an organismwhich is not affected by signif-
icant toxicant related stress. The different assumptions have their own
limitations and data requirements for calibration which will be
discussed in Section 4.1. In order to model the effects of toxic exposure
we must now add a TKTD module.

3. Toxicokinetics-toxicodynamics (TKTD)

TKTD models deal with the uptake, biotransformation and elimina-
tion of toxic substances and the physiological damage that they deal
to the organism. Throughout this section we will assume aquatic expo-
sure for the TKTD. Other forms of exposure may require a different
structure, for example using ideas from body burden modelling for ex-
posure through ingestion (Bednarska et al., 2013; Martin et al., 2019).
However, the translation of the internal concentration (or damage) to
effects on physiological parameters is universal.

Within DEB-TKTD models, toxicokinetics have typically been
modelled as a scaled internal concentration (SIC), scaled to the same
units as the external concentration of the substance, Cw (Kooijman,
2010; Jager and Zimmer, 2012; Jager et al., 2013b). However, substances
vary in their TKTD properties, and in some cases the effects of exposure
are still felt long after the substance itself has been eliminated.(Sadoul
et al., 2019) To reflect these differences Jager (2020) proposed a gener-
alised model equation for scaled damage, D

dD

dt
¼ kd xu Cw−xeDð Þ– xG þ xRð ÞD; ð1Þ

where

xu; xe; xG; xR½ � ¼ Xu;Xe;XG;XR½ �∘
Lm
L
;
Lm
L
;
3
L

dL

dt
; FBVKRV

dRc

dt

� 	

ð2Þ

xu↦ max 1; xuð Þ xe↦ max 1; xeð Þ

The circle denotes element-wise multiplication. The two terms in the
first bracket of (1) describe the uptake and elimination of damage, the
rates of which are mediated by the dominant rate constant, kd. The xi's
represent feedbacks which can be “off” (Xi=0) or “on” (Xi=1) depend-
ing on the nature of the stressor(s). The processes in question are u (e):
the rate of uptake (elimination) modulated by the surface area:volume
ratio, G: damage diluted by growth and R: damage diluted by reproduc-
tion. Dilution by reproduction requires some additional parameters: FBV
is themass of an egg as a fraction of themass of themother (set to a con-
stant value for simplicity) and KRV is the partition coefficient between egg
material (composed of reserve for DEB organisms andmass of assimilates
(energy) for DEBkiss) and structure. The classical SIC ODE (Jager and
Zimmer, 2012; Zimmer et al., 2018) is a special case of Eq. (2), namely
where the switches take the values [Xu,Xe,XG,XR] = [1,1,1,0]. Impor-
tantly, the damage equation is compatible with any DEB model variant.

This physiological damage must be translated into effects on the
organism's growth, reproduction and/or survival within the DEB
model. This is done with the use of a non-dimensional linear-with-
threshold stress equation:

s ¼ bmax 0;D−c0ð Þ ð3Þ

where c0 is a threshold value below which the organism suffers no ef-
fects and b determines the sensitivity above the threshold.

For sublethal effects the stress value alters one or more of the pri-
mary parameters in the physiological part of the DEB(kiss) model. The
parameters affected are determined by the physiologicalmode of action
(pMoA) (Ashauer and Jager, 2018; Jager, 2019). In theory, any parame-
ters could be affected by stress. However, for the vast majority of
chemicals, the pMoA is generally one, or a combination of several, out
of four pMoAs: Assimilation, Maintenance (both somatic andmaturity),
Growth and Reproduction (Ashauer and Jager, 2018). The schematic in
Fig. 1 showswhere these pMoAs actwithin thephysiologicalmodel. The
effects on primary parameters are given in Table 2, effects on compound
parameters correspond to their definitions in terms of the primary pa-
rameters (Table 1). Identifying (or at least narrowing down) the domi-
nant pMoA is possible through observation of the modelling and
bioassay data (Jager, 2019).

Mortality is traditionally modelled according to the “stochastic
death” approach.(Jager et al., 2011) Stress induced mortality generally
occurs with different sensitivity and thus requires a second stress
Eq. (3) with new c0 and b values giving survival stress, h. The survival
probability S is then determined by the ODE:

dS

dt
¼ − hþ hbð ÞS ð4Þ

where hb is some background mortality rate linked to accidental death
and is not suitable to describemortality through ageing, which requires
an extension to the priDEB(kiss) model (Sec. 4.1.2). The alternative “in-
dividual tolerance” (Jager et al., 2011) approach may also be used, al-
though it is less consistent with sublethal effects, both in terms of
mathematical description and underlying rationale.

pri DEB (kiss) (+__)

Model uses primary or 
compound parameters

kiss for models 
without reserve

(Optional) changes 
from standard version

Fig. 2. Graphic explaining the proposed naming scheme for the DEB variants.

Table 2

List of the standard pMoAs and the corresponding effects on primary parameters. Under
the growth pMoA stress is also applied to the flux to maturation in juveniles. This means
that the ratio between structural volume andmaturity is the same as under zero stress. In
particular, this means that if size at puberty is constant, the growth pMoA does not alter it.
There are multiple choices for how reproductive stress may be modelled which will typi-
cally produce similar results. The first of these is the most common choice.

Physiological mode of action Effect on DEB
parameters

Effect on DEBkiss
parameters

Assimilation f ↦ f(1 − s) f ↦ f(1 − s)
Maintenance p

:

M

� �

↦ p
:

M

� �

1þ sð Þ

k
:

J↦k
:

J 1þ sð Þ

JM
v

↦ JM
v (1 + s)

JM
J

↦ JM
J (1 + s)

Growth [EG] ↦ [EG](1 + s)
dEH
dt

↦
dEH
dt

1
1þs

yVA ↦ yVA/(1 + s)
dWH

dt
↦

dWH

dt
1

1þs

Reproduction – increased egg costs κR ↦ κR/(1 + s) yBA ↦ yBA/(1 + s)
Reproduction – decrease in yield κR ↦ κR/(1 − s) yBA ↦ yBA/(1 − s)
Reproduction – hazard to embryos
during oogenesis

κR ↦ κRe
−s yBA ↦ yBAe

−s
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4. Model variants

4.1. Model trade-offs

Every model is a simplification of reality. The modeller must decide
which elements are crucial to the behaviour of the system and which
can be ignoredwithout seriously affecting the ability of themodel to an-
swer a specific question. We define different DEB model variants by
identifying themajor elements which can either be included or ignored
in a DEB model and order these in decreasing complexity, capabilities
and data requirements (Fig. 3).

The question set (problem definition), the nature of the species, the
requirements of themodel, the available data and the assumed environ-
mental conditions influence which elements are necessary. Inmany ap-
plications predictions will be made using constant environmental
conditions identical to the laboratory toxicity experiments. Imposing
fixed environmental conditions has implications for the required
model complexity,whichwill be discussedwhere relevant. The answers
to the questions in Fig. 3 give an indication of theminimum complexity
required from the model and thus which variant minimizes data re-
quirements while retaining all necessary capabilities. Reaching a
model variant does not necessarily mean that the subsequent questions
do not need to be answered, but rather that the answerswill not impose
greater demands on model complexity than what has already been
determined.

All of thesemodels have their roots in the general DEB theory. Using
priDEB as the basis for a model offers the greatest flexibility and widest
scope of any model variant. Within TKTD modelling it is theoretically
possible to use parameter estimates for sensitivity to a substance and
extrapolate to predict effects on a related, untested species. This has
been done for models which predict mortality (Gergs et al., 2019) but

to our knowledge has yet to be attempted for sublethal effects (Baas
et al., 2018). More work must be done to investigate the feasibility
and reliability of extrapolating toxic effects from one species to another
before we can know how important the choice of model variant is. For
instance, it is not sufficiently known whether a substance will act
through the same pMoA in a different species (Ashauer and Jager,
2018), or how similarities in taxonomic or DEB properties may influ-
ence the sensitivity to a substance. However, there is some indication
that phylogenetically close species show similar sensitivity patterns to
a pesticide (Hammond et al., 2012), but these findings need more re-
search to be generally applicable. Thus, at least in the short term, extrap-
olation from a tested species to a related, untested species is not a
realistic goal for models used in regulatory risk assessment (EFSA
Panel on Plant Protection Products and their Residues (PPR) et al.,
2018). Furthermore, all current bioassays used for risk assessment
maintain constant, (approximately) ideal conditions and thus in general
we do not know how toxicity changes in a fluctuating environment.
Thus predictive models are often limited to the same constant condi-
tions as in the laboratory. The remainder of the subsection is dedicated
to addressing each question in Fig. 3.

4.1.1. The reserve compartment

The reserve compartment forms a buffer between food density in
the environment and the energy demandwithin the animal. The theory
states that the reserve is more significant in larger species (Jusup et al.,
2017) and thus it may be essential to model the reserve for animals of a
certain size although this cannot be guaranteed. A reserve may also be
beneficial if comparing results across species. Such comparisons benefit
fromusing themost general theory in order tomodel the differences be-
tween organisms of similar size which differ significantly in their ratio
of structure to reserve (Nisbet et al., 2000). These differences may be

Fig. 3.Adecision tree to identify the simplest applicablemodel based on necessary features. Endpoints of the decision tree donot necessarilymean that nomore decisions need to bemade,
but that the chosen features have dictated the minimal complexity required (with the exception of “DEB” if the reserve is essential, subsequent questions in the flowchart must be
answered to find the simplest possible DEB variant). The first shaded region denotes capabilities which can be incorporated by a DEBkiss model (as well as DEB). The smaller shaded
region (“No extra data required”) indicates the range where data gathered by standard (aquatic) bioassays are fully sufficient to calibrate the model variants. The model variants are:
priDEB, priDEBkiss+mat, priDEBkiss, comDEBkiss+κ, comDEB and comDEBkiss. Ageing modules are only possible with priDEB and priDEBkiss(+mat). The dashed box around the
ageing module is because it is misplaced with the respect to the axes, but not the shaded regions. Incorporating an ageing module will increase the model capabilities and data
requirements beyond those of priDEB alone.
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negligible for sufficiently similar species (e.g. of the same genus or fam-
ily), allowing for extrapolation to other species using DEBkiss.

Removing the reserve compartment removes an ODE from the
model and reduces the number of unknown parameters by at least
one. In the simplest model, comDEBkiss, every parameter is a directly
measurable quantity, the same cannot be said for comDEB. Further-
more, calibration of a DEB model will often lead naturally to a vanish-
ingly small reserve compartment (Jager, 2019). On the other hand,
without a reserve animals must immediately respond to an absence of
food. While this seems unrealistic the same is true for a fully grown an-
imal with a reserve, all mobilised energy in the somatic branch is re-
quired to pay somatic maintenance, thus any decrease in food
availability still requires an immediate starvation response (see
Section 4.1.4 for a discussion on starvation response). Questioning
whether reserve is essential is thus natural and removing it is reason-
able in many situations. Although for some organisms removing the re-
serve may be an over-simplification, there is a proven track record of
successful calibration to many standard test species, namely aquatic in-
vertebrates and small fish (Jager et al., 2013b; Sherborne and Galic,
2020), including similar reserve-less models which predate DEBkiss
(Jager et al., 2013b; Sherborne and Galic, 2020; Kooijman and Metz,
1984).

Finally, in priDEB an embryo is producedwith exactly the level of re-
serve so that the reserve density at birth is equal to the reserve density
of the mother at the time of egg formation, known as maternal effect
theory. All reduced models, and all DEBkiss variants instead impose a
fixed energetic investment per egg. Evidence exists which supports
each approach (see within Kooijman, 2010; Jager, 2018) but a fixed
cost per egg allows for greater freedom to alter the investment in each
egg in response to stress. A notable, relevant, and frequently observed
phenomenon is the tendency of Daphnia magna to produce larger,
stronger offspring in response to poor feeding conditions (Glazier,
1992; Guisande and Gliwicz, 1992). Barry (1996) tested endosulfan on
D. magna and found a small (but not statistically significant) increase
in mean egg mass at higher concentrations, despite the maternal Daph-
nia being smaller. These examples show the varying evidence onmater-
nal effect theory and the benefits of allowing the energy invested in
each egg to change. The best option may be to measure the mass of a
subset of eggs in each treatment and use it as a fixed value for each
treatment. This would also reduce the number of parameters to be
fitted. Regardless, this is not the primary concern of removing the re-
serve. The decision should be based on the long-term behaviour of the
organism. In either case, the subsequent questions are very similar.

4.1.2. Ageing

In order to predict chronic effects onemust acknowledge the chang-
ing nature of the organism over time. The sensitivity of the organism
may depend on its life-stage. For instance, a fully grown organism will
not display any negative effects of exposure to a substancewhich affects
only structural growth costs, whereas a growing organism under the
same conditions could be severely affected.

Generally, as organisms age their behaviour changes, feeding and re-
production rates typically decrease (Álvarez et al., 2005; Dudycha,
2003). Ageing occurs as reactive oxygen species (ROS) are created dur-
ing an animal's life. Since animals tend to live longer at lower food
levels, within DEB theory the accrual of ageing stress is linked to assim-
ilation or mobilisation of energy, requiring (at least) a priDEB(kiss)
model base (Kooijman, 2010). Ageing is a form of damage which typi-
cally modulates survival and fecundity. Therefore, in order to make ac-
curate predictions over the whole lifespan of an organism an ageing
module should be incorporated. However, this imposes significant addi-
tional requirements on both the model and data. Not only would most
bioassays need to be extended far beyond their current duration, but
since ageing is a form of stress incorporating it raises the complicated
issue of multiple stressors (Baas et al., 2010a). This would be especially
difficult since, over a whole life, there is no way to study the effects of a

toxicant independent of ageing. The alternative is to ignore ageing in the
model and run it for a prescribed length of time (or until toxicant-
induced mortality). In a risk-assessment context, this period will be
thedurationof themoving time-window(see Sec 5). In practice,model-
ling ageing is not only difficult but – for many applications in ERA – also
unnecessary, meaning that ignoring ageing is the generally advisable
approach.

4.1.3. Size and maturity

An organism reaches maturity when it crosses the maturity (pu-
berty) threshold, by allocating energy to maturation. The “com”models
and priDEBkiss all assume that (structural) size at puberty is fixed, i.e.
that the threshold is a certain size that must be reached or exceeded
for reproduction to occur. This assumption can also be used to
parameterise priDEB(kiss) models when data is only available at a sin-
gle food level (Kooijman, 2010). As it stands then, this assumption
must be enforced if DEB models are to be parameterised only from bio-
assay data. A change in the size at puberty has been observed in re-
sponse to changes in temperature (Dhillon and Fox, 2004), or the
presence of parasites (Chadwick and Little, 2005), or predators (Coors
et al., 2004). However, in order to be relevant to predictions made
based on laboratory conditions it must change significantly in response
to stress induced by a PPP.

A fixed size at puberty results from setting the somatic maintenance

rate (k
:

M ¼ p
:

M

� �

= EG½ �) equal to thematuritymaintenance rate (k
:

J). Other-
wise, the same organism will mature at different sizes under different
conditions. Ebert (1992) studied this expectation inD.magna. Eggproduc-
tion begins two instars before laying. Under reduced feeding Daphnia

started spending energy on egg production several days and instars
later, only after passing a size threshold. The Daphnia continued to grow
during the development of the first brood, leading to variability in size
atfirst reproduction (i.e. deposition of thefirst brood) between the groups
fed at different levels. Dhillon and Fox (Dhillon and Fox, 2004) studied the
temperature-size relationship for the size and age at puberty in Japanese
medaka, another common test species. In some treatments fish were
split between ad libitum food and an equilibrated ration designed to
unify growth rates across temperatures. Fish fed ad libitum were only
marginally larger at puberty. However, as puberty was measured as the
time when eggs were first observed it is possible that the hypothesis
made by Ebert also holds for medaka. If these size differences are signifi-
cant then a time delay equal to the length of gestation can be incorporated
into reproduction and the assumption of a fixed size at puberty retained.

Examples where size at puberty is altered by stress are typically
characterised by an earlier onset of reproduction and reduced growth,
this “fecundity compensation” is usually triggered by predators (Ebert,
1992) or parasites (Dhillon and Fox, 2004). Hall et al. (2007) used DEB
to develop amodel of parasitismwhich included a parasite driven influ-
ence on κ. This shift is suggestive of decreasing κ,providingmore energy
to reproduction. As such these examples do not provide evidence that
contradict the assumption that somatic and maturity maintenance
rates are equal. Modelling these examples requires a variant which
can accept a dynamic κ and variable size at puberty, limiting the choice
to priDEB or priDEBkiss+mat (Fig. 3). As these responses are not the re-
sult of exposure to a pesticide this pMoA is currently not necessary in
ERA. A notable exception to this trend was found in nematodes, which
the authors modelled as a descriptive decrease in Lp within a comDEB
model (Álvarez et al., 2006). An investigation into whether using
priDEB(kiss+mat) with the pMoAs identified in that study produces
an effect on size at first reproduction similar to that observed in the
data would be very valuable. Overall, our current knowledge suggests
that the pMoAs considered in DEB-TKTD models are sufficient for PPPs
(Ashauer and Jager, 2018).

One potential area of concern is applying a fixed size at puberty to
organisms which are (almost) fully grown before they start to repro-
duce. Offspring are formed from energy remaining after maturity
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maintenance has been paid. Under a fixed size at puberty the proxy for
remaining energy is the difference between current size and size at pu-
berty. If size at puberty is close to the maximum size fecundity will be
extremely (and unrealistically) sensitive to any reduction in growth, re-
gardless of the source and scale of stress. This will predominantly be a
concern in determinate growers, including many species of birds and
mammals rather than thefish and crustaceanswhich constitute thema-
jority of aquatic test species.

It seems that a fixed size at puberty is a reasonable simplification in
many cases. However, if this is found to be violated for a given species,
or a PPP which alters κ is found then DEB variants which explicitly in-
clude maturity must be used, at least in those instances. The EPA guide-
lines for the mysid chronic toxicity test requires that organisms are
measured when secondary sex characteristics are visible (EPA, 1996).
This guarantees a data point where length is close to length at puberty.
If similar guidelines were established for more species it would provide
useful data to test this assumption and calibrate models.

4.1.4. Starvation

During reduced food availability growing organisms naturally slow
their growth rate. This remains true until they hit the non-growth
boundary, the point where the somatic branch is only receiving enough
energy to pay somatic maintenance and growth ceases. This boundary
point is slightly different for DEB and DEBkiss models. In the DEBkiss
framework assimilated food is immediately mobilised, and thus the
non-growth boundary is given by f ¼ L

Lm
, whereas for DEB models the

reserve density e ¼ v
:

p
:

Amf g
E
L3
determines the amount of energymobilised,

and the non-growth boundary is e ¼ L
Lm
. (These relations are identified

by setting dL
dt
¼ 0.) This gives the growing DEB model organism a buffer

during times of food scarcity that the equivalent DEBkiss organism does
not have. This is sometimes known asmild starvation (Kooijman, 2010).
Mild starvation occurs when the reserve is being depleted but the re-
serve density is sufficient to cover somatic maintenance. Mathemati-
cally, this means that

fb
L

Lm
≤e; ð5Þ

However, for L = Lm optimal conditions are required just to remain
at the non-growth boundary. Any decrease in the food level decreases
the mobilisation rate and moves the organism below the non-growth
boundary and into “severe” (or prolonged) starvation. Typically, models
assume an “absolute” preference for maintenance to be paid from the
reserve. However, this need not always be the case (Tolla et al., 2007).

Under severe starvation organisms must break the rules of the gen-
eral DEB(kiss) framework. The theory in this area is still developing and
is likely to be at least partially species or taxon specific. For instance,
some organismsmay dealwith starvation by reducing or ceasingmove-
ment, shrinking (Huusko et al., 2011), or regressing to a juvenile state
(Thomas and Ikeda, 1987). Starving organisms may still reproduce,
using the reproduction buffer or the remaining flux into the reproduc-
tion branch. However, often a starvation response is modelled by ceas-
ing growth and redirecting enough energy from the 1− κ branch to pay
for somatic maintenance (Kooijman, 2010; Jager, 2018; Pecquerie et al.,
2009). This is the default response in comDEBkiss+κ. Real-world sup-
port for this comes from observations of oocyte resorption and decreas-
ing gonad mass in starving organisms (Bell, 1971; Corriero et al., 2011).
If all mobilised energy (i.e. from both the κ and (1− κ) branches) is still
insufficient to pay somatic maintenance then typically the organism is
assumed to either shrink (burn structure to pay maintenance costs)
(Jager et al., 2013b), or die (Pecquerie et al., 2009). The priorities for
the animal are thus: somatic maintenance, current structure, maturity
maintenance, reproduction, growth of new structure. Larger values of
κ mean that proportionally less energy is able to be redirected from
the maturity branch, and thus that this adaptation provides less benefit

to the organism. In other cases shrinking is the first and only response to
severe starvation (Augustine et al., 2011), in which casematurity main-
tenance and reproduction are second and third in the list of priorities.
An implication of both schemes is that maturity maintenance is, to
some extent, optional. Consequences of this including rejuvenation
(Thomas and Ikeda, 1987), or increased susceptibility to disease
(Furlong and Groden, 2003) have been observed in experimental stud-
ies. These rankings are reasonable, butmay not be true for all species. In-
deed, different frameworks of early DEB models proposed different
rankings, which were tested by Glazier and Calow (Glazier and Calow,
1992). They found evidence of different rankings in different strains of
D. magna, and even differences across life-stages. An experiment by
Bradley et al. (1991) suggested a priority order of maintenance, growth,
reproduction. These responses can each be incorporated within a DEB
(or DEB-like)model, but they highlight the difficulty of applying a single
modelling approach to all organisms under extreme conditions.

When shrinking is the first and only response to starvation, an extra
parameter for the efficiency of regaining energy from burning structure
is all that is needed in priDEB or comDEB (Augustine et al., 2011), and
this is true for DEBkiss as well. Until recently, the primary parameters
were assumed to be necessary to correctly adjust the redirected fluxes
under severe starvation. A notable exception to this is the recent work
of Jager (2020) where comDEBkiss is extended to handle starvation
with no more than two additional parameters needed (referred to as
comDEBkiss+κ). This model is also detailed in the SI. While comDEB
and comDEBkiss cannotmodel such responses to starvationwithout ex-
tension they can be used to identify the onset of severe starvation – i.e.
the point where the organism crosses the non-growth boundary – this
point is the same in the “com” and “pri” forms of the model.

Before starvation can be modelled in a standard manner there is a
need for further investigation into the biological responses, particularly
when caused by exposure to a PPP rather than a dedicated starvation ex-
periment. Little is known about severe starvation in response to toxicant
stress, largely because it is so unlikely in standard toxicity bioassays.
Generally, chronic exposure studies begin with young, small animals
who canmodulate their growth to a sizewhich is sustainable under con-
tinued constant exposure. Pulses of exposure later in life are more likely
to induce severe starvation, but are rarely implemented in experiments.

Typically, organisms are maintained under constant environmental
conditions and (approximately) ad libitum feeding conditions. In
many cases these conditions will also be assumed in model predictions.
Whether starvation can occur at all then depends on the pMoA of the
substance. Stress to reproduction has no effect on the somatic branch
and stress to growth only impacts the somatic branch once mainte-
nance has been paid. That leaves assimilation and maintenance as the
pMoAs which can induce starvation even under ad libitum food. How
they induce starvation is crucially different. The DEB-TKTD schematic
in Fig. 1 (“Organism”) shows that the maintenance pMoA only directly
affects the organism once the reserve has already been mobilised. This
means that the scaled reserve density remains at equilibrium so long
as feeding conditions do not change. Thus f ≡ e and Eq. (5) shows that
mild starvation cannot occur. Hence, under stress to maintenance DEB
and DEBkiss organisms with identical growth curves will both enter se-
vere starvation at the same time. By contrast, the assimilation pMoAdis-
rupts the intake of energy since f ↦ f(1 − s) (see Table 2). This means
that mild starvation can occur in DEB organisms. Consider stress to as-
similation acting on an identically growing DEB and DEBkiss organism
from initially optimal conditions. For the DEBkiss organism, the non-
growth boundary becomes f(1− s) b L/Lm, whereas for DEB it remains
e b L/Lm. Since e ≥ f(1 − s) there will be a period of time where f

(1− s) b L/Lm b e, i.e. the DEBkiss organismwill experience severe star-
vation whereas the DEB organism can still survive as usual thanks to its
reserve. The DEB organism is therefore more resilient to assimilation
stress than equivalent DEBkiss organisms. At the individual level results
produced by assimilation and maintenance pMoAs are so similar that
distinguishing between them generally requires feeding data. However,
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they can have significantly different implications at the population level
(Martin et al., 2014). Assimilation stress reduces the amount of food
eaten by an individual, but that food is still available for others. As
long as reproduction can still occur and population density is not a dom-
inant factor, the population will shift to a higher number of smaller in-
dividuals. Under maintenance stress animals eat the same amount of
food, but grow and reproduce less, so the negative effects to population
biomass are much greater.

Perhaps more than any other question in Fig. 3 the extent to which
these issues are of concern is dictated by what question is being asked
and hence, what constitutes an unacceptable risk. The most conserva-
tive approach would be to register any time when the organism falls
below the non-growth boundary as an unacceptable risk, and stop the
model. This side-steps the complex issues of modelling the response
to and recovery from starvation. However, if organisms were allowed
to approach their ultimate size in the time-window then results may
be biased towards the end of their life. A single instant where somatic
maintenance could not be covered may be considered worse than a
sustained period of decreased growth caused by a reduced energy sup-
ply. Ultimately, we need to look at the overall impact on the individual's
fitness andwhether exposure to a chemical significantly reduces its sur-
vival and reproductive potential, and, as a consequence, the persistence
of its populations.

Hyperphagia is often observed once feeding conditions improve
(Gurney and Nisbet, 2004; Metcalfe and Monaghan, 2001). This could
be viewed as a compensatory response in growth as part of an
organism's recovery, but the true picture is more complicated. Hyper-
phagia has been connected to negative effects later in life and could be
an additional form of stress brought on by changing conditions
(Metcalfe andMonaghan, 2001). Continuing during and after starvation
in standard models for use in ERA requires a sound argument that the
effects of hyperphagia are negligible and – depending on the starvation
strategy – an accurate estimation for κ. The amount of shrinking that is
possible before death cannot be answered for all species in general, but
is dependent on other factors (Lika et al., 2014). The theory also dictates
that, under starvation, the effect of dilution by growth is reversed to
concentrate scaled damage, potentially leading to a feedback loop.
This result also requires testing.

If the simplifications proposed by each of these questions so far have
been accepted, it will generally be the case that the simplest model var-
iants are applicable (exceptions discussed in Section 4.1.5). The major
benefit of reaching this point is that the need for literature data in
model calibration is minimal. Indeed, for comDEBkiss data on growth
and reproductionwill typically be sufficient, providing enough observa-
tions of growth and fecundity over time are taken. For comDEB, the
compound parameter g remains difficult to fit unless control data are
gathered over multiple feeding levels.

4.1.5. Initial stage

Initial conditions are necessary in any mathematical model. This
means that we must define an initial state for the model organism.
While oftenwewill want tomodel thewhole life-cycle of the organism,
this is not always the case, for instance some organisms may only be
vulnerable to some stressors during particular phases of their lifecycle
(Zimmer et al., 2018). At the fullest extent this means that the model
must begin from the embryo phase. For an embryo, the damage ODE
(1) may need to change. If uptake or elimination is modified by the
organism's surface area (i.e. Xu =1 or Xe=1 in (2)) all variants will re-
quire some estimate of the (approximately) constant surface area of the
embryo.

Embryonic growth and development are less well understood
within DEB theory than other life stages. Typically, (and especially for
short-lived animals) the embryonic phase is short enough that any dis-
crepancies are not viewed as damaging to the quality of the model as a
whole. If this can also be assumed in TKTD modelling then the primary
need to explicitly model effects on the embryonic phase is for differen-
tial sensitivity of lethal effects during this life stage. For instance, in
some cases the embryo can show significantly reduced sensitivity
(Knöbel et al., 2012). In such a case a threshold size and a new set of ini-
tial conditions are necessary to add to comDEB(kiss). This alone is chal-
lenging for the initial scaled reserve, e0 ≫ 1, but a relationship in terms
of compound parameters can be found so that embryonic development
in comDEB is approximately equivalent to that in priDEB. Given an
(often arbitrarily small) initial size, L0, and a (known or estimated)

size at birth, Lb, e0 ¼ Lb
L0

� �3
1þ gð Þ (see SI). Models in terms of primary

parameters need no modification. In rare cases where sublethal effects
on embryos must be explicitly modelled priDEB(kiss) will almost cer-
tainly be necessary; initial amounts of reserve or egg buffer and the
rules for birth (onset of feeding) increase the complexity required. Sub-
lethal effects on embryos are often difficult to quantify, for instance, ab-
normalities and stunted or aborted growth are commonly observed
(Wiegand et al., 2001). Significant species-specific experimental work
would need to be done in order to quantify the effect of – for example
– a curved spine or shell on future survival, growth and fecundity.

4.1.6. Summary

Each of the assumptions in this section is a trade-off between capa-
bility and complexity. Each model variant makes its own compromises,
summarised, along with the required number of physiological parame-
ters, in Table 3. (Full details of these parameters are given in the SI.) At
first glance, the reduction in the number of model parameters may
seem small compared to the sacrificed capabilities. However, whatmat-
ters more is the difficulty of calibrating those parameters. Kooijman
et al. (2008) provide guidelines on which parameters can be estimated

Table 3

Table of potentially valuable capabilities of DEB-TKTDmodels and the required number of parameters for an ectothermic organism. For each variant the number of parameters are given in
the “basemodel”, where conditions are ideal and no stress is applied. Parameter counts include conversion parameters assuming observations are of length and fecundity over time, other
data typesmay require different (and perhapsmore) conversion parameters. The priDEB variant can be scaled to reduce thenumber of free parameters by one (see SI). Below, thepotential
capabilities are listed. Numbers in the cells denote howmany additional parameters (on top of the basemodel) the variant requires to include the capability, “N/A” indicates that themodel
cannot incorporate the feature, and model extension names are given where relevant. The food density, f, and TKTD parameters are omitted as they are independent of the DEB variant.
Details of all parameters are given in Table S2 of the supporting information.

Model features/capabilities DEB DEBkiss

priDEB comDEB priDEBkiss + mat priDEBkiss comDEBkiss

Base model 10 6 10 9 5
Modelled lifespan 2 N/A 2 2 N/A
Variable Lp 0 N/A 0 N/A N/A
Starvation onset 0 0 0 0 0

Starvation – redirecting fluxes 0 N/A 0 0
comDEBkiss+κ

1

Starvation – shrinking 1 1 1 1
comDEBkiss+κ

2
Embryo phase 1 2 1 1 2
Influence of maternal exposure 0 0 0 0 0
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in the priDEBmodel – andwhichmust be set to fixed values – from dif-
ferent data sets. For example, to calibrate thematurity maintenance co-
efficient requires growth and reproduction data at multiple feeding
levels. This data is not gathered during any standard bioassay and
would require significant additional time and effort to gather even in
bespoke experiments. Given that there are still many open questions
whenmodelling sublethal effects, itwas still not possible to recommend
a single variant over the others. However, the conditions under which
certain simplifications can bemade have been explored; we have recast
these simplifications as a series of questions to be asked. The answer to
each question either imposes some necessary level of complexity or
shows the avenue for further simplifications to be made. Ultimately,
we hope this may be useful for regulators and non-specialists to deter-
mine the domain of applicability of a given model variant.

4.2. Model endpoints

In the context of ERA, model application will not just aim at accu-
rately predicting an organism's growth and development in response
to stress, but also to refine endpoints. Ashauer et al. (2011) produced
a table of such endpoints. Table 4 contains the subset of those for
which DEB-TKTD is suitable. Simplified variants lose the ability to ex-
plicitly model development and thus its suitability will be species-
dependent (see Sec. 0).

4.3. Mathematical differences

Studies which discuss the differences between different DEBmodels
are few and far between (Baas et al., 2018), and usually limited to com-
paring numerical fits (Jager and Klok, 2010). In this section we present
analytical results which provide insight into the differences between
DEB variants. The majority of these differences will be between all
DEB and all DEBkiss model variants since, under constant conditions,
all DEB variants are equivalent to each other, as are all DEBkiss variants.

Under ideal conditions all variants produce identical growth curves
for feeding organisms providing that compound parameters in DEB
and DEBkiss have the same value. Compound parameter definitions in
Table 1 show how this constrains parameter values in the “pri” variants.
In animals with a reserve, weak homeostasis dictates that reserve den-
sity does not change at constant food levels (Kooijman, 2010), this en-
forces a somewhat counter-intuitive finding that constant reduced
food availability increases the von Bertalanffy growth rate in DEB organ-
isms. This is not the case in DEBkiss organisms as there is no reserve.
There is evidence to support DEB over DEBkiss in this regard (Lika and
Kooijman, 2011), but whether it is true or not its impact on the quality
of a model calibration or parameter values is rarely significant. The em-
bryonic phase is slightly different between DEB and DEBkiss. DEBkiss
embryos essentially feed on their egg buffer (yolk) at the maximum
rate (i.e. f = 1) until it is depleted. In contrast, DEB embryos mobilise
the energy in their reserve compartment. As embryos in DEB have a
negligible amount of initial structure the reserve density tends to infin-
ity at age zero. Such differences will have little impact due to the typi-
cally short duration of the embryonic phase in standard test
organisms. If modelling begins from birth (i.e. the onset of feeding)

then the growth of an organism beginning from the same length at
birth will be identical under ad libitum feeding conditions whether it
is modelled with a reserve or not.

There are more significant differences in how reproduction is
modelled under ideal conditions. We can use the analytical solutions
(derived in the SI) for reproduction to investigate how the difference
between the two evolves over time. Assuming the same compound pa-
rameters for DEB and DEBkiss (and therefore identical growth curves
from birth) we define Rs

c as cumulative reproduction in the DEB model

and Rk
c in DEBkiss and f = e = 1

dR
s
c

dR
k
c

¼ 1−
1

1þ g

LmL
2
−L3

LmL
2
−L3p

; ð6Þ

As organisms grow Eq. (6) approaches one as L→ Lm and the rates of

reproduction approach the same maximum rate R
:

m. The differences in
cumulative reproduction under constant conditions can be found
using the analytical solutions in the SI. The energy investment ratio g

is a crucial parameter in this context as it gives a sense of the signifi-
cance of the reserve. Animals which do not have a reserve immediately
dedicate all assimilated energy to growth and reproduction (in adults).
For animals with a large reserve proportionally more energy is stored,
meaning that under constant conditions at any given time less energy
is available to produce offspring. As g→ ∞ the role of the reserve dimin-
ishes and cumulative reproduction in DEB and DEBkiss approach equal-
ity. This is shown over time for various levels of g in Fig. 4. For all but the
extremely small values of g the difference is small compared to the total
number of offspring.

4.4. Different responses to pMoAs

The previous subsection showed that under ad libitum feeding con-
ditions and no toxicant stress, DEB and DEBkiss model organisms with
equal compound parameters (Table 1) will have equivalent growth
and similar fecundity except in extreme cases. It remains to see how
similar the behaviour of DEB and DEBkiss is under stress, particularly
the pMoAs defined in Table 2. Once again, wewill assume that the envi-
ronment and feeding conditions remain constant. Detailed mathemati-
cal calculations and results are provided in the SI, as well as a visual
indicator of how each pMoA may alter the size at puberty in models
with maturity (Fig. S1). The effects will depend on the ratio of somatic
to maturity maintenance rates

k≔
_k J

_kM
ð7Þ

in most cases where a fixed size at puberty (k = 1) is an unreasonable
assumption maturity maintenance is much smaller than somatic main-
tenance, i.e. k ≪ 1.

First we consider assimilation stress. As discussed in 4.1.4 the pres-
ence of a reserve can mean that the DEB organism follows qualitatively
different behaviour than the DEBkiss organism. This, and the fact that
reserve dynamics, structural growth and TKTD can all be interlinked
limits theoretical analysis of the difference between DEB and DEBkiss.

Table 4

A table recording common endpoints in ERA which can be modelled using DEB-TKTD models (Ashauer et al., 2011). Symbols denote the capability of each model variant to predict the
corresponding endpoint. The symbol ∝ denotes proportionality, i.e. the effect on the endpoint can only be modelled if it is consistent with some size (growth) effect.

Endpoint Example Guidelines priDEB comDEB(+κ) priDEBkiss+mat priDEBkiss comDEBkiss(+κ)

Survival OECD 202–4, 207, 210, 212–4 ✓ ✓ ✓ ✓ ✓

Growth OECD 211 ✓ ✓ ✓ ✓ ✓

Development OECD 211, 218–9, 228, 231 ✓ ∝ size ✓ ∝ size ∝ size
Reproduction OECD 211, 220, 222, 226, 228, 232 ✓ ✓ ✓ ✓ ✓

Larval development time OECD 218, 219, 228, 233 ✓ ✕ ✓ ∝ size ✕
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That said, perhaps unsurprisingly, in cases where the reserve is small
(g→∞) and reserve dynamics are fast (v

:
! ∞) the buffering effect disap-

pears and the effects of assimilation stress to DEB and DEBkiss organ-
isms become identical. Qualitatively at least, assimilation stress has
the same effect on the size at puberty in priDEB and priDEBkiss+mat.
For values of k b 1 increased stress decreases the size at puberty while
the reverse is true for values above 1 (Fig. S1). The fact that both DEB
(Kooijman, 2010) and DEBkiss (Jager et al., 2014) based models for as-
similation stress can adequately describe a given data set suggests that
the differences between the effects of assimilation stress for DEB and
DEBkiss are generally negligible. The other pMoAs do not affect reserve
dynamics, and thus permit further analysis.

Regardless of themodel variant, stress to maintenance has the same
effect. Counterintuitively, the von Bertalanffy growth rate increases by a
factor 1 + swhere s is as defined in Eq. (3), but this is countered by the
larger effect of the reduction in the maximum size. All DEB-TKTD vari-
ants are equally affected by this pMoA and thus, if growth is equivalent
before stress, it will remain equivalent under stress, at least until the
onset of severe starvation. If size at puberty is fixed, then the differential
effect on reproduction can be found from Eq. (6) (see SI). In caseswhere
size at puberty is notfixed, the effect ofmaintenance stress on Lp is qual-
itatively identical to assimilation stress above.

Stress to growth initially appears to have different effects in DEB
compared to DEBkiss (see SI). However, some analysis shows that stress
to growth costs can produce identical effects on size. Indeed, for a DEB
and DEBkiss model with identical growth curves in the absence of
stress, stress ss applied to the DEB organism is equivalent to stress sk ¼
g

1þg ss applied to the DEBkiss organism. This difference will be seen in

the values of the tolerance parameter b (Eq. (3)). For instance, for
these equivalently growing model organisms, if g = 1 for the DEB
model organism, then if bk ¼ 1

2 bs stress will have equal effects on struc-
tural length if other TKTD parameters are equal. The change in the ratio
of reproductive output under growth stress can then be foundby setting
g ↦ g(1 + ss) in Eq. (6). Under this pMoA the stress is generally also

applied to maturation (in models which have it). This is done so that
under the special case where size at puberty is fixed (Sec. 0) it remains
fixed under stress to growth. For priDEBkiss+mat animals, stress to
growth modelled in this manner never changes size at puberty since
both the growth and maturation ODEs are reduced by the same factor
(1/(1 + s)). By contrast, for DEB animals Lp increases (decreases) for
values of k greater (less) than one. However, in practice this change is
minimal except for extremely low values of the energy investment
ratio, g. Indeed, Lp is generally insensitive to stress on any pMoA (see
Fig. S1), and in practical terms could be assumed constant. An exception
to this could be organisms which reproduce in large numbers, even the
modest increase in energy allocated to new offspring as a result of a
smaller length at puberty could result in a great increase in numbers if
the energetic costs per egg are small.

The reproduction pMoA is the simplest case as it does not affect the
overall energy budget, has no consequences on growth or survival, and
does not differ between DEB and DEBkiss models. Regardless of the
formof stress chosen from Table 2 the effect is tomultiply the rate of re-
production. As such all forms of reproductive stress will have the same
proportional effect on reproduction regardless of which model variant
is employed and the ratio Eq. (6) is unchanged.

The impact of stress on reproduction from any pMoA may be the
most relevant changewhen it comes to assessingpopulation health. Dif-
ferences between DEB-TKTD variants come about from two different
sources. Firstly, if growth of the DEB and DEBkiss organisms diverge
then this will have a knock-on effect on the ratio of reproductive output
Eq. (6). Secondly, the effects of stressmay have a direct effect on the re-
productive branch. The reserve means that, for both maintenance and
growth pMoAs, reproduction for the DEB organism is less sensitive to
stress than the DEBkiss organism. Precise details of how Eq. (6) changes
when growth is held equal between DEB and DEBkiss are in the SI. In
practical terms, calibrating both a DEB and DEBkiss model to the same
data under either pMoA is unlikely to lead to identical growth curves,
as each model will compromise to identify the best description of both
growth and reproduction that it can.

Fig. 4. Illustration of the difference between cumulative reproduction for DEB and DEBkiss models under ideal conditions. The parameter g gives an indication of the importance of the
reserve, which vanishes as g → ∞. The von Bertalanffy growth rate is recalculated for each g so that growth remains identical for DEB and DEBkiss. The differences between fecundity

in DEBkiss (Rk
c) and DEB (Rs

c) thus only come from the difference in the form of the reproduction equation. This difference is expressed as a simple subtraction (Rk
c − Rs

c) in the left

plot, and as the fraction Rs
c/R

k
c in the right plot. All other relevant parameters were taken from the Add-my-Pet database entry for Daphnia magna as of 30/08/2019. These are:

L0 ¼ 0:026 cm, Lp ¼ 0:069 cm, Lm ¼ 0:152, k
:

M ¼ 0:273d−1 ,R
:

m ¼ 15:544. All length values are structural, not physical values. The red line on the left plot shows difference over time for
the database value of D. magna, g = 4.494. In that case, after 100 days, the DEB model organism produced 1236 offspring, and the DEBkiss 1249. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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The pMoA of a substance will also impact on which of the model ca-
pabilities listed in Fig. 3 remain relevant. Consider a substance which
only causes stress to reproduction in a laboratory exposure study. As
all treatments experience the same feeding and environmental condi-
tions one would expect growth and maturation of the test animals to
be equivalent (within the range of biological variability). Thus the size
at maturity will remain constant for all treatment levels, and the
modelfit and TKTDparameter estimateswill also be identical regardless
ofwhether themodel uses primary or compound parameters. Of course,
one should bemindful of simplificationsmade for such reasons if the re-
sults are ever translated to different conditions. A summary for all
pMoAs and model capabilities is given in Table 5.

5. The moving time window and cross-generational exposure

Once a chosen DEB-TKTD variant is calibrated to data and, ideally,
validated against independent data, it must be used to make predic-
tions. Making predictions while mimicking the standardised toxicity
test conditions is the clearest and simplest way to isolate the problem
of time-variable exposure from other varying conditions and explore
how time-variable exposure alone affects organism development. One
can view this as a virtual toxicity test in which only the exposure profile
differs from the experimental conditions. When the problem is phrased
as such it is also easier to see where it applies in the regulatory risk as-
sessment framework. However, as damage uptake and elimination and
the effects of stress can changewith the size and life-stage of the organ-
ism it is important to consider how an exposurewill affect individuals of
all sizes.

To deal with this, a moving time window approach is envisioned
(EFSA Panel on Plant Protection Products and their Residues (PPR)
et al., 2018). Themoving timewindow is an interval of the predicted ex-
posure profile where growth and reproduction aremodelled from some
starting point (e.g. birth or hatch) until some end condition is reached
(either a certain duration, or until death). Within each window the
“margin of safety” multiplier (Ashauer et al., 2013) will be found as
the constant by which the exposure must be multiplied before unac-
ceptable risks are predicted by the calibrated (and validated) DEB-
TKTDmodel. In this context unacceptable risks could include a decrease
in survival, growth and/or reproduction. The time window moves
through the exposure profile by some (small) increment and reassesses
the margin of safety multiplier. The minimum margin of safety found
across all time windows can then inform the risk assessment in much
the same way as the LPx value is proposed for GUTS models (EFSA
Panel on Plant Protection Products and their Residues (PPR) et al.,
2018). That is, some threshold value will be set, if the multiplier value
is greater than that threshold then that exposure profile will be deemed
safe for the species in question.

The procedure is illustrated in Fig. 5. If the time window is longer
than the exposure profile, for example when the test species has a
long lifespan, the process inverts, and the exposure profile shifts along
the age of the animal. The pre and post-exposure phases ensure that
all parts of the exposure profile are fully considered (Fig. 5). Depending
on which is considered most realistic or sufficiently conservative, these
phases may have zero exposure, exposure from another part of the

profile (e.g. wrap-around so that day −1 has the same exposure as
the final day), or continue the observed trend (e.g. some exponential
decay). To be comprehensive, these phases should be equal to the dura-
tion of the time window minus the incremental movement.

In general, only the exposure profile will change from the experi-
mental setup, that is, we assume that feeding and temperature condi-
tions remain constant and ideal – at exactly those conditions of the
often standardised (e.g. OECD guidelines) laboratory toxicity test that
generated the model calibration data. In the same spirit, it is tempting
to suggest that the time-window should be exactly as long as the bioas-
say used to calibrate themodel. However, consider a predicted exposure
profile with two separate major pulses of exposure 25 days apart. Al-
though a 21 day D. magna study may be sufficiently long to determine
sensitivity to the substance this does not mean that the two exposures
cannot both be relevant to a single Daphnia. Thus the duration of the
window may need to be adaptive, especially if the endpoint of concern
remains reduction in growth, reproduction or survival at a certain point
in time.

The extent of reduction in chronic endpoints (e.g. growth, reproduc-
tion) which is acceptable is traditionally determined by statistical
methods, for example using hypothesis tests to derive so called no effect
concentrations (NOECs) or using regression models to find an effective
concentration which has some x% effect on a given endpoint (ECx). The
concept behind NOECs is fundamentally flawed (Laskowski, 1995;
Kooijman, 1996; Crane and Newman, 2000; Landis and Chapman,
2011; Fox and Landis, 2016), and the use of EC values makes invalid as-
sumptions (Jager, 2011; Baas et al., 2010b) that render both concepts
unsuitable for assessment time-variable concentrations. Nevertheless,
one could suggest that the traditionally accepted effect size is 10%
(EC10) and therefore using a 10% reduction in growth or reproduction
at the end of the moving time window is most consistent with the cur-
rent regulatory ERA frameworks.

Table 5

The features from Fig. 3 whose relevance is affected by the pMoA of the substance are listed. “Relevant”means that damage caused by the given pMoA can alter organismal growth and
development from control conditions. Size and maturity are only relevant to Growth costs for DEB organisms since the growth pMoA does not change size at puberty for DEBkiss organ-
isms, in almost all cases changes to Lp for theDEB organismwill benegligible (see Fig. S1 of SI). Assimilation has anN/A for DEBkiss sincematernal effect theory cannot be applied.However,
it may be possible to apply stress to the size of the egg buffer to approximate it.

Model capability pMoA assimilation pMoA maintenance pMoA growth pMoA reproduction

Initial reserve per embryo Potentially affected Not affected Not affected Not affected
Size at puberty Potentially affected Potentially affected Potentially affected (DEB only) Not affected
Starvation Potentially affected Potentially affected Not affected Not affected

Maximum potential complexity required - DEB priDEB priDEB priDEB comDEB
Maximum potential complexity required - DEBkiss N/A priDEBkiss+mat comDEBkiss comDEBkiss

Fig. 5. An illustration of the moving time window progressing through a hypothetical
exposure profile. The pre and post-exposure regions are padded areas of zero exposure
to ensure that exposure early (late) in the profile can still be experienced by older and
larger (younger and smaller) organisms.
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Defining the acceptable effect size for growth and reproduction in
environmentally relevant and realistic scenarios – as opposed to
standardised laboratory bioassays – is also an open and species-
specific problem. Within ERA, the typical protection goal is the popula-
tion or ecosystem, not the individual. Thus an assessment of potential
population level effects could inform risk assessment at the individual
level. UsingDEB-TKTD at the core of ERA offers a chance for coherent ef-
fect assessment and modelling across biological scales (Galic et al.,
2010; Jager and Klok, 2010). In the future this could be developed fur-
ther by also incorporating sub-individual models (Murphy et al., 2018).

Whatever criteria formeasuring adverse effects are chosen, identify-
ing the worst case time-window will require significant computational
power. Happily, many of the potential time-windows can be excluded
from the process prior to any modelling taking place. The simple proce-
dure runs as follows: (i) construct the full list of possible time windows
and accompanying exposures, (ii) let cmaxmin be the largest minimum
concentration across all windows, (iii) any window whose maximum
concentration is lower than cmaxmin will have lower concentration for
any age within the window. As such, damage will be lower for any age
and thus this cannot provide the worst case margin of safety. The win-
dow which has cmaxmin as its minimum is a leading candidate for the
worst case exposure, but is not guaranteed. The benefits of this initial
thinning of time windows can be seen in the SI (Fig. S2), and are
maximised when the exposure profile contains one large, sustained
pulse, withminimal exposure either side. This approachwill require ad-
aptation in cases where maternal transfer is significant.

Typically, chronic bioassays begin with embryos or young juveniles
whose parents were acclimated to the conditions but not exposed to
the toxicant. Thus models for calibration and validation can safely as-
sume zero stress as an initial condition. However, in the real world em-
bryos may be produced with some non-zero internal concentration of a
potentially hazardous substance through maternal transfer. This is not
just a theoretical concern, experiments with D. magna embryos have
shown that maternal transfer can have serious adverse effects, even
when transferred to clean water less than 24 h after birth (Palma
et al., 2009; Kast-Hutcheson et al., 2001). The difficulty in assessing ma-
ternal transfer depends more on the TK equation being used than the
choice of DEB model variant. Miller and Amrhein (Miller and Amrhein,
1995) showed a strong linear relationship between the concentrations
of organochlorine pesticides and polychlorinated biphenyls in trout
muscle and their eggs. If SIC is the driver of organism stress then the ini-
tial conditions for an embryo could readily be found from the SIC of the
mother when the embryo was produced, provided estimates for the
amount of the substance transferred frommother to offspring are accu-
rate and reliable. However, this is not a universally applicable solution.
The relationship between concentration in the mother and embryo
may be non-linear (Fisk and Johnston, 1998), and in cases where scaled
damagemust be used the amount transferred is not so easy to quantify.
Kast-Hutcheson et al. (2001) use a technique whereby they could com-
pare effects on embryos developing in themother versus those develop-
ing in culture media with an equivalent external concentration of the
fungicide propiconazole. They found more severe effects in embryos
which developed in themother, suggesting that there is some biotrans-
formation or adverse effect occurringwithin themother that affects her
offspring.

Environmental exposure sustained over multiple generations could
alter the population's growth, fecundity and sensitivity to the substance.
In some cases, this may strengthen the population as they adapt to the
toxicant (Rix and Cutler, 2018). However, in other cases sensitivity in-
creases over multiple generations (Guo et al., 2012; Kim et al., 2012),
or there may be some trade-off, for example increased survival but re-
duced growth rates. These are changes to the (otherwise constant)
DEB-TKTD parameters. These shifts are of more concern to short-lived
species whose generations are also shorter. The current risk assessment
framework does not consider these potential long-term effects and thus
their potential should not necessarily be seen as an obstacle to the use of

DEB-TKTDmodelling. Rather, by understanding these changes as quan-
tifiable changes to parameters, DEB-TKTDmodels offer the possibility of
improving our understanding of them.

Moreover, experimental work can help quantify these changes. In
most chronic studies embryos of the F1 generation are maintained in
the same conditions as their mothers. Under these conditions, one
could begin by assuming zero initial damage and unchanged parame-
ters, but the cause of any deviation of the data from the predictions
could not be explained. An experiment could be designed to calibrate
a DEB-TKTD model to the F0 generation over its whole life. Embryos
gathered from each treatment level would then be split randomly into
two groups for the F1 generation: one kept under the same concentra-
tion and the second transferred to cleanmedia. Comparing observations
for the survival, growth and development of the F1 embryos exposed or
in clean media can then be used to calibrate the initial damage level,
keeping all parameter values from the F0 generation. This quantifies a
relationship for the amount of initial damage transferred from mother
to embryo. Applying the same relationship to data from the embryos
under continued exposure will give an indication of whether sensitivity
has been altered between generations. The expectation is then to see
emerging patterns across a variety of species and substances.

The desire for conservatism in regulatory environmental risk assess-
ment schemes raises one further issuewhen attempting to quantifyma-
ternal transfer. Since most test species are iteroparous two embryos
produced on the same day could be the offspring of two mothers of
very different ages, sizes and thus levels of exposure and damage
which will impact the initial condition and size of the embryo. These
embryos will experience the same exposure throughout the remainder
of their lives, but their growth and development may differ due to this
initial difference.

We can estimate how long exposure to a toxicant remains relevant
from the damage ODE (1). By considering only the elimination pro-
cesses we can estimate the time taken to eliminate a given percentage
of the damage caused. By setting this proportion to some value
(1− r)≈ 1we can estimate the time to (near) total recovery. Assuming
that damage has never been above the NEC (i.e. the analytical solutions
for L(t) and Rc(t) hold) the damage decreases over time according to:
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where D0 is the initial damage level and L0 is the length at time (but not
necessarily age) zero (see SI for the full derivation of the solution). Nu-
merical solutions can replace Eq. (8) if growth or fecundity have been
affected by stress. In the general case, numerical methods, such as the
bisection method, must be used to find t corresponding to the damage
level from Eq. (8). However, when all switches are off we have an ana-
lytical solution. The time to reach rD0 for some small r is equivalent to
the time to equilibrium, namely

tr ¼ −
ln rð Þ

kd
: ð9Þ

In this context, tr can be thought of as the time until damage recov-
ery or – more precisely – the time until only a fraction r of the initial
damage remains. Note also that this result does not rely on the analyti-
cal solutions for L(t) and R(t) and thus holds for any value of D0. Unless
the organism is shrinking (in which case we assume it will also not be
reproducing) this case is also the most conservative, that is, recovery
will be slowest. There then exists an interval of potential ages which
contains the worst-case maternal damage. For r ≈ 0, Eq. (9) gives the
upper bound of this interval. As a lower bound the mother must, of
course, be old enough to reproduce, i.e. ta ≥ tp where ta is the age of
the mother and tp is the age at puberty. This gives the interval
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tp≤ta≤tr ð10Þ

However, for particularly fast kinetics tr b tp and the interval will col-
lapse. Under these circumstances the maternal age is irrelevant to the
scaled damage of the offspring since all mothers old enough to repro-
duce will have (approximately) the same scaled damage. In the most
conservative case (9) gives a simple criterion for when maternal age
plays a role in the damage of the offspring, namely

kdN−
ln rð Þ

tp
ð11Þ

Determining theworst casematernal transfer – or at least an accept-
able estimated level of damage – is not trivial. Simulatingmany different
ages over the interval in Eq. (10) will add considerable computation
time and in extreme cases risks pushing the question back one genera-
tion rather than solving it. In other words, we may need to answer the
following question: what is the mother's worst case initial damage,
and is it relevant for its offspring?

6. Discussion

The development of DEB theory has become fragmented over time,
with differentmodels designedwith different focal species and applica-
tions in mind. While similar, these different variants all have nuanced
differences in their assumptions, domains of applicability, strengths
and weaknesses. As a result, it may be difficult and confusing for non-
experts to assess which variant is best-suited for their problem, or to
fully comprehend the implications of the implementation of a DEB
based model. Using DEB to predict the lethal and sublethal effects of
toxic exposure is one of the most promising applications of the theory.
However, the current lack of direction is impeding progress.

In an attempt to unify research in this field, we have introduced the
general theory behind DEB-TKTD modelling and the major model vari-
ants within DEB theory. The proposed naming structure provides a co-
herent scheme to facilitate communication of different DEB models,
including any extensions or deviations from the standard form. The as-
sumptions behind each of themajormodel variants have been reframed
as a series of questions organised in (roughly) descending complexity.
The result of this is a decision scheme which can provide modellers
and non-modellers with a reference guide to make or review decisions
on what level of complexity is required from a DEB-TKTD
implementation.

The first comprehensive simplification of the standard DEB model
was DEBkiss (Jager et al., 2013b). It has been shown that DEB and
DEBkiss provide similar estimates for the growth and reproduction of
an organism when calibrated to the same data (Jager and Klok, 2010).
Our results in Section 4.3 provide analytical results on similarities and
differences under constant conditions. These differences rapidly de-
crease as the role of the reserve becomes smaller (g→∞). The responses
to the common pMoAs (Table 2) are always qualitatively similar and in
some cases may be identical. Thus, both frameworks seem equally well
suited to TKTD modelling for a single species at the individual level.
Which framework is ultimately preferred will likely come down to the
value of the simplicity gained by removing the reserve against the po-
tential to expand to species or scenarios where the reserve may play
an essential role. An additional benefit of comDEBkiss is that every pa-
rameter relates to ameasurable quantity. It should therefore be possible
to obtain reasonable parameter estimates directly fromdata prior to cal-
ibration. The reserve prevents the same being true for comDEB, as the
parameter g cannot be measured directly and requires data at multiple
feeding levels to estimate it reliably. If the reserve plays a significant role
for the species one would expect to see systematic over-estimation of
fecundity in a DEBkiss model based on measured (as opposed to

calibrated) parameter values, since DEBkiss model organisms produce
more offspring under ideal conditions (6).

To calibrate more complex models one must use ample empirical
data for the given test species. In practice this would mean that each
species (or strain) would have a set of reference values (or reference
distributions in a Bayesian framework) for the physiological parame-
ters. At least a subset of these would then need to be adjusted to better
match the control data. Currently, the Add-my-pet database holds
priDEB entries for more than 2000 species, with extensive data on
many of the standard species used in ERA (Marques et al., 2018). Such
data could be used to generate a database of reference parameter values
for any DEBmodel variant, although the value of this (e.g. for cross spe-
cies comparisons) may diminish if compound parameter variants are
used. These data open the door to using primary parameter models in
DEB-TKTD modelling without requiring vast quantities of data to be
gathered in every experiment (Zimmer et al., 2018). However, using
and reusing literature data also carries uncertainties and could lead to
inconsistencies between the model and experimental data, since differ-
ent species strains, laboratory conditions, handling stress and other fac-
tors can all introduce inter-experimental variability (Hickey et al.,
2012). In many cases, using such external data will bring these addi-
tional hurdles without necessarily bringing any benefit.

The goal of TKTDmodelling for ERA is not necessarily to characterise
an entire species' life-cycle, but to most accurately describe and predict
their response to toxic exposure. Under the simplest scenario, i.e. a sub-
stancewhose (single) pMoA is reproductive, effects can be equallywell-
described by simplified models (either comDEB or comDEBkiss) with-
out requiring external data. Although there are a great number of differ-
ent model variants which may feasibly be applied in most cases, in
practice the application is likely to encourage the use of the most gen-
eral (priDEB) or the most concise (comDEBkiss) variant. The benefits
of a model which requires zero external data speak for themselves. In
scenarios where this is not possible, we believe that it will generally
be simpler to maintain a database of parameters and literature data
for a single model variant, in which case priDEB is the natural choice.
This also reduces the number of variants (and the nuanced differences
between them) with which non-modellers must be familiar.

Regardless of whichmodel variant is used, amoving time-window is
necessary to ensure that the risks of exposure to animals of all ages are
considered for the whole predicted exposure profile (EFSA Panel on
Plant Protection Products and their Residues (PPR) et al., 2018). How-
ever, to our knowledge the approach has not been comprehensively
tested for sublethal effects. The hurdles to using this approach include
how to interpret and determine the worst-case time-window and
what metric should be used to measure the scale of effects. Further-
more, in some instances it may be necessary to consider transfer of
damage from mother to offspring. There are two distinct challenges
within this. Firstly, how does one transfer a measured or estimated
amount of damage from themother to the embryo? This is further com-
plicated by the fact that damage to embryos often has more profound
physiological effects (Kast-Hutcheson et al., 2001) which are not well
expressed by DEB-TKTD models. Secondly, the worst-case transfer
must be found. Considerable computational workmust be added unless
some logical or mathematical argument can be made to identify or ap-
proximate this value. However, such problems do not highlight flaws
or shortcomings within DEB-TKTD models. Rather, they demonstrate
the potential power of modelling to quantify such potential dangers to
animals beyond what is feasible to assess in a laboratory.

DEB-TKTDmodels seem poised to become an important tool in ERA.
However, there is currently no consensus as to which variant of the
physiological model is best suited to the demands and data availability.
We have illustrated how themanydifferent DEBmodel variants fall into
a hierarchy of complexities and capabilities. Under the conditions
where they can be used simplified variants are equivalent to the more
complex alternatives and avoid many of the challenges. For ERA, the
greatest value may lie in supporting two approaches and two model
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variants, each representing one end of the flowchart in Fig. 3. priDEB
should be used in cases where the complexity is required and the
existing validated physiological model is built on a wealth of high qual-
ity data, while comDEB(kiss) can be used when these data are not
needed or (in many scenarios) when they do not exist. This flexibility
maximises the opportunities to use DEB-TKTD models in ERA. The nar-
rative of the decision making process should not frame priDEB as the
“true model” and all simplifications as deviations from fact. Rather,
DEB theory is itself a simplification of reality, the decisionsmade around
simplifications or extensions should aim to strike the best balance be-
tween realism, complexity and the users' needs.
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