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Abstract

Following a request from EFSA, the Panel on Plant Protection Products and their Residues (PPR)
developed an opinion on the state of the art of Toxicokinetic/Toxicodynamic (TKTD) models and their
use in prospective environmental risk assessment (ERA) for pesticides and aquatic organisms. TKTD
models are species- and compound-specific and can be used to predict (sub)lethal effects of pesticides
under untested (time-variable) exposure conditions. Three different types of TKTD models are
described, viz., (i) the ‘General Unified Threshold models of Survival’ (GUTS), (ii) those based on the
Dynamic Energy Budget theory (DEBtox models), and (iii) models for primary producers. All these
TKTD models follow the principle that the processes influencing internal exposure of an organism,
(TK), are separated from the processes that lead to damage and effects/mortality (TD). GUTS models
can be used to predict survival rate under untested exposure conditions. DEBtox models explore the
effects on growth and reproduction of toxicants over time, even over the entire life cycle. TKTD model
for primary producers and pesticides have been developed for algae, Lemna and Myriophyllum. For all
TKTD model calibration, both toxicity data on standard test species and/or additional species can be
used. For validation, substance and species-specific data sets from independent refined-exposure
experiments are required. Based on the current state of the art (e.g. lack of documented and
evaluated examples), the DEBtox modelling approach is currently limited to research applications.
However, its great potential for future use in prospective ERA for pesticides is recognised. The GUTS
model and the Lemna model are considered ready to be used in risk assessment.
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Summary

In 2008, the Panel on Plant Protection Products and their Residues (PPR Panel) was tasked by the
European Food Safety Authority (EFSA) with the revision of the Guidance Document on Aquatic
Ecotoxicology under Council Directive 91/414/EEC (SANCO/3268/2001 rev.4 (final), 17 October 2002).!
As a third deliverable of this mandate, the PPR Panel is asked to develop a Scientific Opinion describing
the state of the art of Toxicokinetic/Toxicodynamic (TKTD) models for aquatic organisms and
prospective environmental risk assessment (ERA) for pesticides with the main focus on: (i) regulatory
questions that can be addressed by TKTD modelling, (ii) available TKTD models for aquatic organisms,
(ii) model parameters that need to be included and checked in evaluating the acceptability of
regulatory relevant TKTD models, and (iv) selection of the species to be modelled.

Chapter 2 presents the underlying concepts, terminology, application domains and complexity
levels of three different classes of TKTD models intended to be used in risk assessment, viz., (i) the
‘General Unified Threshold models of Survival’ (GUTS), (ii) toxicity models derived from the Dynamic
Energy Budget theory (DEBtox models), and (iii) models for primary producers. All TKTD models follow
the principle that the processes influencing internal exposure of an organism, summarised under
Toxicokinetics (TK), are separated from the processes that lead to damage and effects/mortality,
summarised by the term Toxicodynamics (TD).

The ultimate aim of GUTS is to predict survival of individuals (as influenced by mortality and/or
immobility) under untested time-variable or constant exposure conditions. The GUTS modelling
framework connects the external concentration with a so-called damage dynamic, which is in turn
connected to a hazard resulting in simulated mortality/immobility when an internal damage threshold
is exceeded. Within this framework, two reduced versions of GUTS are available: GUTS-RED-SD based
on the assumption of Stochastic Death (SD) and GUTS-RED-IT based on the assumption of Individual
Tolerance (IT).

DEBtox modelling is the application of the Dynamic Energy Budget (DEB) theory to deal with
effects of toxic chemicals on life-history traits (sublethal endpoints). DEBtox models incorporate a
dynamic energy budget part for growth and reproduction endpoints at the individual level. Therefore,
DEBtox models consist of two parts, (i) the DEB or ‘physiological’ part that describes the physiological
energy flows and (ii) the part that accounts for uptake and effects of chemicals, named ‘TKTD part’.

The third class of TKTD models presented are developed for primary producers. With respect to the
analysis of toxic effects for primary producers, the main endpoint measured is not survival but growth.
For that reason, the assessment of toxic effects on algae and vascular plants needs a submodel
addressing growth as a baseline, and a connected TKTD part.

Chapter 3 deals with the problem formulation step that sets the scene for the use of the TKTD
models within the risk assessment. TKTD models are species and substance specific. TKTD models
may either focus on standard test species (Tier-2C;) or also incorporate relevant additional species
(Tier-2GC,). If risks are triggered in Tier-1 (standard test species approach) and exposure is likely to be
shorter than in standard tests, the development of TKTD models for standard test species is the most
straightforward option. If Tier-2A (geometric mean/weight-of-evidence approach) or Tier-2B (species
sensitivity distribution approach) information is also available, the development of TKTD models for a
wider array of species may be the way forward to refine the risk assessment. Validated TKTD models
for these species may be an option to evaluate specific risks, using available field-exposure profiles, by
calculating exposure profile-specific LP,/EP, values (= multiplication factor to an entire specific
exposure profile that causes x% Lethality or Effect), informed by an appropriate aquatic exposure
assessment. Exposure profile-specific LP,/EP, can be used in the Tier-2C risk assessment by using the
same rules and extrapolation techniques (statistical analysis and assessment factors) as used in
experimental Tier-1 (standard test species approach), Tier-2A (geometric mean/weight-of-evidence
approach) and Tier-2B (species sensitivity distribution approach).

The GUTS model framework is considered to be an appropriate approach to use in the acute risk
assessment scheme for aquatic invertebrates, fish and aquatic stages of amphibians. In the chronic
risk assessment, it is only appropriate to use a validated GUTS model if the critical endpoint is
mortality/immobility, which is not often the case. If a sublethal endpoint is the most critical in the
chronic lower-tier assessment for aquatic animals, the dynamic energy budget modelling framework
combined with a TKTD part (DEBtox) is the appropriate approach to select in the refined risk
assessment. TKTD models developed for primary producers may be used in the chronic risk

! Council Directive 91/414/EEC of 15 July 1991 concerning the placing of plant protection products on the market.
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assessment scheme with a focus on inhibition of growth rate and/or yield. Note that experimental tests
and TKTD model assessments for algae and fast-growing macrophytes like Lemna to some extent
assess population-level effects, since in the course of the test reproduction occurs.

Chapter 4 deals with the GUTS framework. This framework is considered ready for use in aquatic
ERA, since a sufficient number of application examples and validation exercises for aquatic species and
pesticides are published in the scientific literature, and user-friendly modelling tools are available.
Consequently, in this chapter, detailed information is provided on testing, calibration, validation and
application of the GUTS modelling framework. Documentation of the formal GUTS model, and of the
verification of two example implementations of the GUTS model equations in different programming
languages (R and Mathematica) are presented. In addition, sensitivity analyses of both
implementations are described, and an introduction is presented for GUTS parameter estimation both
in the Bayesian and frequentist approach. The uncertainty, related to the stochasticity of the survival
process in small groups of individuals, is discussed, and the numerical approximation of parameter
confidence/credible limits is described. A checklist for the evaluation of parameter estimation in GUTS
model applications is given. Descriptions of relevant GUTS modelling output are also given. Approaches
to propagate the stochasticity of survival in combination with parameter uncertainty to predictions of
survival over time and to LP,/EP, values are presented, allowing the calculation of corresponding
confidence/credible limits. The validation of GUTS models is discussed, including requirements for the
validation data sets. Qualitative and quantitative model performance criteria are suggested that appear
as most suitable for GUTS, and TKTD modelling in general, including the posterior prediction check
(PPC), the Normalised Root Mean Square Error (NRMSE) and the survival-probability prediction error
(SPPE). Finally, chapter 4 gives an example of the calibration, validation and application of the GUTS
framework for risk assessment.

In Appendix A-D, GUTS model implementations in Mathematica and R, the results of the
application example with the GUT-RED models and supporting information on the GUTS-RED exercise
are provided, respectively. Source codes of the GUTS implementations in Mathematica and R are
available in Appendix E.

Chapter 5 deals with the documentation, implementation, parameter estimation and output of
DEBtox modelling as illustrated with a case study on lethal and sublethal effects of time-variable
exposure to cadmium for Daphnia magna. This case study was selected since sufficiently calibrated
and validated DEBtox models for pesticide and aquatic organisms were not yet available in the open
literature, including raw data and programming source code to allow for re-running all calculations.
This lack of published examples of DEBtox models for pesticides and aquatic organisms, as well as the
fact that no user-friendly DEBtox modelling tools are currently available, results in the conclusion that
these models are not yet ready for use in aquatic risk assessment for pesticides. Nevertheless, the
DEBtox modelling approach is recognised as an important research tool with great potential for future
use in prospective ERA for pesticides. The DEBtox model described in chapter 5 for cadmium and
Daphnia magna illustrates the potential of the DEBtox modelling framework to deal with several kinds
of data, namely survival, growth and reproduction data together with bioaccumulation data. It also
proves the feasibility of estimating all DEBtox parameters from simple toxicity test data under a
Bayesian framework.

In Appendix A.2.2, a short overview of the DEBtox model implementation in R is given. The
respective R code is available in an archive in Appendix E.

Chapter 6 evaluates the models currently available for primary producers, which all rely on a
submodel for growth, driven by a range of external inputs such as temperature, irradiance, nutrient
and carbon availabilities. The effect of the pesticide (TKTD part) on the net growth rate is described
by a dose-response relationship, linking either external (the algae part) or scaled or measured internal
concentrations to the inhibition of the growth rate. All experiments and tests of the models until now
have been done under fixed growth conditions, as is the case for standard algae, Lemna and
Myriophyllum tests. This was done because the focus has been on evaluating the model ability to
predict effects under time-variable exposure scenarios using predicted exposure profiles (e.g. FOCUS
step 3 or 4) and Tier-1 toxicity data as a starting point. The growth part of the models, however, all
have the potential to incorporate changes in temperature, irradiance, nutrient and carbon availabilities
in future applications.

TKTD models to describe effects of time-variable exposures have been developed for two algal
species and one PSII inhibiting herbicide. The largest drawback for implementing the algae models in
pesticide risk assessment is that the flow-through experimental setup used for model calibration/
validation to simulate long-term variable exposures of pesticides to fast growing populations of algae
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has not yet been standardised, nor has the robustness of the setup been ring-tested. The current
experimental setup of refined exposure tests for algae and the algae models is considered an
important research tools but probably not yet mature enough to use for risk-assessment purposes.

Lemna is the most thoroughly tested macrophyte species for which a calibrated and validated
model has been documented for a sulfonyl-urea compound. A Lemna TKTD model can be calibrated
with data from the already standardised OECD Lemna test, as long as pesticide concentrations and
growth are monitored several times during the exposure phase and the test is prolonged with a one
week recovery period. Growth can be most easily and non-destructively monitored by measuring
surface area or frond number on a daily basis. If properly documented, the published Lemna model
can be the basis for a compound-specific Lemna model to evaluate the effects of field-exposure
profiles in Tier-2C, particularly if in the Tier-1 assessment Lemna is the only standard test species that
triggers a potential risk. The published Myriophyllum modelling approach is not yet as well developed,
calibrated, validated and documented as that for Lemna. Developing a model for Myriophyllum is
complicated, as this macrophyte also has a root compartment (in the sediment) where the growth
conditions (redox potential, pH, nutrient and gas availabilities, sorptive surfaces, etc.), and therefore,
bioavailability of pesticides, are very different from the conditions in the shoot compartment (water
column). In addition, Myriophyllum grows submerged making inorganic carbon availability in the water
column a complicated affair compared to Lemna, for which access to CO, through the atmosphere is
constant and unlimited. Due to the complexity of the Myriophyllum system and the relative novelty of
the published modelling approach, the available Myriophyllum model has not yet been very extensively
tested and publicly assessable model codes are not yet available. OECD guidelines for conducting tests
with Myriophyllum are available. In order to optimise the use of experimental data from such
standardised Myriophyllum tests for model calibration, however, it is necessary that the tests are
prolonged with a recovery phase in clean water and that growth is monitored over time
(non-destructively as shoot numbers and length). Although the published Myriophyllum modelling
approach may be a good basis to further develop TKTD models for rooted submerged macrophytes, it
currently is considered not yet fit-for-purpose in prospective ERA for pesticides. The currently available
Myriophyllum model needs further documentation, calibration and validation.

Chapter 7 describes how TKTD models submitted in dossiers can be evaluated by regulatory
authorities. Annex A-C provide checklists for the evaluation of GUTS models, DEBtox models and
models for primary producers. It expands on the information provided by the EFSA Opinion on Good
Modelling Practice in the context of mechanistic effect models for risk assessment (EFSA PPR Panel,
2014). The chapter mainly focuses on GUTS models but also provides considerations required for
DEBtox and primary producer models. The chapter covers all stages of the modelling cycle and the
documentation of the model use. For GUTS models the basic model structure is always fixed and
consequently several stages of the modelling cycle have been covered in this Opinion, so they do not
need to be evaluated again for each use. This includes the conceptual model and the formal model.
For parameter estimation of each application, all experimental data used to calibrate and validate the
model should be evaluated to ensure they are of sufficient quality. The computer model can be
evaluated using a combination of the ring-test data set, a set of default scenarios and testing against
an independent implementation. The regulatory model also needs to be evaluated. The environmental
scenario may be covered by using standard exposure models (FOCUS), leaving the parameter
estimation as the key area to evaluate. The evaluation of model analysis (sensitivity and uncertainty
analysis and validation) is also described. The final stage is the evaluation of the model use that
includes information about tools available to the evaluators to check the modelling.

For DEBtox models, the evaluation of the DEB (physiological) part of the model is separated from
the evaluation of the TKTD part of the model. Chapter 7 focusses on the TKTD part and starts with the
assumption that the DEB part has been evaluated and accepted before it is used for a regulatory risk
assessment.

For primary producer models, as with DEBtox models, the evaluation of the physiological part of
the model is separated from the evaluation of the TKTD part of the model. For Lemna, this has been
covered in this Opinion. For other primary producers, the evaluation of the physiological part of the
model needs to be completed before use in regulatory risk assessment.

Documentation of any TKTD model application should be done following Annex D.

Chapter 8 illustrates the possible use of validated TKTD models as tools in the Tier-2C risk
assessment for plant protection products. The important steps that need to be considered when
conducting an ERA by means of validated TKTD models are described. The description of the approach
is followed by an example data set for an organophosphorus insecticide. This case study aims to
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explore how GUTS modelling can be used as a Tier-2C approach in acute ERA in combination with step
3 or step 4 FOCUS,,, exposure profiles. In addition, this case study aims to compare the outcome of
the experimental effect assessment tiers (standard test species approach, geometric mean approach,
species sensitivity distribution approach, model ecosystem approach) with results of GUTS modelling to
put the Tier-2C approach into perspective.

Chapter 9 concludes that, based on the current state of the art (e.g. lack of documented and
evaluated examples), the DEBtox modelling approach is currently limited to research applications.
However, its great potential for future use in prospective ERA for pesticides is recognised. The GUTS
model and the Lemna model are considered ready to be used in risk assessment.

Two examples on the evaluation of existing TKTD models (one for GUTS and one for DEBtox) used
in the context of PPP authorisation are reported in Appendices F and G.

Comments received by the Pesticide Steering Network and related replies are reported in
Appendix H.

Guide to the reader: the main topic concerns the implementation of modelling techniques for
prospective ERA; hence its stays at the interface of different expertise areas. Taking this into account,
the document was structured to allow focussing on sections linked to specific expertise.

Chapters 1, 2 and 3 provide a general context: after presenting the scope of the Scientific Opinion,
general principles behind TKTD models are described and the scene for the use of the TKTD models
within the risk assessment for aquatic organisms is set. Therefore, these chapters are recommended
for getting a complete picture of this document.

Chapters 4, 5 and 6 focus on the description of specific TKTD models. As such the content of these
chapters contain rather technical concepts and explanations, particularly addressing modellers. These
chapters may be difficult for readers without modelling experience. Understanding of the technical
details included in this part, however, is not critical for the reading and understanding of the following
chapters.

Chapters 7 and 8 illustrate in details how TKTD models can be used in the PPP ERA context,
particularly addressing risk assessors. Evaluation criteria for modelling applications are also given in
chapter 7. Hence, it is recommended that this part is also carefully considered by modellers providing
elaborations for the risk assessment.

Checklists for the evaluation of TKTD models are given in Annex A-C. Model summary for the
model documentation is included in Annex D.
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1. Introduction

1.1. Background and Terms of Reference as provided by the requestor

In 2008 the Panel on Plant Protection Products and their Residues (PPR) was tasked by EFSA with
the revision of the Guidance Document on Aquatic Ecotoxicology under Council Directive 91/414/EEC
(SANCO/3268/2001 rev.4 (final), 17 October 2002) (European Commission, 2002). As a third
deliverable of this mandate, the PPR Panel is asked to develop a Scientific Opinion describing the state
of the art of Toxicokinetic-Toxicodynamic (TKTD) effect models for aquatic organisms with a focus on
the following aspects:

e Regulatory questions that can be addressed by TKTD modelling

¢ Available TKTD models for aquatic organisms

e Model parameters that need to be included in relevant TKTD models and that need to be
checked in evaluating the acceptability of effect models

e Selection of the species to be modelled.

In 2013, EFSA Panel on Plant Protection Products and their residues published the document
“Guidance on tiered risk assessment for plant protection products for aquatic organisms in edge-of-
field surface waters” as a first deliverable within the EFSA mandate of the revision of the former
Guidance Document on Aquatic Ecotoxicology. This document (EFSA PPR Panel, 2013) focuses on
experimental approaches within the tiered effect assessment scheme for typical (pelagic) water
organisms, indicating already how mechanistic effect models could be used within the tiered approach.
As a second deliverable the document “Scientific Opinion on the effect assessment for pesticides on
sediment organisms in edge-of-field surface water” was published in 2015 (EFSA PPR Panel, 2015).
This document focuses on experimental effect assessment procedures for typical sediment-dwelling
organisms and exposure to pesticides via the sediment compartment. Initially, it was emphasized that
the third deliverable would focus on mechanistic effect models as tools for the prospective effect
assessment procedures for aquatic organisms.

Although different types of mechanistic effect models with a focus on different levels of biological
organisation are described in the scientific literature (e.g. individual-level models, population-level models,
community-level models, landscape/watershed-level models), this Scientific Opinion (SO) predominantly
deals with TKTD models as Tier-2 tools in the aquatic risk assessment for pesticides. These relatively
simple, mechanistic effect models are considered to be in a stage of development that might soon enable
their appropriate use in the prospective environmental risk assessment for pesticides, particularly to
predict potential risks of time-variable exposures on aquatic organisms. This is of relevance since in most
edge-of-field surface waters time-variable exposures are more often the rule than the exception.

A consultation with Member States of the Pesticides Steering Network was held in March 2018.
Comments and related replies are reported in Appendix H.

1.2. Scope of the opinion and restrictions

This SO describes the state-of-the-art of TKTD models developed for aquatic organisms and
exposure to pesticides in aquatic ecosystems with a focus on prospective environmental risk
assessment (ERA) within the context of the regulatory framework underlying the authorisation of plant
protection products in the EU. Within this context, TKTD models developed for specific pesticides and
specific species of water organisms — such as fish, amphibians, invertebrates, algae and vascular plants
— may be useful regulatory tools in the linking of exposure to effects in edge-of-field surface waters.

Where appropriate, in this SO the concepts and Tier-1 and Tier-2 experimental approaches already
developed by EFSA PPR Panel (2013) are considered and aligned with the proposals on the regulatory
use of TKTD models as tools in Tier-2C ERA. This SO describes the potential use of TKTD models as
Tier-2C tools of the acute and chronic ERA schemes for pesticides and water organisms in edge-of-field
surface waters. In Tier-2, the TKTD models developed for aquatic animals focus on individual-level
responses to refine the risks of time-variable exposure to pesticides in particular. Although TKTD
models may play a role in higher-tier ERAs as well, the coupling of TKTD models with population-level
models for aquatic invertebrates and vertebrates is not the topic of this SO. In the chronic risk
assessment for algae and macrophytes like Lemna, however, a clear distinction between individual-
level and population-level effects in Tier-1 and Tier-2 assessments cannot be made. Consequently, in
TKTD models for these primary producers, the effects of time-variable exposures on individuals cannot
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fully be separated from population-level effects as influenced by interspecific competition between
individuals in experimental test systems, the results of which are used to calibrate and validate TKTD
models. TKTD models may be used to refine the risk assessment if experimental effect assessment
approaches in Tier-1 (based on standard test species) and Tier-2 (based on standard and additional
test species) in combination with an appropriate exposure assessment, trigger potential risks. The
current exposure assessment for active substance approval is based on FOCUS exposure scenarios and
models (2001, 2006, 2007a,b). At present, the FOCUS exposure assessment framework is under
review to repair deficiencies in the current methodology. One of the main actions foreseen by the
mandate,? is that at steps 3 and 4, a series of 20 annual exposure profiles should be delivered for the
edge-of-field surface waters of concern instead of one single year exposure profile. It is assumed that
prediction of active substance concentrations in surface waters after pesticide application will be
further performed using the FOCUS surface water (FOCUS,,) methodology until updated or new
methods become available and will replace the existing tools. FOCUS,,, is used for approval of active
substances at EU level. It is also used in some Member States for product authorisation, but also
different exposure assessment procedures may be used. In principle, the TKTD modelling approaches
described in this SO can also be used to predict risks to aquatic organisms when linked to exposure
profiles based on Member State specific exposure assessment scenarios and models.

In addition, the recommendations of the ‘Opinion on good modelling practise in the context of
mechanistic effect models for risk assessment’ (EFSA PPR Panel, 2014) are, where appropriate, taken
on board and operationalised for TKTD models.

Besides the regulatory use of TKTD model in the context of refined risk assessment for aquatic
organisms, TKTD modelling can also enable exploration of effects of time-variable exposure on species
with trait assemblages that cannot be (so easily) tested under laboratory conditions, e.g. by
extrapolating features from species with fast cycles (features of species usually tested in laboratory) to
species with lower metabolic rates and longer life cycles that may become exposed more frequently.
However, these more fundamental research applications of TKTD models are outside the scope of this
Opinion.

2. Concepts and examples for TKTD modelling approaches

Current acute and chronic lower-tier risk assessments for Plant Protection Products (PPPs) in
edge-of-field surface waters (EFSA PPR Panel, 2013) rely on the quantification of treatment-related
responses from protocol tests (e.g. OECD) with standard test species or comparable toxicity tests with
additional test species. According to Commission Regulation (EU) No 283/2013% and 284/2013%, the L
(E)Cy0, L(E)Cyo and L(E)Csq values derived from these tests have to be reported. However, in chronic
assessments for aquatic animals no observed effect concentration (NOEC) values may be used if valid
EC,o values are not reported (predominantly old studies). In a tiered approach, lower-tier assessments
(i.e. Tier-1 as described in Section 3) aim to be more conservative than higher-tier assessments. For
example, a more or less constant exposure is maintained in the standard laboratory test and
pre-defined assessment factors (AF) laid down in the uniform principles (Reg 546/2011°) are applied in
order to take into account a number of uncertainties, e.g. intra- and interspecies variability,
interlaboratory variability and extrapolation from laboratory to field. Toxicity estimates (e.g. LC/EC
values), however, are time-dependent in that they are usually different for different exposure
durations. In edge-of-field surface waters, time-variable exposure is rather the rule than the exception
(as indicated by monitoring data or modelled concentration dynamics of pesticides; see e.g. Brock
et al., 2010). Consequently, if a risk is triggered in the conservative Tier-1 approach, a refined risk
assessment can be performed by considering realistic time-variable exposure regimes. As outlined in
the Aquatic Guidance Document (EFSA PPR Panel, 2013), this can be addressed experimentally or by
modelling, e.g. by using TKTD modelling approaches.

2 http://registerofquestions.efsa.europa.eu/raw-war/mandateLoader?mandate=M-2016-0124
Commission Regulation (EU) No 283/2013 of 1 March 2013 setting out the data requirements for active substances, in
accordance with Regulation (EC) No 1107/2009 of the European Parliament and of the Council concerning the placing of plant
protection products on the market. OJ L 93, 3.4.2013, p. 1-94.

* Commission Regulation (EU) No 284/2013 of 1 March 2013 setting out the data requirements for plant protection products, in
accordance with Regulation (EC) No 1107/2009 of the European Parliament and of the Council concerning the placing of plant
protection products on the market. OJ L 93, 3.4.2013, p. 85-152.

> Commission Regulation (EU) No 546/2011 of 10 June 2011 implementing Regulation (EC) No 1107/2009 of the European
Parliament and of the Council as regards uniform principles for evaluation and authorisation of plant protection products. OJ L
155, 11.6.2011, p. 127-175.
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TKTD modelling approaches — as outlined in more detail below — provide a modelling approach of
intermediate complexity (Jager, 2017), which ranks between the simple statistical (LC/ECsq) models,
and fully detailed approaches focusing on the molecular level (Van Straalen, 2003). TKTD models can
be used in aquatic risk assessment to link results of laboratory toxicity data to predicted (time-variable)
exposure profiles. These models may also be used to explore the changes of toxicity in time, and to
explore the processes underlying the variations between species and toxicants and how they depend
on environmental conditions. Some TKTD models can potentially explain links between life-history
traits, as well as explore effects of toxicants over the entire life cycle (e.g. DEBtox toxicity models
derived from the Dynamic Energy Budget (DEB) theory). TKTD models for survival can, as has been
recently shown (e.g. Nyman et al., 2012; Baudrot et al., 2018b; Focks et al., 2018), be parameterised
based on standard, single-species toxicity tests. These models may still provide relevant information at
the individual level when extrapolating beyond the boundaries of tested conditions in terms of
exposure. The parameters being used in TKTD models remain as species- and compound-specific as
possible and they can usually be interpreted in a physical or a biological way (see Section 2.2 for more
details). In this way, parameters can be used in a process-based context, aiding the understanding of
the response of organisms to toxicants (Jager, 2017).

Ty e
/ xterna X amage \
\ Concentration J— T K —( dynamics J— TD
\ (over time) i \ (over time) /
4 P B I ’_

L One Compartment

Multi-Compartment

Observed
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[ Lethal Effects ;__{>e.g.GUTS
|

Sub-Lethal Effects

L Growth and
Reproduction :> e.g. DEBtox
for animals

L——+| Growthforplants > e.g. Plant models

Figure 1: Schematic presentation of the concepts behind toxicokinetic (TK)/toxicodynamic (TD)
models; GUTS stands for the General Unified Threshold model of Survival, while DEBtox
stands for toxicity models derived from the Dynamic Energy Budget (DEB) theory. The
damage-dynamics concept is explained in Figure 2 and related text

In the following sections, some classes of TKTD models will be explained in more detail concerning
their terminology, their background and application domains, their relationships to each other, and the
intrinsic or explicit complexity levels they account for (Figure 1). After a more detailed explanation of
‘Toxicokinetic modelling for uptake and internal dynamics of chemicals’ (Section 2.1), the following
three sections will be dedicated to: (i) the ‘General Unified Threshold models of Survival’ (GUTS)
framework for the analysis of lethal effects (Section 2.2), (ii) toxicity models derived from the Dynamic
Energy Budget theory (DEBtox models) (Section 2.3), and (iii) models for primary producers
(Section 2.4). An overview about strengths and weaknesses of TKTD models is given in Table 1.

2.1. Toxicokinetic modelling for uptake and internal dynamics of
chemicals

TKTD models follow one general principle: the processes that influence internal exposure of
individual organisms, summarised under toxicokinetics (TK), are separated from the processes that
lead to their damage and mortality, summarised by the term toxicodynamics (TD) (Figure 1). In
general terms, TK processes correspond to what the organism does to the chemical substance, while
the TD processes correspond to what the chemical substance does to the organism. More precisely, TK
describes absorption, distribution, metabolism and elimination of hazardous substances by an
organism. In aquatic systems, the main uptake routes of substances from the water phase include the
organism surface and internal or external gills. Food can also be a relevant uptake route. Transport
across the biological membranes can be passive (e.g. diffusion) or active (e.g. membrane
transporters). Inside the organism, TK processes relate to internal partitioning of chemicals between
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liquid- and lipid-dominated parts or between different organs of organisms. TK models result in
estimates for internal exposure concentrations, which can relate to whole organism scales or to single
organs. The level of detail of the TK model often depends on the purpose of the study, but also on
practicalities in terms of size of the organism and single organs in question.

Specific aspects of TK, with emphasis on internal compartmentation, were discussed extensively in
a recent review (Grech et al., 2017). TK models are categorised into compartment models and
physiologically based TK (PBTK) models. While single organs and blood flow are explicitly considered in
PBTK models, one- or multi-compartment models are using a generic simplification of an organism. For
aquatic invertebrates, the one-compartment model is the most often used. One-compartment models
assume concentration-driven transfer of the chemical from an external compartment into an internal
compartment, where it is homogeneously distributed.

Transformation of molecules within the compartment can play an important role for the link from
TK to the effects, as chemicals are metabolised either into inactive and excretable products
(detoxification) or into active or reactive metabolites causing (toxic) effects.

TD processes are related to internal concentrations of a toxicant within individual organisms.
Implicitly, biological effects are caused by the toxicant on the molecular scale, where the molecules
interfere with one or more biochemical pathways. These interactions are lumped into only a few
equations in TKTD models that have to handle the variability of TD processes within species. These
equations especially have to provide enough degrees of freedom to capture the dynamics of responses
or effects over time; the latter is the most important aspect in the current modelling context since the
aim is to understand how toxic effects change over time under time-variable exposure profiles.

2.2. Toxicodynamic models for survival

Historically, TKTD models for survival were developed and applied in a tailor-made way to each
research question. Over the years that led to a variety of different TKTD models, in parts redundant or
conflicting. This conglomeration of TKTD modelling approaches led to difficulties in the communication
of model applications and results and hampered the assimilation of TKTD models within
ecotoxicological research and risk assessment. The publication of Jager et al. (2011), aiming at
unifying the existing unrelated approaches and clarifying their underlying assumptions, tremendously
facilitated the application of TKTD modelling for survival. In that paper, the General Unified Threshold
models of Survival (GUTS) theory was defined and its application developed. The biggest achievement
of the developed theory was probably the mathematical unification of almost all existing tailor-made
approaches under the GUTS umbrella. Recently, an update of the GUTS modelling approach was
published, which works out more details of the modelling of survival and provides examples and ring-
test results; that update also suggests a slightly changed terminology, while the underlying model
assumptions and equations have not been changed (Jager and Ashauer, 2018). In this scientific
opinion, the updated terminology suggested by Jager and Ashauer (2018) is used, which refers to
‘scaled damage dynamics’ rather than to the previously used concept of ‘dose metrics”.

The ultimate aim of GUTS is to predict survival rate under untested exposure conditions such as
time-variable exposures, which are more likely to occur in the environment than the static exposure
levels used in Tier-1 testing. The prediction functionality of GUTS is useful for risk assessment,
because in some cases, it may not be possible to test realistic time-variable exposure profiles under
laboratory conditions, e.g. for individuals characterised by a long life cycle. In addition, exposure
modelling can easily create hundreds of potentially environmentally relevant exposure profiles, which
would require excessive resources if tested in the laboratory (e.g. number of test animals).

All GUTS versions have in common that they connect the external concentration with a so-called
damage dynamic (see below and Jager and Ashauer (2018) for definition), which is in turn connected
to a hazard resulting in simulated mortality when an internal damage threshold is exceeded (Figure 2).
The unification of TKTD models for survival was made possible by creating two categories for
assumptions about the death process in the TD part of GUTS: the Stochastic Death (SD) and the
Individual Tolerance (IT) hypotheses that contain all the other published modelling approaches for
survival.

For models from the SD category, the threshold parameter for lethal effects is fixed and identical
for all individuals of a group and a so-called killing rate relates the probability of a mortality event in
proportion to the scaled damage. Hence, death is modelled as a stochastic (random) process occurring
with increased probability as the scaled damage rises above the threshold.
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For models from the IT category, thresholds for effects are distributed among individuals (sensitivity
varies between individuals of a population) of one group, and once an IT is exceeded, mortality of this
individual follows immediately, meaning in model terms that the killing rate is set to infinity.

Both models are unified within the ‘combined GUTS’ model, in which a distributed threshold is
combined with a between-individual variable killing rate (Jager et al., 2011; Ashauer et al., 2016; Jager
and Ashauer, 2018). It is assumed that all TK and TD model parameters (see Figure 2) are constant
throughout the exposure profile, i.e. no effects of exposure on TK and TD dynamics are considered in
addition to those already captured from the calibration experiments. Therefore, phenomena like
increase in sensitivity or tolerance is not taken into account. The possibility of damages being below
thresholds of lethality — inducing faster responses at a next pulse — is accounted for by the use of the
scaled damage concept (see Figure 2).

Toxicokinetics Toxicodynamics
and damage dynamics and death mechanisms
External exposure Internal concentration Scaled damage Hazard Survival

Simulated
mortality
over time

Ct ™ G = p =l p - 5§ —
1

——————————— -

reduced

D can depend either on Hazard for SD model  Survival over time
+ External concentration via H=f(D b, z) S=f(H)

k, : dominant rate constant Killing rate b

(‘scaled internal concentration’ in Jager et al. (2011)) Threshold 7 fixed
or
* Internal concentration C, via Hazard for IT model

k., :uptake rate constant H=£(D, m,B)

k.. : depuration or elimination rate constant Killing rate — oo

k., :Damage recovery rate constant Threshold distributed with

median m and shape B

Figure 2: Overview of state variables in the General Unified Threshold model of Survival (GUTS)
framework. The toxicokinetic part of the GUTS theory translates an external concentration
into an individual damage state dynamics in a more or less (reduced model) detailed way.
In the toxicodynamic part of the model, two death mechanisms are distinguished: SD for
Stochastic Death and IT for Individual Tolerance; see text for more details

Scaled damage (D in Figure 2) is the internal damage state of an organism after taking the external
toxicant concentration, the uptake rate, elimination rate and potentially any damage recovery into
account. The scaled damage concept translates external exposure into TD processes and finally into
mortality. It links the given external concentration dynamics to the time course of the internal hazard.
An ‘internal concentration” (C; in Figure 2) can only be considered explicitly in the model when
measured internal concentrations are available or clear indications in the observed survival over time
are given. The link of external concentrations to the scaled damage via a combined dominant rate
constant kp leads to the ‘reduced GUTS’, which was called ‘scaled internal concentration’ in the old
dose metric terminology (Jager et al., 2011). It is most often used when no measurements of internal
concentrations are experimentally available as in the case of standard survival tests (Figure 2).
Parameter kp can then be dominated by either elimination or by damage recovery; Chapter 4 gives the
corresponding equations and details about kp estimation.

‘Damage’ is a rather abstract concept here and its level cannot be experimentally measured, but
this concept still allows for further mechanistic considerations. In principle, chemicals that have
entered the organism are expected to cause some damage by interference with biochemical pathways.
Organisms will have capacity to repair the damage at a certain rate, but if the damage exceeds a
certain threshold the organism will die. The degree to which the dynamics of internal concentrations
can explain the pattern in mortality observed over time can vary. As one possibility, damage repair can
be so fast that disappearance of the chemical from the organism is controlling the scaled damage and
so the mortality rate. Fast damage repair in this case does not mean that there are no effects,
because as long as there are high levels of scaled damage, instantaneous mortality will occur. If the
damage that is caused by the chemical, however, is repaired so slowly that organisms keep dying also
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after elimination of the chemical, the dynamics of the internal concentrations can be accounted for in
the model to capture that delay in time. For chemicals which are known to bind irreversibly to their
enzymatic target site, very low or zero depuration or repair rates are supposed to be the case.
However, depending on the enzyme turnover of different species, it might also happen that by
synthesis of fresh, ‘clean’ enzymes, depuration or recovery could take place for such irreversibly
binding compounds in case no further internal exposure takes place.

When working with small invertebrates or in some cases with fish, internal concentrations are
usually measured on the whole organism level, giving an average concentration across organs and
cellular compartments. Hence, measured or modelled internal concentrations might not directly reflect
the concentration at a specific molecular target site, but in the GUTS modelling it is assumed that
modelled internal concentrations are at least proportional to the concentration at the target sites.

Over-parameterisation of the model could lead to multiple problems, e.g. imprecise and inaccurate
parameter estimation. To avoid this, it is recommended to include the internal concentration only if
measured internal concentrations are available in a data set. If internal concentrations are not explicitly
modelled (‘scaled internal concentrations’ in the ‘old’ terminology), the rate constant of the scaled
damage (kp) describes the rate-limiting processes of either the chemical elimination/detoxification of
the organism or the damage repair. When calibrating a GUTS model without considering the internal
concentration as a state variable, it is assumed that survival data over time contain sufficient
information to allow for calibration of the dominant rate constant, plus parameters for the death
mechanism (SD or IT) which link the scaled damage to effects on survival. The term ‘scaled damage’
accounts for the fact that it is in general not possible to determine the absolute ‘damage’-related
values, while it is possible to assume that the scaled damage is proportional to the true (but unknown)
damage and has the dimension of the external concentration. Using the scaled damage without explicit
internal concentrations can still give equal or better fits to observed survival data compared with using
internal concentrations, despite measured internal concentrations being available. This has been shown
when testing GUTS with observed survival under time-variable, untested exposures (Nyman et al,,
2012) and holds especially according to the principle that a simpler model with equal performance is
preferable to a more complex one (parsimony principle).

The choice of the specific GUTS variant is not only a conceptual decision, but has direct implications
for the number of parameters and hence for the degrees of freedom for parameter estimation. Despite
the existence of a theoretical framework, modelling TKTD processes with GUTS requires some
experience and thorough thinking about the possible choices and degrees of freedom. The advantage
of the GUTS framework is the clear definition of the concepts, of the mathematical equations and of
the terminology which eases the documentation of any GUTS model application.

Model parameters for GUTS models can be interpreted in a process-based context, despite the fact
that they are not defined on a purely mechanistic basis. For example, the uptake rate constant k;, has
a process-related interpretation; it quantifies the influx of chemicals into organisms, but in GUTS the
uptake rate is not associated with physical processes such as membrane transport and it can account
also for more than one process. This intermediate complexity of the model is chosen according to the
fact that, for many compounds, purely mechanistic parameters are not usually available. Nevertheless,
the chosen level of detail enables the determination of GUTS parameters from relatively simple data
sets. GUTS parameters are related to dynamic processes such as uptake, elimination, death and/or
physiological recovery. Hence, they can potentially be quantitatively related to biological traits such as
body size, breathing mode or chemical properties such as log K, or water solubility (Rubach et al.,
2011). Understanding these relationships could make TKTD modelling a useful tool for understanding
chemical toxicity across species and chemical modes of action. Based on quantitative relationships,
extrapolations between species and across chemicals could in theory be possible although this is not
applicable in RA based on the current state of knowledge.

More details about aspects of the GUTS models will be described and discussed in later sections of
the document, including model calibration (parameter estimation), model testing and validation,
deterministic and probabilistic model predictions, the domain of applicability and regulatory questions.

2.3. Toxicodynamic models for effects on growth and reproduction

The Dynamic Energy Budget (DEB) theory was originally proposed by Kooijman who started its
development in 1979; see for example, Kooijman and Troost, 2007; Kooijman, 2010, where the DEB
theory was used to investigate the toxicity of chemicals on daphnids and several fish species. Since
then, the DEB theory became widespread and found applications in many fields of environmental
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sciences. The DEB theory is based on the principle that all living organisms consume resources from
the environment and convert them into energy to fuel their entire life cycle (from egg to death), thus
ensuring maintenance, development, growth and reproduction. In performing those activities,
organisms need to follow the conservation laws for mass and energy. The DEB theory thus proposes a
comprehensive set of rules that specifies how organisms acquire their energy and allocate it to the
various processes. In particular, it is assumed that a fixed fraction (kappa or k) of the mobilised energy
is allocated to somatic maintenance and growth, while the rest (1 — kappa) is allocated to maturity
maintenance, maturation and reproduction; this is called the kappa-rule, a core concept within the
DEB theory (Figure 3). A conceptual introduction to the DEB theory can be found in Jager (2017),
while an extensive and more mathematical description is provided in Kooijman (2010).

food faeces

assimilation ™ @

P —
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Figure 3: Schematic energy allocation according to the standard DEB model (adapted from Jager,
2017): 'b’ stands for birth and ‘p’ for puberty. The reserve compartment, and consequently
the maturity one (boxes with dashed borders) may be omitted in a DEBkiss model (reserve-
less DEB). Red arrows stand for the five different DEB modes of actions due to toxic stress
that can be described with DEBtox models; see text and references above for more
explanation on kappa (x)

When focusing on egg-laying ectotherm animals, a standard DEB model exists (Figure 3), which
assumes that animals do not change their shape when growing (therefore, it does not cover processes
such as metamorphosis), and that animals feed on one food source with a constant composition. The
‘Add-my-Pet® (AmP) database is a collection of parameters of the standard DEB model, as well as of
its different variants, for more than 1,000 species, including numerous aquatic species. Conceptual
overviews of the DEB theory are given in Jager et al. (2014) and Baas et al. (2018).

From the formulation of the standard DEB model, a simplification for standard laboratory toxicity
tests has been derived; it is based on the following assumptions: size is a perfect proxy for maturity;
size at puberty remains constant; costs per egg are constant and thus not affected by the reserve
status of the mother; egg costs can only be affected by a direct chemical stress on the overhead
costs; and the reserve is always in steady-state with the food density in the environment. Under this
framework, the kappa (k) rule should not be affected by a toxicant. A reserve-less DEB model (called
‘DEBkiss”) has recently been published (Jager et al.,, 2013; Jager and Ravagnan, 2016), treating
biomass as a single compartment, thus leading to a simplified version of the standard DEB model
making the interpretation of toxicity test data easier. However, the exclusion of the reserve
compartment together with the maturation state variable (Figure 3) makes DEBkiss mainly applicable
to small invertebrates that feed almost continuously.

DEBtox is the application of the DEB theory to deal with effects of toxic chemicals on life-history
traits. The original DEBtox version was published by Kooijman and Bedaux (1996), but Billoir et al.
(2008) and Jager and Zimmer (2012) published updated derivations. Observing effects on life-history
traits due to chemical substances necessarily implies that one or more metabolic processes within an
organism, and consequently also energy acquisition or use by it, are affected by the toxicant. In that

6 https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/
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sense, energy-budget modelling provides a convenient way of quantitatively assessing effects on
sublethal endpoints or life-history traits without the need to go into biological details nor into details
about the stressor itself. DEBtox models differ from other TKTD models in their TD part by
incorporating a dynamic energy budget part for growth and reproduction endpoints at the individual
level. Internal chemical exposure has an impact on the energy balance and translates into modified
DEB rates. On this basis, the DEB part describing the physiological energy flows is considered as the
physiological part of a DEBtox model (as used in later sections of this SO), while the part that accounts
for uptake and effects of chemicals is named the TKTD part.

One of the core assumptions of DEBtox models is the existence of an internal toxicant threshold
below which no measurable effect on a specified endpoint can be detected at any time, this is the
so-called no-effect-concentration (NEC). The value of the NEC depends on the chemical species
combination; it can be modified by other stressors (e.g. other chemicals, abiotic factors, etc.) but in a
DEBtox framework, the NEC is a time-independent parameter. Although toxicity in experimental testing
is related to a certain exposure duration, such time-independent definition of the NEC is of particular
interest in an ERA perspective.

DEB processes can be linked to external exposure via the concept of the scaled damage, which is
often implemented as a basic, ‘linear-with-threshold’ relationship: i.e. the DEB model parameter value
equals its control level until the internal concentration reaches the relevant NEC value, and then
changes linearly dependent on the internal concentration. Simulated internal concentrations can
account for constant, but also time-variable external concentrations. DEBtox models are flexible
enough to allow for the description of several modes of action via specific sets of DEBtox equations
depending on the target process that is affected by the toxicant. Stated simply, in DEBtox, the toxicant
can affect either the acquisition or the use of energy. In more details, typical effect targets are

1) Energy acquisition (assimilation, Figure 3);

2) Energy use from reserves (mobilisation);

3) Energy spent on growth;

4) Energy spent for reproduction; or

5) Allocation between somatic maintenance and reproduction.

It should be kept in mind that the definition of ‘mode of action’ in a DEB context (DEBMoA, as stated
by Baas et al., 2018) is not the same as the definition of ‘mode of action’ in a general toxicity context. In
a DEB context, the mode of action is mathematically formulated as a change on how the chemical affects
the physiological processes accounted for in a DEB model. Hence, chemicals with different biochemical
modes of action as defined by molecular target sites for, e.g. pesticides, may exhibit a similar DEB mode
of action when evaluating how the pesticide affects the DEB model parameters.

Even though some tools are already available to perform parameter estimation (e.g. DEBtoxM’ and
BYOM® packages for Matlab, home-made scripts in the R software), DEBtox models in their current
form require advanced statistical skills to be fitted to experimental data. In addition, data sets that
would be useful to provide best estimate of all DEB model parameters are not standardised yet.
Nevertheless, in essence, DEBtox modelling approaches provide a great potential to explore toxicity far
beyond classical dose-effect approaches. A recent paper by Baas et al. (2018) fully explains all the
potentiality of DEB models to assess chemical toxicity on individuals in an ERA perspective.

2.4. Models for algae and aquatic macrophytes

2.4.1. How are algae and plants different from other higher organism model?

Algae and plants are different from other higher organisms in one important aspect: they can
photosynthesise and thereby create their own energy, rather than having to ingest it through food.
The rate at which algae and plants photosynthesise depends on a range of environmental factors of
which irradiance, inorganic carbon, nutrient availability and temperature are among the most
important. This means that the quantification of energy input in a plant system is more challenging
than for an organism where maximum energy uptake basically only depends on its size and food
availability, and where the nutritional quality of the food is expected to balance the demands of the

7 DEBtoxM is a collection of Matlab scripts and functions to analyse toxicity data in a DEB framework that are provided by
T. Jager online: http://www.debtox.info/debtoxm.html

8 Build Your Own Model (BYOM) is a flexible set of Matlab scripts and functions to help building, simulating and fitting its own
DEB models; it is maintained by T. Jager and available online: http://www.debtox.info/byom.html
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organism. Algae and plants need to balance their uptake of inorganic carbon, nitrogen, phosphorous
and micronutrients separately to obtain the optimal tissue composition. In addition, plants may have
different compartments playing different roles. In rooted aquatic macrophytes, for example, only
shoots photosynthesise, while roots play an important role in the uptake of nutrients such as nitrogen
and phosphorous. Other nutrients, such as potassium, are primarily taken up by the shoot (Barko and
Smart, 1981).

Apart from roots and shoots being physiologically different, the environmental medium where they
grow (water vs sediment) also differs immensely in terms of light, inorganic carbon, nutrient and
particularly oxygen availability. This means that availabilities of different chemicals will also differ
between water and sediment. Hence, if toxicity of chemicals towards plants is to be considered via
uptake from both water and sediment, plant models need to account for the respective compartments
(i.e. leaves/shoots and roots). For the time being, the transport of toxic chemicals between water and
sediment in risk assessment is addressed with fate modelling alone. Scientifically sound and functional
interfaces between fate and exposure models and effect models could help here in the future to unify
such tightly connected processes. Algae and floating macrophytes get all nutrients and toxicants
through the water phase; hence, for these organisms it may suffice to use one-compartment models.

Another important difference between most heterotrophic organisms used for toxicity testing and
algae and plants is that many plants, particularly aquatic macrophytes, are clonal and therefore a large
part of their reproduction is vegetative. Microalgae almost exclusively reproduce by cell division,
macroalgae, which are not addressed here, can have more complex life cycles. Allocation to sexual
reproduction in aquatic macrophytes might take place depending on species and growth conditions,
but allocation to storage organs (e.g. root stocks and vegetative propagules) that can enable the plant
to survive winters or dry periods might be equally or even more important in terms of resource
allocation than sexual reproduction. Hence, resource allocation patterns might be more complex in
higher plants than for heterotrophic organisms. For the purpose of macrophyte TKTD modelling,
macrophytes are thus considered as ‘one individual’ showing unconstrained (exponential) growth for a
constrained time period or density dependent growth. Choosing density dependent growth actually
means using saturation-growth curves to describe the growth of heterotrophic organisms. Sexual
reproduction or allocation to storage organs in the macrophyte growth models is not explicitly
considered at this stage of plant modelling.

With respect to the analysis of toxic effects, the most obvious difference between primary
producers (e.g. algae and vascular plants) and animals (e.g. invertebrates, fish and amphibians) is that
for primary producers the main parameter measured is growth (OECD, 2006, 2011a, 2014a,b).
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Figure 4: Schematic representation of the algae, Lemna spp. and Myriophyllum spp. models
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presented in Weber et al. (2012); Schmitt et al. (2013); Heine et al. (2014, 2015, 2016a).
External factors affecting chemical uptake or growth are given in blue, internal chemical
concentrations in orange and the different rate constants affecting biomass growth of the
plants or algae in the respective models are given in green. White squares denote other
factors included in the model such as the algae media dilution rate specific for the flow
though system used in the algae test and the density-dependent growth incorporated in
the Lemna model. Model endpoints are given in white circles. The output of the growth
model is relative growth rates (RGR) and the growth rates are affected by the internal
concentrations via a concentration-response relationship defined by the concentration
decreasing growth by 50% (ECsp) and a slope parameter of the curve (Hill slope). These
two parameters are equivalent to the m and p describing the relationship between internal
concentrations or damage and hazard in the IT version of GUTS (see Figure 2)
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While for the analysis of mortality on invertebrates or vertebrates like fish, the survival of the
individual is the normal case (or null model), this does not hold for algae and vascular plants, because
they do not simply ‘die’ under exposure to a toxic chemical, but their growth dynamics can decrease or
eventually completely stop. Certainly, algae and vascular plants can also die after being intoxicated,
but this mortality is a process that takes much longer and is much more challenging to detect than for
macroinvertebrates or fish. For microalgae, which are typically used for toxicity assessment, population
density is usually measured. Hence, mortality of individual cells is difficult to distinguish from
background mortality and from the reproduction of growing cells. For that reason, the assessment of
toxic effects on algae and vascular plants needs growth models as a baseline or null model.

The next two sections will give an overview of how the TKTD concepts can be used on growth
models for algae and the aquatic macrophyte species typically used in environmental risk assessment.
An overview of the models is given in Figure 4.

2.4.2. The TKTD concept used on pelagic microalgae

The algal species most routinely tested for risk-assessment purposes of plant protection products is
the pelagic microalga Raphidocelis subcapitata (formerly known as Pseudokirchneriella subcapitata or
Selenastrum capricornutum). Models have been developed for both static (Copin and Chevre, 2015;
Copin et al., 2016) and flow-through growth systems (Weber et al., 2012), with the latter being the
most elaborate model. Using flow-through systems is the only way effects of variable exposures can be
tested on microalgae growth without filtering or centrifuging the algae to separate them from the
medium and keeping them in an exponential growth phase over a prolonged time span of days to
weeks. As the design of the flow-through system defines the growth conditions of the algae, it is
therefore an inherent part of the model. In a flow-through system, new growth medium is
continuously being added to replace media with algae. In this way, the algae can be kept in a constant
growth phase with the maximal density being determined by the growth conditions (irradiance,
temperature, nutrient and carbon availability) and the flow-through rate of the medium. Using a flow-
through system, the model can be used to simulate multiple peak/pulsed exposures such as those,
e.g. from the FOCUS exposure profiles in a ‘stream scenario’. This is therefore the only algae model
that will be evaluated here. Contrary to the macrophyte models, the algae model of Weber et al.
(2012) does not contain a TK section, nor does it distinguish between temperature effects on
photosynthesis and respiration. Instead the external chemical concentration affects the relative growth
rate of the population directly, as does temperature, nutrient (only phosphorous considered) and
irradiance (Weber et al., 2012). The algae model is pictured together with the two macrophyte models
for comparison in Figure 4. As the TK part of the model is non-existing, it can be argued whether the
model can be categorised as a true TKTD model.

2.4.3. The TKTD concept used on aquatic macrophytes

Presently, there are two models available integrating macrophyte growth models with the TKTD
principle: the Lemna model by Schmitt et al. (2013), and the Myriophyllum model by Heine et al.
(2014, 2015) which is further extended in Hommen et al. (2016). The two macrophyte species are the
standard test species representing an aquatic (floating) monocot (Lemna spp.) and a dicot
(Myriophyllum spp.) which is rooted in the sediment. Having both a monocot and a dicot in the test
battery is important, as some herbicides are selective against one of these plant groups. A rooted
species will also be useful in addressing the bioavailability and toxicity of sediment-bound pesticides. In
addition, the two species represent a floating and a submerged rooted phenotype, and species with
different life cycles — fast vs. more slowly growing species. In both the Lemna and Myriophyllum
models, internal toxicant concentrations are modelled based on a plant/water partitioning coefficient,
corresponding to a bioconcentration factor, and a measure of cuticular permeability that determine the
uptake rate. Uptake by roots is not considered at present but can be implemented in the future if
needed. The internal concentrations are then directly related to growth via a log-logistic concentration-
effect model, whereby the per cent inhibition of net photosynthesis is determined. Plant growth is the
sum of net photosynthesis and respiration processes, which are to different extents affected by, e.g.
temperature and are, therefore, modelled as separate processes.

The main difference between the two models on the TK side is that the Lemna model works with
scaled internal concentrations (described in Section 2.2), whereas the Myriophyllum model works with
measured internal concentrations.
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The largest difference between the two models on the TD side is the growth model. Lemna is the
simplest plant: (1) it is floating, and hence the sediment compartment is not an issue, and making a
distinction between roots and fronds can thus be ignored, (2) it gets its inorganic carbon mainly from
CO, in the air, which is always available compared to forms and availabilities of inorganic carbon in
water and most likely not limiting for photosynthesis, and (3) it mainly reproduces vegetatively, hence
allocation to reproduction or storage organs is of little importance. Assuming non-limiting nutrient
supplies, which will typically be the case in edge-of-field surface waters affected by agriculture, this
leaves photosynthetic rates in the model being dependent only on irradiance and temperature. The
influence of plant densities on irradiance is not explicitly considered in the current models, but
considered indirectly through the carrying capacity. Parameters to quantify the impact of irradiance and
temperature on growth can be obtained from laboratory conditions, and environmentally relevant time
series of these factors can be obtained from most meteorological stations. The Lemna model does not
focus on a single plant, but instead the plant-biomass growth (photosynthesis minus respiration) per
area is modelled. As the plants/fronds, when reaching a certain density, start to shade each other and
block availability to inorganic carbon and nutrients, the growth will decrease, and the biomass will
reach a maximum plateau. This density dependence of areal biomass growth has been built into the
model in order to enable modelling of Lemna growth dynamics over a season with time-variable
exposure. The growth rate input to the model can be based both on increase in frond number or
surface area over time, later calibrated to a biomass unit, as the surface area specific parameters can
easily and non-destructively be monitored over time. Converting surface area or frond number specific
growth rates to biomass, however, ignores potential differences in surface to biomass ratios as a
function of growth conditions.

Myriophyllum spp. are more complex plants; hence, the growth model is more complex as
compared to the Lemna model. Myriophyllum is rooted, hence, the growth model needs at least root,
stem and shoot compartments, which are explicitly introduced (Heine et al., 2014) and modelled in
Heine et al. (2015, 2016a). In an extended Myriophyllum model (Hommen et al., 2016), rhizomes —
which are energy storage organs — are also included to be able to model growth and allocation
patterns over longer timescales, e.g. a whole season, which was not possible in the original model by
Heine et al. (2014, 2016a). In the original growth model (Heine et al., 2014), photosynthesis takes
place in the leaves and biomass is allocated to leaves, stems and roots in the fixed proportions
55:35:10%, which is an average based on literature data (Jiang et al., 2008). Uptake of chemicals can
take place by leaves, stems and roots using the same cuticular permeability constant for all three
tissues, but different surface to volume ratios. This in principle allows for modelling uptake from the
sediment compartment in addition to uptake from the water compartment, but sediment uptake has
not been implemented yet in the published Myriophyllum models. Transport between the plant parts is
not well described in the literature. A rate constant value for the xylem transport of chemicals is given
in the supplementary material of Heine et al. (2016a), but no references for the value is given. Phloem
transport is not considered, although it could be quantified proportional to the amount of
photosynthates allocated from leaves to support stem and root growth. Hence, although a growth
model with different plant compartments for Myriophyllum has been built, further developments and
improvements are still needed. The use of these models in risk assessment could profit from the
detailed analysis of uptake and transport of organic contaminants in Myriophyllum (Diepens et al.,
2014), where uptake and transport processes have been analysed experimentally and also dynamically
modelled. In addition, general knowledge on water and carbon flows in aquatic plants (Pedersen and
Sand-Jensen, 1993; Best and Boyd, 1999) combined with knowledge on physicochemical properties of
the pesticide could be used to enhance predictability of internal pesticide movements in Myriophyllum.

When it comes to inorganic carbon availability, Myriophyllum is also in a very different position
compared to Lemna. Contrary to the aerial compartment, the availability of inorganic carbon and other
gaseous compounds in the water is strongly limited by their solubility in water and by their diffusion
towards the leaves. In addition, the form by which inorganic carbon exists in the water (e.g. CO, or
HCO3) is strongly pH dependent. Water pH is affected by both plant-nutrient uptake and
photosynthetic rates, which vary over the day; hence, pH can easily vary between pH 6 and 10 in a
pond during a day, and to even more extreme values within dense macrophyte stands. The varying
carbon availability and its effect on photosynthetic rate is incorporated in the Myriophyllum model,
which is why information on both dissolved inorganic carbon (DIC) and pH is required as input
parameters. As Myriophyllum has access to nutrients from the sediment, also in this model non-limiting
nutrient supply is assumed.
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As for Lemna, Myriophyllum reproduces vegetatively; but in addition, it also flowers and produces
seeds once or twice a year and allocates energy to rhizomes (Best and Boyd, 1999). In the extended
model version (Hommen et al., 2016), the rhizomes are included but it is not explicit which principles
determine allocation to rhizomes. Allocation of energy to flowers and seeds has not been incorporated
(Hommen et al., 2016), as it is very minor (Best and Boyd, 1999). The typical ‘die-off’ after sexual
reproduction described in Best and Boyd (1999) is, however, incorporated in Hommen et al. (2016).
Contrary to the Lemna model, density dependence of growth, when Myriophyllum reaches closed
stands and thereby creates self-shading of lower leaves, is not incorporated. This could be done, as
maximum leaf area indexes for macrophyte populations exist in the literature. In the paper by
Hommen et al. (2016), a ‘death rate’ has been incorporated in the Myriophyllum model, but it is not
explicit how this is done mathematically and will therefore not be considered further in this opinion.
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Table 1: Introduction to strengths and weaknesses of TKTD models
Strengths Weaknesses
TKTD models e Make use of all available standard and non-standard toxicity test data e Assume homogeneous mixing of toxic chemical within an organism
(applicable to ¢ Make the link from the external concentration to the predicted effects over ®  Assume static biological status of an organism
GUTS, DEBtox time e  Usually based on a one-compartment TK part
and models for o °

primary
producers)

GUTS

DEBtox

Primary
producers
models

Involve time-independent parameters

Enables extrapolation of effects from a set of tested exposure conditions to

other, also time-variable exposure profiles

Applications with calibration only or also with validation data sets are
available in the literature

Different and variable environmental conditions can potentially be
implemented to increase realism

Use a standardised simple model formulation with strictly defined
terminology

Can be calibrated on raw data from standard toxicity testing of survival

Allow for scanning large numbers of scenarios
Application and validation data sets are available in the literature
User-friendly tools exist to either calibrate or simulate GUTS models

Provide a fully integrated mechanistic model of toxic effects within the DEB

theory framework
Provide a combined model for effects on growth and reproduction

Allow for different formulations of the TKTD part depending on the mode

of action of the toxicant
Allows for predicting growth and reproduction under constant or time-
variable exposure profiles

Non-destructive high time-resolution data can be obtained by measuring

surface area for Lemna and shoot (and root) length for Myriophyllum
Data obtained from microcosm studies can be used to validate model
predictions

Uptake of chemicals from the sediment by Myriophyllum can be
incorporated

Without turnkey dedicated tools, the fit of TKTD models requires
some knowledge in statistics

Need of measured internal concentrations to apply the full GUTS
Duality of SD and IT death mechanisms

Calibration requires combinations of time series for growth and
reproduction. This could be experimentally demanding for growth
Simultaneous calibration of all parameters may be difficult in some
cases

No user-friendly dedicated tools are available to calibrate DEBtox
models

Standard tests are not adequate for calibration unless extended by
a recovery period

Assumes nutrient in excess (which might be valid for agricultural
uplands).

Flow-through setups for algae tests are experimentally demanding
and not standardised.

Density dependent growth is missing for Myriophyllum.

No growth validation under natural dissolved inorganic carbon (DIC)
conditions for Myriophyllum is currently available.

No laboratory — field extrapolation validation data for Myriophyllum
(and more could be used for Lemna) are available.

Root uptake by Myriophyllum is not considered, nor is transport
between compartments explicitly described.

www.efsa.europa.eu/efsajournal 23

EFSA Journal 2018;16(8):5377



eJ EFSA Journal

TKTD models for aquatic organisms

3. Problem definition/formulation

3.1. Introduction

The EFSA Opinion on good modelling practice in the context of mechanistic effect models for risk
assessment (EFSA PPR Panel, 2014) says:

‘The problem formulation sets the scene for the use of the model within the risk assessment. It
therefore needs to clearly explain how the modelling fits into the risk assessment and how it can be
used to address protection goals’ and ‘The problem formulation needs to address the context in which
the model will be used, to specify the question(s) that should be answered with the model, the
outputs required to answer the question(s), the domain of applicability of the model, including the
extent of acceptable extrapolations, and the availability of knowledge’.

The EFSA Aquatic Guidance Document (EFSA PPR Panel, 2013) describes that TKTD models may be
used in the Tier-2 effect assessment procedure to expand the risk assessment of PPPs based on
laboratory single-species tests with standard and additional test species (Figure 5).

Acute Effect Assessment Chronic Effect Assessment

Specific Protection Goal

RAC,, . — derivation ~—>Tier-d«—y  RAC,, ., — derivation
(linked to PEC,y ) | 71010 StUdies and|  jinked to PEC,y, mar
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with additional species | % with additional species
and/or refined exposure|® E [andfor refined exposure

Tier-1: Core acute toxicity data ‘ Tier-1: Core chronic toxicity datal
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Complexity
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Figure 5: Schematic presentation of the tiered approach within the acute (left part) and chronic (right
part) effect assessment for PPPs. For each PPP, both the acute and chronic effects/risks
have to be assessed. The Tier-1 and Tier-2 effect assessments are based on single species
laboratory toxicity tests, but to better address risks of time-variable exposures the Tier-2
assessment may be complemented with toxicokinetic/toxicodynamic (TKTD) models. Tier-3
(population and community level experiments and models) and Tier-4 (field studies and
landscape level models) may concern a combination of experimental data and modelling to
assess population and/or community level responses (e.g. recovery; indirect effects) at
relevant spatiotemporal scales. All models included in such a tiered approach need to be
properly tested and fulfil required quality criteria. RAC: Regulatory Acceptable
Concentration; sw: surface water; ac: acute; ch: chronic; PEC: Predicted Environmental
Concentration; twa: time-weighted average

The different Tier-2 approaches described in the Aquatic Guidance Document (EFSA PPR Panel,
2013) are schematically presented in Figure 6. For convenience, the refined exposure approach
(experiments and models) for standard test species are indicated as Tier-2C; and when relevant
additional test species are involved as Tier-2C,.
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Figure 6: Schematic presentation of the different Tier-2 approaches in the aquatic effect/risk
assessment for PPPs. The different types of arrows indicate different approaches (solid blue
lines refer to tests with standardised exposures; broken lines refer to tests with refined
exposures). Further details on the geometric mean and species sensitivity distribution (SSD)
approaches can be found in Chapter 8 of the Aquatic Guidance Document, while
information on experimental refined exposure tests are given in Chapter 9 of the Aquatic
Guidance Document (EFSA PPR Panel, 2013). Suggestions how to apply a Weight-of-
Evidence (WoE) approach in Tier-2 effect assessment if toxicity data for a limited number of
additional species are available can be found in Section 8.2.2 of the Scientific Opinion on
sediment effect assessment (EFSA PPR Panel, 2015)

Single species toxicity tests with aquatic organisms that are used in Tier-1 (Standard test species
approach), Tier-2A (geometric mean/weight-of-evidence (WoE) approach) and Tier-2B (species
sensitivity distribution (SSD) approach) assessments, address concentration-response relationships
based on standardised exposure conditions as laid down in test protocols. Toxicity estimates (e.g. ECsq,
EC,0 and NOEC values) from these tests need to be expressed in terms of nominal (or initially measured)
concentrations if they deviate less than 20% from the nominal (or initially measured) concentrations
during the test or otherwise in mean concentrations (i.e. geometric mean or time-weighted average
concentrations) appropriately measured during the test. Consequently, these tests aim to assess the
effects of @ more or less constant exposure. In the field, however, time-variable exposure regimes of PPPs
in edge-of-field surface waters may be the rule rather than the exception. To assess toxicity estimates of
more realistic time-variable exposure profiles as predicted in the prospective exposure assessment, both
refined exposure experiments and TKTD models may be used, either focussing on standard test species
(Tier-2C,) or also incorporating relevant additional species (Tier-2C,) (see Figure 6). In the Aquatic
Guidance Document (EFSA PPR Panel, 2013), it is stated that for proper use in regulatory risk
assessment, experimental refined exposure studies should be based on realistic worst-case exposure
profiles informed by height, width and frequency of toxicologically dependent pulses from the relevant
predicted (modelled) field exposure profiles. The realistic worst-case exposure regimes selected for the
refined exposure test thus represents those predicted exposure profiles that likely will trigger the highest
risks. This also implies that the results of refined exposure tests are case-specific. The possible
implementation of another use pattern of the PPP under evaluation (e.g. due to mitigation measures)
may result in a change in the relevant exposure profiles to be assessed. The main advantage of TKTD
models is that they may be used as a regulatory tool to assess multiple exposure profiles.
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TKTD models used as tools in Tier-2 assessments need to be calibrated. For this, Tier-1, Tier-2A
and/or Tier-2B toxicity data sets as well as dedicated refined exposure tests with the selected species
of concern can be used. In addition, substance- and species-specific data sets derived from
independent refined-exposure experiments are required for TKTD model validation (see Figure 6).
These validation experiments could be informed by the predicted field-exposure profiles according to
the worst-case intended agricultural use of the substance. However, simulating the worst-case
exposure profile should not be considered a prerequisite for validation purpose. The validation
experiment, however, should include at least two different profiles with at least two pulses each. For
each pulse, at least three concentrations should be tested leading to low, medium and strong effects
(see Sections 7 and 4.1.4.5 for more details). These recommendations are to address phenomena
related to dynamics between internal and external exposure concentrations and possible repair of
effects. To address phenomena related to toxicological dependence/independence, the individual
depuration and repair time (DRTgys) should be calculated and considered for the timing of the pulses;
one of the profiles should show a no-exposure interval shorter than the DRTys, the other profile clearly
larger than the DRTgys (see Section 4.1.4.5 for more details). In case DRTqs values are larger than can
be realised in the duration of validation experiments, or even exceed the lifetime of the considered
species, the second tested exposure profile may be defined independently from the DRTgs.

In regulatory decision-making, appropriately validated TKTD models may help to reduce
experimental testing when assessing different exposure profiles of the same PPP for the same species
and to test more exposure profiles than can be experimentally tested in practice. In addition,
calibrated TKTD models may be used as a research tool, for example to:

e design refined exposure experiments to validate the model;

e evaluate the possible toxicological (in)dependence of different pulses (see Section 9.3 of EFSA
PPR Panel, 2013);

e select the most relevant time-frame of the annual exposure profile that should be addressed in
higher-tier effect assessments (e.g. to design the exposure regime in mesocosm tests);

e explore reciprocity of effects (see Section 4.5 of EFSA PPR Panel, 2013).

In this Scientific Opinion, the focus is on the use of TKTD models as Tier 2C tools in regulatory risk
assessment.

3.2. TKTD modelling and species selection

In developing TKTD models as tools to assess effects of time-variable exposures, an important
question is ‘which species to select for modelling”. The criteria for selecting species in TKTD modelling
do not deviate from the criteria in selecting test species for experimental refined exposure tests in the
laboratory.

In the Aquatic Guidance Document (EFSA PPR Panel, 2013), guidance is provided on the derivation
of Regulatory Accepted Concentrations (RACs) for edge-of-field surface waters based on refined
exposure laboratory toxicity tests with standard test species (experimental Tier-2C; in Figure 6).
Indeed, current practice is that most laboratory refined exposure tests submitted for active substance
approval and PPP authorisation were conducted with Tier-1 test species. Although EFSA PPR
Panel (2013) does not exclude the use of additional species in RAC derivation by means of laboratory
refined exposure experiments, less guidance is provided on how to select the additional species to
test. It is, however, suggested that refined exposure studies with those additional species that are
identified to trigger risks in Tier-2A and Tier-2B might be used to evaluate the risks of the realistic
worst-case exposure profile (in Figure 6 the Tier-2C, RAC derivation based on experimental studies).

If risks are triggered in Tier-1, the development of TKTD models for Tier-1 test species is most
straightforward since in every dossier for active substance approval and PPP authorisation, acute and
chronic toxicity data for Tier-1 species are usually available; these data in raw format, i.e. observations
over time, can directly be used for TKTD model calibration. If only the most sensitive Tier-1 test
species (surrogate for a certain group of organisms) triggers a potential risk, it may be sufficient to
calibrate and validate a substance-specific TKTD model for the most sensitive Tier-1 species. Validated
TKTD models for these Tier-1 species can be used to evaluate specific risks of available field-exposure
profiles by calculating exposure-profile specific L(E)P, (= multiplication factor of an entire specific
exposure profile that causes x% Mortality/Effect) values. If a potential risk is triggered for more Tier-1
species, an option for refinement would be to calibrate and validate substance specific TKTD models
for more Tier-1 test species.

www.efsa.europa.eu/efsajournal 26 EFSA Journal 2018;16(8):5377



eJ EFSA Journal

TKTD models for aquatic organisms

If experimental toxicity data for standard test species and additional test species are available,
developing TKTD models for these standard and additional test species may be a way forward as a
Tier-2C, approach. This may, e.g. be done when a Tier-2A (geometric mean/WoE approach) or Tier-2B
(SSD approach) trigger potential risks. Again, validated TKTD models for these species can be used to
evaluate specific risks of available field exposure profiles by calculating exposure profile-specific EPy
values. Ideally, these additional species should comprise species with lower metabolic rates and slower
repair mechanisms.

If validated TKTD models for a limited number of species are made available, the exposure-profile
specific risks (Tier-2C, informed by Tier-2A; see Figure 6) should be estimated with these models by
using rules similar to those used when applying the geometric mean or WoE approaches based on
experimental laboratory-toxicity data. These rules concern the measurement endpoints to select,
taxonomic groups that can be combined and the size of the AF to be used (see EFSA PPR Panel, 2013,
2015). If validated substance-specific TKTD models are made available for a sufficient number of
relevant species (Tier-2C, informed by Tier-2B; see Figure 6), the exposure-profile specific EP, values
for the different species can be used to construct an SSD and to derive an exposure-profile specific
HPs (= hazardous profile to 5% of the species tested). This exposure-profile specific HPs can be used
in the risk assessment following rules similar to those used when applying the SSD approach (see
EFSA PPR Panel, 2013). To ensure that this procedure is not in conflict with the requirement of the
tiered approach, in the sense that lower-tiers should be more conservative than higher-tiers, the
Tier-2C ERAs need to be calibrated with the RACs and associated exposure profiles derived from
the (surrogate) reference tier for a selected number of substances differing in exposure dynamics and
toxic mode of action (see EFSA PPR Panel, 2010; see also example in Chapter 8); the (surrogate)
reference tier may be an adequate Tier-3 approach, i.e. a valid micro/mesocosm experiment or, in the
future, a validated population or community-level model.

It should always be checked whether the taxonomic groups not addressed in the refined Tier-2C
assessment remain sufficiently protected (iteration with Tier-1 data). Also note that a Tier-2C
assessment will always concern the specific protection goal (SPG) in line with the ecological threshold
option (ETO) (EFSA PPR Panel, 2013). Only if the linking of TKTD models to population-level models
can be scientifically supported in regulatory decision-making, then also the SPG in line with the
ecological recovery option (ERO) might be considered. This scientific opinion, however, focuses on the
use of TKTD models to assess risks that cover lower-tier ETO-RAC values for water and sediment
organisms in edge-of-field surface waters.

Note that the calibration of Tier-2C with the (surrogate) reference tier, as mentioned above, is an
important issue. Indeed previous calibration exercises performed for aquatic invertebrates exposed
experimentally to insecticides have indicated that in some cases the margin of safety (difference
between Tier-1/Tier-2 RACs and corresponding Tier-3 RACs) can be small or insufficient, particularly in
the chronic effect assessment (van Wijngaarden et al., 2015; Brock et al., 2016). Although an
advantage of TKTD models is that they can predict potential effects of longer exposure periods than
normally assessed in laboratory single-species tests, the question at stake is whether shifting from
standard (worst-case) exposure (Tier-2A/B) to refined exposure conditions (Tier-2C), the margin of
safety remains sufficient. It is thus of high relevance to check the level of protection achieved by
calibrating the Tier-2C approach with results of Tier-3 assessments (see e.g. the example data set in
chapter 8).

3.3. TKTD models and Tier-2 risk assessment for aquatic animals

3.3.1. Regulatory context in which the models will be used

TKTD modelling may be used to address (the threshold for) individual-level effects occurring from
time-variable exposure regimes on aquatic vertebrates and invertebrates. In principle, effects of
constant exposures can also be addressed by TKTD models, e.g. to estimate a time-independent NEC.
The problem formulation for the use of TKTD modelling for predicting (the threshold of) effects should
initially identify the area of the risk assessment that is being covered by the modelling and why it is
needed.

The GUTS model framework is developed to address lethal effects and may be an appropriate
approach to use in the acute risk assessment scheme, since lower-tier acute toxicity tests with aquatic
animals are based on the measurement endpoints mortality or immobility. Consequently, if a high risk
is triggered for aquatic animals by the acute Tier-1, Tier-2A or Tier-2B effect assessment, the results of
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suitable GUTS models (i.e. appropriately calibrated and validated) can be used. In the chronic risk
assessment, however, it is only appropriate to use a validated GUTS model if the critical endpoint is
mortality, which is not often the case. In chronic toxicity tests, critical measurement endpoints usually
concern sublethal effects like inhibition of reproduction or growth or, in the case of insects, emergence.
Consequently, only if the risk is triggered by the chronic Tier-1, Tier-2A or Tier-2B effect assessment
and the critical (lowest) endpoint is mortality (or immobility), the results of suitable GUTS models (i.e.
appropriately calibrated and validated) for the surrogate animal species of concern can be used in the
chronic risk assessment.

If a sublethal endpoint is the most critical in the chronic lower-tier assessment, the DEB modelling
framework is the appropriate TKTD approach to select in the refined risk assessment. Note, however,
that DEB modelling is a generic approach that assumes isomorphic growth,® which may be more valid
for aquatic species like fish and worms, but less so for crustaceans and aquatic insects (particularly
during the final moult when the aquatic stage of the insect becomes a terrestrial stage). DEBtox
models focus on body mass (or energy) and length, so if the species does moult then the model may
need to be adapted to account for moulting of different aquatic larval stages. For insects with both an
aquatic and a terrestrial life stage (e.g. Chironomus), emergence might be a problematic sublethal
endpoint to address in DEBtox modelling. Modelling of the whole life cycle may not be necessary in the
chronic effect assessment, if it is demonstrated that the effect endpoint tested/modelled concerns the
most sensitive life stage of the species under evaluation. A recently published DEBtox model for the
whole life cycle of an endoparasitic wasp (Llandres et al., 2015) provides an example of how to
approach ‘non-continuous’ growth. Nevertheless, in order to be used as a tool in prospective ERA for
PPPs, it should be demonstrated that the DEBtox model used for a specific (surrogate) species,
sufficiently addresses sublethal responses such as delay in hatch or emergence if these endpoints are
triggered in the chronic lower-tier assessment.

3.3.2. Specification of the question(s) that should be answered using the model

Questions that should be answered with the application of TKTD models in risk assessment should
be related to the SPG for the group being considered, covered by the EFSA Aquatic guidance
document (EFSA PPR Panel, 2013) and the sediment opinion (EFSA PPR Panel, 2015). The dimensions
that need to be considered in defining SPGs for PPPs and aquatic organisms are: (1) the ecological
entity to protect, (2) the attribute of the selected ecological entity to consider, (3) magnitude of the
tolerable effect, (4) temporal scale of the tolerable effect, (5) spatial scale of the tolerable effect, and
(6) degree of certainty (EFSA PPR Panel, 2010).

According to EFSA PPR Panel (2010), the degree of certainty should always be high. In the EFSA
Aquatic Guidance Document (EFSA PPR Panel, 2013), the spatial scale of the risk assessment is
currently limited to local edge-of-field ponds, ditches and streams as defined by the FOCUS surface-
water exposure modelling approach. Within the context of the use of TKTD models in Tier-2, the focus
is on the ETO (see Chapter 5 in EFSA PPR Panel, 2013) and not on the ERO. When deriving an
ETO-RAC, the magnitude of tolerable effects is negligible. As a consequence, the main SPG dimensions
to discuss within the context of TKTD models as Tier-2 tools in aquatic ERA for PPPs are ecological
entity and attribute.

For aquatic vertebrates in edge-of-field surface waters (e.g. fish and aquatic stages of amphibians),
the ecological entity is the individual in acute risk assessments and the population in chronic risk
assessments. The attribute to protect concerns lethal effects (mortality) of individuals in the acute risk
assessment and effects on population abundance/biomass in the chronic risk assessment (see EFSA
PPR Panel, 2013).

For aquatic invertebrates in edge-of-field surface waters, the selected ecological entity is the
population and the attribute abundance/biomass (see EFSA PPR Panel, 2013, 2015).

Note that TKTD models can be used to predict lethal and/or sublethal effects on individuals
(including individual-level recovery i.e. their repair of damage) of aquatic vertebrates or invertebrates
following time-varying exposure, but not to predict population-level effects (including community
interactions and population recovery). Tier-3 and Tier-4 assessments are needed to address
population- and community-level effects. Nevertheless, results of Tier-1 and Tier-2 approaches are
assumed to provide conservative estimates of the ETO-RAC,,, if applying an appropriate extrapolation

9 Isomorphic growth is growth that occurs at the same rate for all parts of an organism - this means that the organisms shape
stays the same even though the organism gets bigger.
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technique (e.g. AFs) calibrated by comparing lower tier assessments with that of the surrogate
reference tier (see EFSA PPR Panel, 2010, 2013). In the tiered effect assessment for aquatic
invertebrates, this assumption can be verified by comparing lower-tier RACs,, values with ETO-RAC,,,
values derived from microcosm/mesocosm tests (see e.g. van Wijngaarden et al., 2015). It is usually
not possible to do this for aquatic vertebrates since microcosm/mesocosm tests that study treatment-
related responses of fish and amphibians, and that can be used as surrogate reference tier to calibrate
the lower-tier effect assessment for these taxa, are rarely available. Currently, the Tier-2 effect
assessment (including the ‘geometric mean/WoE’, 'SSD’ and ‘refined exposure’ approaches) is the
highest experimental tier used for aquatic vertebrates. The use of TKTD models in the Tier 2 refined
ERA for PPP may be of particular importance for vertebrates as it enables a better consideration of
animal welfare issues, which is an important EU policy.

3.3.3. Specification of necessary model outputs in relation to protection goals

For TKTD modelling of lethal effects of specific exposure profiles (e.g. by means of the GUTS
modelling framework), the outputs from the model are the prediction of: (i) the expected mortality/
immobility (0-100%) and (ii) a multiplication factor for the exposure that is necessary to reach a
certain level of effect (e.g. 10% or 50%, i.e. LP,/EPy). A more detailed description of LPy/EPy values is
given in Section 4.1.4.1. This concept of the multiplication factor was originally introduced by Ashauer
et al. (2013) as the ‘margin of safety’. Similarly, for predicting sublethal effects (e.g. by means of the
DEBtox modelling framework), the relevant model output is the prediction of exposure-profile-specific
sublethal effects (e.g. EPig). Within this context, the toxicological (in)dependence of different
exposures (pulses) potentially occurring in edge-of-field surface waters within the lifespan of the
individuals should be considered. The lifespan may be long for, e.g. fish, and short to long for
invertebrates. Toxicological dependence of different pulses is likely to occur if (i) the internal
concentration or the scaled damage is still above (or closely below) the critical threshold level when an
individual experiences another pulse exposure, or (ii) when the repair of the damage caused by the
earlier exposure is not yet complete (see the output of the ELINK workshop (Brock et al., 2010)). It is
proposed to use the DRTys (individual-level depuration and repair time for 95% of the effects) as a
critical threshold for the design of validation experiments. It is expected that a time-interval < DRTgs
between two exposure pulses facilitates the demonstration of toxicological dependence, while a time
interval > DRTq5 between pulses enables the demonstration of toxicological independence.

3.4. TKTD models and Tier-2 risk assessment for Primary producers

3.4.1. Regulatory context in which the model will be used

TKTD models developed for primary producers could be used in the chronic risk assessment
scheme with a focus on sublethal effects, since inhibition of growth is not a lethal effect. They can be
used to predict (the threshold for) effects of time-variable exposures on growth of primary producers
to supplement experimental Tier-1 and Tier-2 assessments. It should be noted that according to EFSA
PPR Panel (2013) the lower-tier RACs are derived from estimated concentrations causing 50%
inhibition of growth rate (E;Csg) for primary producers (r refers to the endpoint growth rate in the ECsp
estimate). In cases where proper E,Cso values are not available for primary producers, an alternative
estimated concentration causing 50% inhibition of yield (E,Cso) may be used (y refers to the endpoint
yield in the ECs, estimate). Note that E,Cso values are usually lower than the corresponding E.Csg
values. For most macrophytes, the measured endpoints (estimated E.Csy or E,Cso) used in effect
assessment do concern individual-level effects; however for algae and fast-growing floating
macrophytes like Lemna, the measured endpoints do not concern individual-level effects, since in the
course of the test (72-96 h for algae; 7 days for Lemna), many new individuals have developed and
effects on the algal population and Lemna as well as its recovery are ‘entangled”.

The problem formulation for the use of TKTD modelling for effects on primary producers should
initially identify the species or group of algae and/or vascular plants to be considered, informed by
Tier-1 and Tier-2 laboratory toxicity tests. Based on these tests, it may be necessary to select
subgroups (e.g. the floating macrophyte Lemna spp. may be an order of magnitude more sensitive
than the rooted macrophyte Myriophyllum, and the other way around; the sensitivity of the tested
green algae may differ more than an order of magnitude compared with the tested diatom or blue-
green algae).

www.efsa.europa.eu/efsajournal 29 EFSA Journal 2018;16(8):5377



o

eJ EFSA Journal

TKTD models for aquatic organisms

3.4.2. Specification of the question(s) that should be answered with the model

Questions that should be answered with the application of TKTD models in risk assessment should
be tied to the SPG for primary producers. According to EFSA PPR Panel (2013), the ecological entity of
concern is population for both algae and aquatic plants and the related attribute is abundance/
biomass/growth. The recommended measurement endpoints for Tier-1 and Tier-2 toxicity tests, used
as the input parameters for TKTD models, concern inhibition of growth rate in terms of shoot length/
frond number and biomass for macrophytes and in terms of biomass (cell counts) for algae. Results of
Tier-1 and Tier-2 tests are assumed to provide conservative estimates of the ETO-RAC,,, by applying
an appropriate extrapolation technique (e.g. application of AFs that are calibrated by comparing lower-
tier assessments with that based on the surrogate reference tier).

For the ETO, the magnitude of tolerable effects for algae and macrophytes is meant to be
negligible in edge-of-field surface waters (duration therefore not relevant). As for aquatic invertebrates,
the ERO will not be considered further for primary producers as it is outside the scope of this
document.

3.4.3. Specification of necessary model outputs in relation to protection goals

For TKTD modelling, the outputs from the model concern exposure profile-related magnitudes of
growth inhibition, preferably of the most sensitive endpoints identified at Tier-1 (either shoot length/
frond number, biomass for macrophytes or cell counts (as surrogate for biomass) for algae). Since
EFSA PPR Panel (2013) recommends using E.Csq values in the lower-tier effect assessment, it seems
logical to select also ‘growth rate’ as effect estimate in the TKTD modelling approach. From a biological
and ecological point of view, the endpoint growth inhibition of biomass seems more fit-for-purpose for
TKTD modelling approaches than growth inhibition of shoot length/frond number, since biomass is a
better indicator for the energy stored in plant tissues as a net result of processes like photosynthesis
and respiration. Furthermore, the relationship between shoot length/frond number and its biomass
may be quite variable for the same macrophyte depending on, e.g. environmental conditions (e.g. light
conditions). Nevertheless, herbicides that inhibit cell division (e.g. sulfonyl urea herbicides) or stimulate
excessive cell elongation (e.g. auxin-simulating herbicides) total shoot length of macrophytes may
initially be more critical than biomass. When exposed to herbicides that inhibit cell division, the
formation of new shoots may be inhibited but not necessarily the total biomass of shoots, since sugars
and starch may be stored in the older tissues if photosynthesis is not directly inhibited. In the case of
auxin-simulating herbicides, the growth of the plant shoots is stimulated at the cost of its biomass so
that shoots become very long but brittle. Consequently, the use of TKTD models in prospective risk
assessment for time-variable exposure of pesticides and aquatic macrophytes in particular, should be
evaluated considering the critical endpoint for which the exposure profile-specific inhibition in growth
should be assessed (informed by Tier-1). If in experimental studies the effects of pesticide exposure
on growth inhibition of biomass and shoot length/frond number endpoints result in more or less similar
E.Cso values with confidence intervals that overlap, then it is proposed to select biomass-related
endpoints in TKTD modelling. If not, the TKTD modelling approach should be used to predict the
response for the most sensitive relevant endpoint.

3.5. Specification of the domain of applicability of the TKTD model

The domain of applicability is mentioned in the EFSA scientific opinion on Good Modelling Practise
(EFSA PPR Panel, 2014) as an important aspect of model application in ERA for PPPs. In that
document, it is mentioned that modelling offers the opportunity to go beyond the conditions that have
been tested in experiments or observed in the field. However, care must be taken when broader
conclusions are drawn from the modelling results, with respect to scales, processes and variables that
are taken into account.

As mentioned already, in order to be used directly in prospective ERA for PPPs, TKTD models need
to be calibrated and validated for the PPP and surrogate species of concern. Relevant aspects for the
domain of applicability of the TKTD model outputs in prospective ERA, appear therefore mainly as
extrapolation from surrogate to other species (same rules as for experimental data), extrapolation
across different exposure profiles and extrapolation over time. No extrapolation across levels of
biological organisation (e.g. from individual to population or community level) can be done by the use
of TKTD models alone.
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3.5.1. Intraspecies variability

Experimental data sets for calibration and validation of TKTD models may concern a specific life
stage (size class) of individuals of a specific species, particularly in acute laboratory-toxicity tests. It is
assumed that if the most sensitive life stage is tested, the calibrated/validated TKTD model most likely
will result in a more conservative prediction than when the experimental data set concerns a less
sensitive life stage. Extrapolation to other life stages (size classes) might be possible for some cases if
the TKTD processes can be corrected for changes in body size. The phenomenon of extrapolation
between life stages of the same species is not TKTD specific since it also plays a role in the Tier-1 and
Tier-2 RAC derivation based on laboratory toxicity data. This uncertainty is addressed in the AF.

3.5.2. Extrapolation between species

Essentially, the calibration and validation of a TKTD model is, at the moment, always fixed for a
specific species, and currently there are no extrapolation methods available that could do species-to-
species extrapolation of TKTD model parameters with sufficient quality to allow for the use in ERA of
PPPs. Hence, there is a need for extrapolation of TKTD model predictions from a surrogate species to
other species — a normal procedure in lower-tier RAC derivation achieved e.g. by applying an
appropriate AF- remains.

Implicitly, the question of the representativeness of one species for one or more other species is of
relevance here. This, however, does not appear as being specific to TKTD modelling. In this SO, it is
assumed that the AFs currently used in Tier-1, Tier-2A and Tier-2B assessments, based on experimental
laboratory toxicity tests, are also fit-for-purpose in Tier-2C assessments using validated TKTD models,
since these AF account for extrapolations to other species and from the laboratory to the field.

3.5.3. Extrapolation across exposure profiles

The lifespan of the species to be modelled can be considered for the selection of the worst-case
time window to distinguish between ecologically dependent or independent pulse exposures. The
following stepwise approach might be followed:

1) Use the full length of the predicted exposure profile (currently, 12 months for run-off and 16
months for drainage scenarios) in the FOCUSsyy, calculations as input for the TKTD model.
Only if potential high risk is predicted, selecting a (realistic worst-case) time window in
accordance with the life cycle properties of the species of concern may be a refinement
option as described below.

2) Select the worst-case time window within the exposure profile for the species by evaluating
possible effects by a ‘moving’ time-window equal to the (realistic worst-case) length of its
life cycle (or the duration of its relevant sensitive life stage). Note that algae, multivoltine
and bivoltine aquatic invertebrates and aboveground parts of most macrophytes will have a
life cycle shorter than the duration of the FOCUS exposure profile. Whether this is also the
case for the sensitive life stages of fish and amphibians and univoltine and semivoltine
invertebrates needs to be carefully evaluated and might result in a request for a prolonged
exposure profile.

If the model performs well in predicting the effects of a set of appropriately selected worst-case
time-variable exposure profiles or worst-case time-frames (criteria set in the Section 7) for a specific
species, it is assumed that for regulatory purposes extrapolation across different exposure profiles can
be done.

3.5.4. Range of geographical areas covered by the modelling

The geographical context is predominantly implemented in the exposure assessment. The Tier-2
effect assessment, which may be supplemented with TKTD modelling, focuses on edge-of field scale,
and it is generic for the EU. Specific regional ecological scenarios, including regional focal species,
become more important in Tier-3 considering exposure conditions at different locations and Tier-4
assessments for risks at larger spatial and temporal scales. Extrapolation in space is implicitly done
when exposure time series of different locations are evaluated by compound and species-specific TKTD
models. It should be noted that at a landscape scale addressing multiple stressors may become more
relevant. TKTD models may also be used to evaluate time-variable exposures of several pesticides to
assess cumulative risks (e.g. Ashauer et al., 2017).
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3.5.5. Type of substance

TKTD models can be developed for any type of PPP but for substances with specific mode of actions
special consideration may be required. For example models calibrated on acute tests are a priori not
suitable for insect growth regulators since the test needs to include the critical moulting phase.

In a regulatory context, TKTD models should not be used for extrapolations from one substance to
another with the same MoA. Compound-specific input parameters are needed for regulatory purposes.
TKTD models can be applied independently from the MoA, but for their application it has to be
checked whether unexpected mortality is observed under long-term (chronic) exposure. In such cases,
toxicity cannot be predicted based on acute testing only; calibration and validation experiments should
be available on longer time scales in order to detect such potential delayed effects.

4. General Unified Threshold models of Survival (GUTS)
4.1. Definition and testing of GUTS

This section contains specific information about GUTS itself and its implementation, but not about a
specific application or data set. It contains as separate subsections information about:

o the formal model, that is mathematical (differential) equations and other detailed information
about the model;

e the model implementation, that is which programming language or environment was used,
which settings of key values have been chosen, etc.;

e the verification of the model implementation, that is basic tests to show that the code works
as it should for some selected cases;

e Sensitivity analysis of the model, that is the effects of changes in parameter values on the
model output;

e General information about the way model parameters have been estimated, that is how
calibration routines are performed, which function is used as target for optimisation routine,
etc.;

e The definition of model output and how uncertainties in model predictions are handled;

e Criteria for the validation of a calibrated model on an external data set.

All the above subsections are exemplified hereafter with implementations of GUTS both in the
Mathematica and the R programming languages.

4.1.1. Model formalisation
4.1.1.1. Toxicokinetic model and damage dynamics

The simplest GUTS version (e.g. for an aquatic invertebrate like Daphnia magna without
measurements of internal concentrations) assumes a one-compartment model and links external
concentrations directly to the scaled damage (see Section 2.3 for an introduction to the scaled damage
concept). The choice of this model, called ‘reduced GUTS’ (GUTS-RED) implies that the dominant rate
constant kp (time™!) is determined directly from the raw observed survival data (without internal
concentration measurements). The dynamics of the scaled damage, denoted Dy (t) in this case, is
described by the following differential equation

dDC\;::(t) = kp x (Cw(t) — Dy(t)). W

The scaled damage is given in units of concentration, equal to the units of measurements in the
external medium C, (e.g. in mol/L). A more explicit description of the dynamics of internal
concentrations, denoted Gi(t) (e.g. in mol/kg), accounts for the uptake of a chemical in proportion to
an external concentration and simultaneous elimination of the chemical in relation to the internal
concentration, as described by

% = Kin x Cu(t) — Kout x Gi(t), @

where ki, (e.g. in L/kg time) and ko (time™?) are the uptake and elimination rate constants.
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Within the full GUTS framework, the simulated internal concentrations is linked to the scaled
damage assuming an increasing scaled damage, denoted Di(t) (e.g. in mol/kg), according to increasing
internal concentrations and a possible individual-level repair of the scaled damage with repair rate

constant kg (time™?1) following
dDj(t
P _ e x oy - D). 3

Possible special cases of the reduced and the full GUTS exist. In the reduced version, the external
concentration can be directly used as scaled damage without accounting for repair or depuration. This
might be useful in cases of very fast uptake.

TOXICOKINETICS AND DAMAGE DYNAMICS

Reduced GUTS (GUTS RED) Full GUTS
No internal concentration in the model, Internal concentration explicitly modelled,
scaled damage expressed in units of the scaled damage expressed in units of the
external (water) concentration (Dy,) internal concentration (D;)
dC;(t
D) e X Gy () = e X GO
dD,, () dt
T =l X (Cu(® — Dy (1)
t dD; (t)
— = ke X (GO ~ D)
X
TOXICODYNAMICS AND DEATH MECHANISM
SD model IT model
1
dH() F(t) = -
—¢ = b xmax (0,D(t) - 2) - (grslgéit D(ﬂ)
SSD(t) = e_H(t) xXe~ xt
Sir(t) = (1 —F(t) x e”»x¢

Figure 7: Overview about toxicokinetics, damage dynamics and survival models (stochastic death
(SD) and individual tolerance (IT)) as used in the GUTS TKTD model framework. In the top
panel, two formulations of the damage dynamics and the respective model equations are
given. The bottom panel shows the two formulations of the death mechanism (SD and IT)
together with the model equations. Parameters that must be determined from experimental
data are marked in blue and explained in Chapter 2 and the following text. Combination of
damage dynamics and death mechanism result in possible GUTS-RED-SD, GUTS-RED-IT,
GUTS-SD and GUTS-IT models, which are defined by the given equations. Calibration of
model parameters is explained in Section 4.1.3

As shown in Figure 7, in the full GUTS, the internal concentration can be directly used as scaled
damage without accounting for damage repair, which can be useful in case of very fast damage
dynamics. These cases are, however, not formulated in the standard GUTS framework and hence not
further considered here. Depending on the choice of the type of the scaled damage, it is expressed in
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external or internal concentration units. In consequence, all related parameters, including the killing
rate constant b, and the (median) threshold z and m should be given with an index for a specific
application. In case the scaled damage refers to the external concentration, the index is w, in case it
refers to the internal concentration, it is i. In the general case, where a concrete model has not been
selected, the index can be left out. As this SO uses mainly reduced versions of GUTS, the parameters
will be denoted with index w.

Table 2: Parameter symbols used for GUTS modelling in this chapter, explanation and units

Symbol Explanation Example Unit
Dy Scaled damage, referenced to external concentration mol/L

D; Scaled damage, referenced to internal concentration mol/kg

Cw External chemical concentration in the environment mol/L

G Internal chemical concentration in an organism mol/L

ko Dominant rate constant for the reduced model day~! (or time ™)
Kin Uptake rate constant for chemicals into the body L/kg d!

Kout Elimination rate constant for chemicals from the body day?

kg Damage repair rate constant day™?

h Cumulative hazard rate day!

b Killing rate constant [D]/day?

b; Killing rate constant referenced to internal concentration kg/mol d*

by Killing rate constant referenced to external concentration L/mol d~! (or time™?)
z Threshold for effects [D]

Zi Threshold for effects referenced to internal concentration mol/kg

Zw Threshold for effects referenced to external concentration mol/L

he Background hazard rate day!

m; Median of the distribution of thresholds, ref. to internal conc. mol/kg

My Median of the distribution of thresholds, ref. to external conc. mol/L

B Shape parameter for the distribution of thresholds [-]

4.1.1.2. Toxicodynamics and death mechanisms

The damage dynamics is connected to an individual hazard state variable, resulting in simulated
mortality when an internal damage threshold is exceeded (Figure 7). Two death mechanisms are used
in this scientific opinion, which are extreme cases of the GUTS theory: the SD and the IT.

For SD models, the threshold parameter for lethal effects is fixed and identical for all individuals of a
group, meaning that the variance of the threshold values is zero, and the killing rate relates the
probability of a mortality event in proportion to the scaled damage. In contrast, in the IT models
thresholds for effects are distributed among individuals of one group, and once an individual tolerance
is exceeded, mortality of this individual follows immediately, meaning in model terms that the killing rate
is set to infinity. Both models are unified within the ‘combined GUTS’ model, in which a distributed
threshold is combined with a between-individual variable killing rate (Jager et al., 2011; Ashauer et al,,
2016; Jager and Ashauer, 2018). For mathematical reasons, the parameter estimation of a ‘combined
GUTS’ model requires more data than it can be obtained from standard survival testing. With the aim of
maximising the added value of standard toxicity testing, this SO is considering the reduced GUTS
versions only, with the IT and SD models as realisations of the death processes. Combinations of the
choice of the scaled damage and the death mechanism give clearly defined acronyms for the different
variants of GUTS, e.g. GUTS-RED-SD for the combination of the scaled damage without consideration
of internal concentrations and the SD mechanism, or GUTS-IT for the full GUTS model accounting for
internal concentrations in combination with the IT mechanism. Please consult chapter 2 for an
introduction into TKTD modelling, GUTS and the concepts of damage dynamics and death mechanisms.

In the SD model, a hazard rate is calculated following the differential equation

dH(t)

—qi~ = bxmax(0, D(t) ~2), 4)
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which describes hazard increasing in proportion to killing rate constant b, when the scaled damage
exceeds the internal threshold concentration z. For the parameter estimation of the SD model, the
killing rate constant b ([D]"! time ') and internal threshold concentration z ([D]) must be estimated
from the survival data; [D] stands here for the unit of the scaled damage. The parameter values are
kept constant during the simulated time, the processes of TK and TD are captured by the ordinary
differential equations.

In the SD model, the survival probability of an individual to survive until time t is calculated as

Sep(t) = e MV x e Mot (5)

where h,, (time™?!) is the background mortality rate constant.

In the IT model, the survival probability of an individual to survive until time t is calculated
following the cumulative log-logistic distribution of the thresholds z in a group of individuals, given by
the function

1

F(t) = - (maxorgﬁgto(r))‘ﬁ’

(6)

where m is the median of the distribution of z ([D]) and B (-) is the shape parameter of the
distribution.

In the IT model, the survival is related to the maximum scaled damage rather than to the actual
scaled damage because death is irreversible, meaning that also under decreasing concentrations, the
level of mortality in a simulated group of individuals could not become lower again. In the IT model,
the survival probability of an individual to survive until time t is then calculated by

Sir(t) = (1 — F(t)) x e ™, %)

4.1.2. Test results for two model implementations

The implementation of a model is software-specific. The documentation of the implementation
should contain an overview of the source code files, and the version and necessary packages of the
used programming environment. Testing of the implementation (implementation verification”) needs to
be performed and documented for any model implementation, while the reasonable behaviour of the
model (‘sensitivity analysis”) has been performed within this opinion for the example implementations
(with Mathematica and R) and is not necessarily part of the documentation of a model implementation.
The following sections contain a short overview of examples for an implementation of the GUTS TKTD
model in Mathematica (Section 4.1.2.1) and in R (Section 4.1.2.2), before examples are given for the
model implementation verification (Section 4.1.2.3) and the sensitivity analyses (Section 4.1.2.4).

4.1.2.1. Model implementation in Mathematica

The different GUTS-RED versions have been implemented in Mathematica (Wolfram Research,
version 11.0, http://www.wolfram.com/mathematica/). Mathematica is proprietary software for
performing mathematics on a computer. It provides comprehensive methods for computation. The
GUTS implementation in Mathematica uses mainly the functionality to calculate numerical solutions for
ordinary differential equations (method NDSolve), to find the minimum of a given objective function
(NMinimize), to read and write files of various formats (Import/Export) and to operate with lists and
matrices of data. Mathematica is under continuous development; the implementation is steadily tested
and verified.

The GUTS Mathematica notebooks contain applications for the single modelling steps, i.e. model
calibration, model validation, predictions of surviving individuals for the exposure scenarios and
probabilistic model simulations, together with all necessary data import and export functionality (see
Appendix A). The source code of the Mathematica notebooks is not write-protected, that can,
however, be achieved if necessary.

Mathematica notebooks come in general in a specific format that contains both the program code
and the output. Providing all notebooks and input files gives the opportunity to look into the source
code and to see at the same time the output. A Mathematica installation and license will be necessary
to run the program code and to redo and test calculations.
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The GUTS Mathematica code has not been optimised for providing user-friendly software. The
structure of the model code enables, however, given a running Mathematica installation, to redo all
steps that have been performed in the scope of the GUTS implementation, by loading and executing
the GUTS-methods notebook, followed by one of the application notebooks. Important for running the
code is that input files are located in the file system as required.

4.1.2.2. Model implementation in R (package ‘morse’)

GUTS-RED versions have also been implemented within the R-package ‘morse’ 3.1.0 (R Core Team,
2016; Baudrot et al., 2018a). R is a free software environment for statistical computing and graphics.
It compiles and runs on a wide variety of UNIX platforms, Windows and MacOS (https://www.r-projec
t.org/). It can be downloaded from any CRAN mirror (https://cran.r-project.org/mirrors.html).

Package ‘morse’ provides tools for the analysis of survival/reproduction data collected from
standard toxicity tests. It can be used to explore/visualise experimental data, and to perform
estimation of LC,/EC, values by fitting concentration-response curves, or estimation of NEC values by
fitting GUTS-RED-SD and/or -IT models. The LC,/EC,/NEC as well as model parameters are provided
along with a quantification of their uncertainty. Package ‘morse’ can be downloaded at https://cran.r-
project.org/web/packages/morse/index.html; a step-by-step explanation of its use is provided at
https://cran.r-project.org/web/packages/morse/vignettes/tutorial.html, while a more formal description
of the underlying estimation procedures is provided at https://cran.r-project.org/web/packages/morse/
vignettes/modelling.pdf. The full description of all functions provided by the R-package ‘morse’ can be
found at https://cran.r-project.org/web/packages/morse/morse.pdf. The source code of these
functions is accessible within R from instruction ‘morse:::function_name’ Moreover, the R-package
‘morse’ uses the R-package ‘rjags’ (Plummer, 2013) as an R interface to the JAGS library for Bayesian
model estimation. Note that package ‘rjags’ does not include a copy of the JAGS library that needs to
be installed separately (http://mcmc-jags.sourceforge.net/).

Note that basic features of the R-package ‘morse’ are also available online within the user-friendly
web-platform MOSAIC (Charles et al., 2017) which offers a new GUTS module specifically dedicated to
the online fitting of GUTS-RED-SD and GUTS-RED-IT (http://pbil.univ-lyon1.fr/software/mosaic/guts,
Baudrot et al., 2018c).

R notebooks are usually provided as readable stand-alone text files directly usable as R scripts (.R
extension). They contain all necessary code lines associated with comments, to run and get output
results [See Appendix E for the code archive].

4.1.2.3. Verification of model implementation

In order to verify the model code, it would be ideal to show that the code is correctly implemented with
respect to the conceptual and the formal model and that the code is error-free. Model code verification is an
important tool to build trust to model results. A rigorous verification of the complete implementation code,
in the sense of a complete check of the computer code would mean an extensive effort and an enormous
documentation. In order to keep the balance between effort and results, model results have been produced
for a set of scenarios, representing specific classical and extreme cases, and the model outcomes have
been checked for reasonable results. Results below are given side by side both for Mathematica and R
implementations in order to illustrate that both independent implementations show the same results.

Classical exposure scenario

The model implementation has first been tested for a classical exposure scenario corresponding to
a 4-day period at constant concentration of a theoretical pollutant followed by a 3-day period without
exposure. For arbitrary parameter values, the survival over time (SOT) has been simulated for both the
GUTS-RED-SD and the GUTS-RED-IT models, together with the scaled damage (Figure 8). As
expected, this latter first increases until day 4, then decreases over the following 3-day period.

Under model GUTS-RED-SD, the SOT first starts with a 100% value until about day 2 when the
scaled damage exceeds the threshold z, value (damage curve and dashed line first intersection in
Figure 8). Then, the SOT decreases until around day 5 when the scaled damage falls below the
threshold (damage curve and dashed line second intersection in Figure 8). After day 5, the SOT
remains constant at about 50%. Under model GUTS-RED-IT, survival starts to decrease from the
beginning of the exposure, but the decrease stops as soon as the exposure concentration falls to zero
at day 4. The final SOT under model GUTS-RED-IT is around 30%. Together, these results corroborate
a correct implementation for both GUTS-RED-SD and GUTS-RED-IT models under constant exposure,
since both model implementations show the same reasonable behaviour.
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Figure 8: Test of the Mathematica (upper panel) and R (lower panel) implementation of GUTS-RED-SD
and GUTS-RED-IT models under 4-days constant exposure. The left panels show the scaled
damage (black) and the external (gray) concentrations together with the internal threshold
(dashed line). The middle panels show the survival over time for the GUTS-RED-SD model,
parameters: h, = 0, kp = 0.3 (time™ 1), b, = 0.5 (L mol~! time™?!) and z, = 2.5 ([D]). The
right panels show the survival over time for the GUTS-RED -IT model with parameters:
h, =0, kp=0.3 (time '), my,=2.5 ([D]) and p=2 (-). Table 2 gives a full list of
parameters with the explanation

Pulsed scenarios

Another test was performed to check the Mathematica and R implementations of the GUTS-RED-SD
and GUTS-RED-IT models for an arbitrary ‘pulsed’ exposure scenario. Such exposure situations, where
steep increasing concentrations are followed by a period of more or less constant concentrations,
which are abruptly falling down to zero concentrations, are challenging for the algorithms being used
to calculate the numerical solutions of the model equations. The test for the same generic model
parameterisation of GUTS-RED-SD and GUTS-RED-IT models as in Figure 8, with multiplication factors
from 1 to 50, show technically correct simulation results for the scaled damage and the survival rate
over time (Figure 9) (see Section 8). Most importantly, the numerical scheme and precision appears to
be stable, as no indicators for numerical instability under such numerically challenging exposure
schemes, i.e. abruptly changing or negative exposure concentrations, are visible. This reinforces
confidence into the model implementations.
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Figure 9: Test of the Mathematica (upper panel) and R (lower panel) implementations of GUTS-RED-SD

and GUTS-RED-IT models with increasing multiplication factors for pulsed exposures, with
exposure from day 3 to day 5. The external concentration of initially 5 ([D]) has been
multiplied by factors from 1 to 50 (rainbow colours, first panels from the left). Second
panels show the scaled damage; third panels show the survival rate over time for model
GUTS-RED-SD and fourth panels for model GUTS-RED-IT. Parameters for model GUTS-RED-SD
were: hy, = 0, kp = 0.3 (time™1), b,, = 0.5 (L mol~* time™!) and z,, = 2.5 ([D]); parameters for
model GUTS-RED-IT were: hy, = 0, kp = 0.3 (time™1), m,, = 2.5 ([D]) and B = 2 (-). Table 2
gives a full list of parameters with the explanation

Extreme scenarios

A third and last test was performed to check the robustness of model implementations under
extreme cases. Three extreme scenarios were tested as shown in Figure 10:

i) under a zero exposure with no background mortality, the scaled damage is equal to 0 and

both the GUTS-RED-SD and GUTS-RED-IT models predict no mortality, hence survival over
time equals 100%;

ii) on the contrary, when the exposure is short but at very high concentrations (100 arbitrary

units in this example), the scaled damage increases quickly during the period of exposure,
then it decreases. Accordingly, the survival over time very quickly decreases from 100% to
0% in less than 1 day;

i) for a scenario with zero exposure but some background mortality, the damage is logically

equal to 0, as in case (i), but the survival over time slightly decreases according to the value
of parameter hy,.

For all the tests, results of both the Mathematica as well as the R implementations of GUTS-RED
were identical and as expected, which further corroborates that the implementations of the GUTS
reduced models are correct and stable.
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Figure 10: Mathematica (upper panel) and R (lower panel) implementation test under extreme cases:
(i) zero exposure and no background mortality (solid lines), (ii) high exposure over days
1-4 (100 [D]) (dashed lines) and (iii) zero exposure with a slight background mortality
(dotted lines). The left panels show the scaled damage; the middle panels show the
survival over time under the GUTS-RED-SD model; the right panels show the survival
over time under the GUTS-RED-IT model. Parameter values for the GUTS-RED-SD
model: kp = 0.5 (time™1), b,, = 0.3 (L mol~! time™!) and z = 2.5 ([D]); parameter values
for the GUTS-RED-IT model: kp = 0.5 (time™1), m; = 2.5 ([D]) and B = 2 (-). Parameter
hp was equal to 0 for extreme cases (i) and (ii); hy, = 0.05 (time™!) for extreme case (iii).
Table 2 gives with the list of parameters and their explanation

4.1.2.4. Model sensitivity analysis

In addition to the previous numerical tests of the model implementations in Mathematica and R, a
sensitivity analysis was performed. Sensitivity analyses are a tool to understand how model outputs
respond to changes in parameter values. They allow the modeller to distinguish less influential
parameters (that could be fixed at point values without any major change in model outputs) from the
most influential parameters. The most influential parameters should receive most attention when
calibrating the model.

Many methods exist to perform sensitivity analyses (Saltelli et al., 2000; Ciric et al., 2012). Here the
one-parameter-at-a-time (OAT) method was used (see Figure 11), which involves varying one parameter
at a time, keeping the others fixed at reference values. Excluding parameter h, from our sensitivity
analysis, the toxicokinetic parameter kp was varied as well as b,, and z,, for the GUTS-RED-SD, and m,,
and B for the GUTS-RED-IT model (see Table 2 for the definition of the parameters). For more complex
models with more parameter values, global sensitivity analyses are recommended in order to quantify the
sensitivity of the model for changes in one parameter also in interaction with the other parameters, but
for the GUTS-RED models with three main TKTD parameters, the OAT method is still appropriate (Saltelli

et al., 2000). Future sensitivity analysis could, with low effort, further investigate whether there are any
interactive effects between the main model parameters.
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Each parameter was varied from —75% to +100% from a reference value. This range of variation is
relatively wide, but not unlikely in view of parameter confidence intervals observed in practice. In
general, the range of the analysed parameter variation should be chosen according to usually observed
parameter confidence/credible intervals. The influence of parameter variation on the model output was
quantified considering the survival rate at day 5 (expressed in %) after a 2-day pulse of 15 arbitrary
units of external exposure from day 2 to day 4.
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Figure 11: One-at-a-time sensitivity analysis results for the GUTS Mathematica (upper panel) and R
(lower panel) implementations of the GUTS-RED-SD (left) and GUTS-RED-IT (right)
models, expressed in terms of survival rate at day 5 vs parameter values varying from
—75% to +100% of their reference value; abscise 0 correspond to a parameter equal to
its reference value. Reference parameter values for model GUTS-RED-SD: kp = 0.3
(day™1), by = 0.5 (L mol~* d~1) and z,, = 2.5 ([D]. Reference parameter values for model
GUTS-RED-IT: kp = 0.3 (d71), m,, = 2.5 ([D]) and B = 2 (-). Parameter h, = 0 for both
models. Table 2 gives a full list of parameters with the explanation

As shown in Figure 11, the survival rate at day 5 exponentially increases when b,, (killing rate
referenced to external concentration) (resp. ) decreases, while it exponentially decreases when z,
(Threshold for effects referenced to external concentration) (resp. m; the median of threshold
distribution referenced to internal concentration) decreases. Decreasing kp (dominant rate constant)
provide an increase of the survival rate at day 5, but, in the case of model GUTS-RED-SD, a slight
‘saturation’ effect is noticed at very low values of kp (around —65%). In total, the influence of changes
in the model parameter values was as expected. In addition, the tendency of parameter influence is
very similar between both the GUTS-RED-SD and GUTS-RED-IT models, but the absolute changes in
model output are weaker with the GUTS-RED-IT model. None of the model parameters appears more
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influential than the others; hence, all parameters can be considered to be important and have to be
calibrated carefully. In summary, the sensitivity analyses indicate that model output changes in relation
to changes in the model parameters in a continuous and reasonable way in the range between —75%
and +100% of their respective reference values.

4.1.2.5. Conclusive statement on the formal and computer model

Both implementations, Mathematica and R, finally give exactly the same results when verifying the
source code (Section 4.1.2.3) or analysing the sensitivity of model outputs to changes in parameter
values (Section 4.1.2.4). The results corroborate the correct implementation of the formal model for
both model implementations. Future implementations of GUTS could do the same checks to show
correct implementation, in addition to the required ring-test performance (see also Section 4.2, and
Appendix B.6 and B.7). Moreover, OAT sensitivity analysis of the GUTS-RED models has been
performed and the results indicate that model parameters have almost equal influence on the model
output, hence sensitivity analyses of the GUTS-RED models are not required in future model
applications.

4.1.3. Parameter estimation process
4.1.3.1. Introduction

Whatever the inference method (frequentist or Bayesian, see Sections 4.1.3.2 and 4.1.3.3), the
goal of model parameter estimation (also named model calibration or parameter optimisation) is to get
best parameter values that give an optimal fit of the modelled survival over time to the observed
survival over time in the data sets that are used for calibration. According to the inference method, the
steps required to get these optimal values of parameters differ, but in both cases, survival probabilities
both for the SD or the IT model are calculated in the same way, with an explicit dependence on
parameter vector 0, the external concentration over time (Cey(t)), and time (t). For the GUTS-RED-SD
and the GUTS-RED-IT models, this is formally

Ssp(t) = Ssp(0, Cext(t), t) = Ssp((by, zi, kp, hp), Cext(), t) (8)
and

Sir(t) = Sir(0, Cexe(t), t) = Sir((m;, B, kp, hp), Cext(t), 1). )

Stochasticity of the survival process

Survival is a binary process, i.e. an individual can be either alive or dead. This fact can in small
groups of individuals lead to stochastic fluctuations of predictions of survival over time, which is
important to consider when laboratory test results with low numbers of tested individuals are used
(e.g. typical acute test setting with 10 or 20 individuals per treatment). In such cases, survival can be
modelled as a binomial process, with the number of surviving individuals being proportional to the
conditional binomial distribution

Yerat ~ B(Pesat Y, (10)

where:
Yesat iS the number of survivors in a population at time t + At,
yt is the number of individuals being alive at time t, and
Pe.at i the conditional probability to survive from time t until time t + At, given as

S (el Cext (t)l t)

PEat = (6, Cayt(t+AL), t+AT)’ (11)

where S(0, Cox(t), t) is the deterministic survival rate calculated by the GUTS-RED-SD or the GUTS-
RED-IT model for parameter vector 6, external concentration time course Cq(t) and time-point t (see
equations 8 and 9).
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Note that the time step is not fixed to 1 here, as the survival rates over time can be evaluated for
arbitrary small or large time steps; hence, survival probabilities can be modelled as a random process
using a flexible time step At.

For parameter vector 0, a chosen external concentration time course Cq(t) and an initial cohort
size Yy, the number of surviving individuals in a group is modelled in an iterative way, starting with Y,
individuals at t = 0, by drawing for every new time step t + At from a conditional binomial distribution,
parameterised by the number of living organisms at time t and the calculated survival rates for times t
and t + At as given in equations (10) and (11). By performing nsmax repetitions of this procedure,
Nsmax realisations of the survival probabilities within a cohort of initial size Y, are obtained, given
parameter vector 6 and external concentration time course Cey(t). Typically, nsmax Will be chosen close
to Yo. From the set of realisations of the stochastic process, statistical descriptors such as medians and
percentiles are calculated. For large numbers of Y, the stochasticity of model predictions becomes
unimportant. The assessment of the stochasticity of the survival process is therefore required when for
instance model predictions are compared with results from laboratory experiments with small numbers
of individuals. When predictions of survival are made for environmental systems, it is supposed that
the cohort size is large enough (Y, > 100, based on expert knowledge) to ignore the stochasticity of
survival.

Likelihood

Although several other methods exist either for the frequentist or the Bayesian methods, the
methods here were based on the likelihood of the observed data given a parameter vector 0. The
likelihood is defined as the assumed probability (density) for those observed data given parameter
vector 0

£(Y|0) = P(Y|0). (12)

In survival experiments, the observations at single time-points are binomial (either alive or dead)
and dependent on each other (the number of alive individuals at a single time-point depends on the
previous time-point), so that the survival probabilities follow a multinomial distribution (or equivalently
a conditional binomial distribution). Based on the multinomial distribution, Jager et al. (2011) derived
the log-likelihood function

n+1

INL£(Y[0) = " (Yier — Vi) x IN(Si-1(0, Cext(t), 1) — Si(0, Cext(t), (1)), (13)

where y; are experimental observations of survivors at time-points i, and S; are simulated survival
probabilities at time i, given parameter vector 6. For calculation reasons, Sp.1(8, Cext(t), t) = 0 and
Yn+1 =0.

Uncertainty

When using the model, the uncertainty in model parameter estimates comes in addition to the
stochasticity of the survival process. Basically, uncertainty in parameter estimates can originate from
different sources, either errors in experimental measurements or from natural biological variability.

Measurement errors and biological variability within the cohort of the individuals is accounted for
within the process of the model calibration by the calculation of parameter confidence/credible
intervals. While the measurement errors can be minimised by a good experimental quality, variability is
intrinsic for biological systems and models are the means to explicitly address such variability. When
evaluating, e.g. survival in acute toxicity tests by classical dose-response modelling, LCsy values are
estimated and reported including uncertainty limits. When using TKTD modelling, uncertainty limits are
approximated and reported for parameters, and the impact of these uncertainties combined with the
stochasticity of the survival process are propagated to model predictions. When simulating
environmental exposure scenarios, the assumption is that numbers of individuals in environmental
systems are large enough to marginalise the stochasticity of survival, which results in observable
differences in predicted survival only for small numbers. Still, for the prediction of environmental
systems the parameter uncertainty, which captures among others part of the biological variability, has
to be considered (see Section 4.1.4.2). Nevertheless, further sources of the variation of the biological
response in natural systems cannot be estimated from experiments carried out under controlled
conditions.

www.efsa.europa.eu/efsajournal 42 EFSA Journal 2018;16(8):5377



eJ EFSA Journal

TKTD models for aquatic organisms

The next two sections explain the parameter optimisation process for the frequentist
(Section 4.1.3.2) and for the Bayesian approach (Section 4.1.3.3), respectively. The Bayesian approach
differs conceptually from the frequentist one in that it considers that the data are fixed and that the
parameters are unknown random variables following a probabilistic distribution. The frequentist
approach considers that the parameters are fixed and known, and that the data are considered to be
one realisation of one experiment among many others that could have been performed. It should be
highlighted here, that both frequentist and Bayesian approaches result in very similar parameter
values, and that both approaches use approximation methods, often Monte Carlo Markov Chain
(MCMC) algorithms to obtain best parameter sets and confidence/credible limits.

4.1.3.2. Frequentist approach
Parameter optimisation and likelihood

In the frequentist approach, parameters are optimised by maximising the log-likelihood function
(equation 13). In practice, often the negative of the log-likelihood function is used because typically
minimisation algorithms are used. Optimal parameter values give the best fit between the model and
the observed data. Optimisation routines yield an optimal parameter vector 06°°* for which the
log-likelihood function shows the highest values of In £(Y|6°"") given the data set Y used. Optimisation
results in practice depend on the starting values of the optimisation routine, so choices of starting
values need to be documented, in addition to the choice and settings of the used optimisation
algorithm.

For a basic understanding of this step of model calibration, that is parameter fitting via minimisation
of the negative log-likelihood, it helps to get a visual impression of what minimisation algorithms
usually do (Figure 12). Parameter optimisation can be interpreted as a way to find the minimum of a
‘likelihood-landscape’ in a n + 1-dimensional space (n = 2 in Figure 12, but in general n is equal to the
number of model parameters).

In the lower panel of Figure 12, the third dimension is in this case the difference between the
optimal and the changed log-likelihood (see equation 14), as introduced in Section 4.1.3.2 and also
called log-likelihood ratio and is shown as colour gradient (top) or explicit third dimension (bottom).
The log-likelihood ratio gives simply the distance of the log-likelihood value from the optimal
log-likelihood value for an arbitrary parameter combination. Intuitively, the yellow point in the centre of
the diagram represents the optimal parameter value (the minimum of the negative log-likelihood
function). During a parameter optimisation routine, red and blue points show parameter combinations
that were tested with the aim to find the optimal parameter set (yellow point). All red dots represent
parameter combinations which are within the confidence limits as defined by equation (14), whereas
the blue dots indicate parameter combinations that were tested but which were outside of the
confidence limits. Green dots represent results from the approximation scheme of the parameter
confidence limits.
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Figure 12: Visualisation of the principle of minimising the negative log-likelihood function under a
frequentist approach. 2D (top) and 3D (bottom) view on the ‘parameter plane’ that is
built by two model parameters

Optimisation routines search for a minimum in such likelihood-landscapes (Figure 12) to find the
optimal parameter combination (i.e. the parameter set with the lowest negative log-likelihood value).
Parameter confidence interval approximation (indicated by the green points in Figure 12) analyses the
limits of the confidence region in a systematic way. What looks in this example smooth and
straightforward can become very challenging, since not always such clearly defined minimum exists. For
example, there can be multiple local minima, where the minimisation algorithm can get stuck depending
on starting conditions. Hence, model calibration requires a good implementation of an appropriate
optimisation routine and a comprehensive documentation of relevant aspects of the optimisation.

Examples of methods that can be used for optimisation are random walk algorithms, which search
the parameter landscape with different choices of acceptance or rejection of tested parameter values.
In general, stochastic optimisation algorithms (MCMCs and related methods such as Metropolis, Gibbs
Sampler or Simulated Annealing), or downhill simplex methods such as Nelder-Mead are preferable
over deterministic methods (e.g. Levenberg-Marquardt) because of their capability to find global
minima and not to get stuck in non-trivial optimum parameter searches.

Implementations of such algorithms are available and can be used in software such as
Mathematica, where the Nminimize method gives the opportunity to choose from a variety of
optimisation algorithms. Also, the OpenModel software (http://openmodel.info/) provides the
opportunity of using a MCMC algorithm to find best parameters.

The convergence of optimisation algorithms is checked in the mentioned software implementations
automatically, the principle is that the optimisation is starting for a number of different starting
conditions (so-called ‘chains’), and by the evaluation of differences within and between the different
chains, the convergence of the algorithm is checked, e.g. by the Gelman and Rubin statistical test
(Brooks and Gelman, 1998).
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Numerical approximation of parameter confidence intervals

Unlike in, e.g. linear model fitting, parameter confidence limits in case of GUTS can no longer be
estimated in an analytical way. They are not defined by any formula, but instead, need to be
approximated by a numerical procedure. The log-likelihood ratio method is one of the methods that
can be used to approximate confidence limits for the optimal parameters 6°Pt. Confidence limits for the
single parameters for a given confidence level o were calculated as those parameter values, for which
the log-likelihood ratio fulfils the condition

—2[In £(Y[0) — In £(Y[0°PY)] > 2% 1 s (14)

with xémﬂ being the value of the chi-square distribution for the confidence level o and the degrees of
freedom of the log-likelihood ratio df. For single parameter confidence intervals, the log-likelihood ratio
has df = 1. To find these parameter values, one value in the parameter vector, say parameter 6; is set
to successively decreasing values, starting at the maximume-likelihood estimate, i.e. the best parameter
value. All parameter values with exception of parameter i are then again optimised to give a best fit to
the experimental data. The value In £(Y|6) of the log-likelihood function corresponding to parameter
vector 0 = (657,057, ...,01,...,09") is calculated. This procedure is repeated until the constrain on
In£(Y|0) is satisfied (equation 14). Likewise, this procedure is repeated for successively increasing
parameter values, again starting with the optimal maximum-likelihood estimate. First values of
parameter 6; leading to the violation of condition (14) are reported as confidence limits. Further
reading on the numerical approximation of parameter confidence intervals are reported elsewhere e.g.
Jager and Ashauer (2018).

4.1.3.3. Bayesian approach

As mentioned above, the Bayesian approach considers that data are fixed and that the parameters
are unknown random variables following a probabilistic distribution. These results in the following
practical implications: (i) Bayesians want to optimise the probability of parameter vector 0 given the
data set Y used for calibration, rather than only the likelihood (see below); (ii) the need for Bayesians
to provide reasonable prior information to see the result of an experiment, then updating this
information by accounting for the data. Below is a short introduction to Bayesian principles; it is
recommended to readers who would like to learn more about Bayesian data analysis to consider
further reading; a recommendation is, for example, Gelman (2014).

Basic principles

The keystone of the Bayesian approach is the Bayes formula

PO]Y) = w (15)

where Y are the observed data; P(0]Y) is the joint posterior distribution of parameter vector 6;P(Y|0) is
the likelihood of the data given the parameters (see equation 12 and 13); P(0) is the joint prior
distribution of parameter vector 6.

Given that P(Y) is known and fixed, it is often not considered as it does not depend on 6 and will
not influence the posterior distribution. Hence

P(0]Y)ocP(0)P(Y|0), (16)

with P(0)p(Y|0) the unnormalised posterior density and
P(Y) = / P(6)P(Y|0)d6. (17)

The prior distribution P(0) expresses the available parameter information without knowing the
observed data, while the posterior distribution P(0]Y) combines this prior information (which may be
more or less informative depending on what is known about the value of the parameters beforehand)
with evidence from the data (expressed through the likelihood) into a posterior density probability
distribution for the parameters. The overall expectation is to get a narrower posterior distribution
compared to the prior (illustrated for one parameter in Figure 13, left): the difference between the two
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distributions reflects the information provided by the data. When the prior information is vague
(translated into a flat prior distribution), and the data sufficiently informative, the results converge to
those obtained by the frequentist approach (Englehardt and Swartout, 2006).

Directed Acyclic Graph

Under a Bayesian framework, a model is specified by a set of prior distributions on parameters to
estimate and a set of hierarchical conditional distributions linking parameters to data, which is
commonly depicted in a Direct Acyclic Graph (DAG). In fact, the DAG represents a series of conditional
independence assumptions, which allows the full probability model to be fac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>