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1 Introduction

Toxicokinetic-toxicodynamic (TKTD) models aim to describe the course of effects of a toxi-
cant on an organism over time via the link between external concentration and effect. The TK
part describes uptake, transportation within the organisms, biotransformation and elimination
processes. The TD part relates the internal concentration to damage and the final adverse
effect on growth, reproduction or survival. A well-known and relatively simple TK-TD model is
GUTS, describing lethal effects on aquatic organisms where organisms are considered as
one compartment (Jager et al. 2011, Jager & Ashauer 2018). More complex models differen-
tiate organisms into several organs and consider transport between and biotransformation in
the different compartments (so called pharmacokinetic models, e.g. Krishnan & Peyret
(2009)).

In the context of the environmental risk assessment of plant protection products, TK-TD mod-
els offer tools to deal with the diversity of dynamic exposure profiles predicted for different
uses, landscapes and habitats. Recently the EFSA PPR panel (2018) reviewed available TK-
TD models for aquatic organisms.

One of the models reviewed by the PPR panel is a model for the standard test macrophyte
Lemna spec. (duckweed), developed by Schmitt et al. (2013). The model was considered
‘ready to be used in risk assessment’ (abstract, EFSA PPR Panel (2018)). However, for the
review, the model was documented only as a peer-reviewed publication including R-code in
the supplementary information. For its broader use in regulatory risk assessment, a more for-
malized documentation of the model (equation system), its default parameters and its imple-
mentation as well as recommendation for its use including calibration, validation and applica-
tion to ecological scenarios would be useful.

As a first step, a user-friendly implementation (MoLePo) including TRACE documentation
and manual was developed by Klein & Hommen (2018). In order to agree by a broader group
of modellers and users on a standard Lemna model version and documentation as well as on
recommendations for its use, the working group ‘Lemna’ of the SETAC Europe Interest
Group Effect Modelling has been established.

This document is the first report of the Lemna working group addressing the model equa-
tions, the default parameters and the implementation in R-code. Therefore, the description in
the original publication by Schmitt et al. (2013) and the implementation of the model in the
supplementary information are compared. Reasoned suggestions for a refined model de-
scription and the default parameters are made if needed. In the next step, an agreed R-code
will be provided.

2 Comparison of model description in the paper and the imple-
mentation

The main state variable of the model is biomass (as dry weight) of a Lemna population per

area, i.e. g dw m for field populations®. The growth of individual plants is not explicitly con-
sidered. The biomass is increased by photosynthesis and reduced by respiration, mortality

! For simulation of laboratory populations, e.g. for calibration and validation of the TK-TD parameters, the rela-
tion to area is ignored and the biomass or abundance is given as mass or frond number per vessel.
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and other losses. Production and loss of biomass are influenced by several environmental
factors as indicated in Figure 1.

]
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Figure 1: Conceptual diagram of the TK-TD population model for Lemna sp. by Schmitt et al.
(2013).

In the description of the model, we follow the structure in Schmitt et al. (2013):

1. Growth Model describing the population growth of Lemna sp. depending on different
environmental factors

a. Temperature
b. Irradiation
c. Nutrient concentrations
d. Population density
e. Toxicant concentrations (TD model)
2. TK model (calculation of the internal concentration of the toxicant)

In each section, first the model equations as given in the paper (Schmitt et al. 2013) and the
implementation in R in the supplementary information of the paper are compared. Equations
and R-code copied from Schmitt et al. (2013) are indicated by blue framed boxes. Then the
parameter values and their units as proposed by Schmitt et al. (2013) as given in the paper
and in the R-code are discussed. Finally, our suggestions for a refined description of the
model equation and the default model parameter values are given.
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Thus, the reader who is interested only in the final model description and its parame-
ters can focus on the proposed equations and parameters in the red framed boxes.

2.1 Population growth model

The basic differential equation for the population dynamics is given in Equation 1 of the pa-
per. BM is the state variable biomass [g dw m™], ¢ is time [d], 6 is the set of actual environ-
mental factors (light, temperature, nutrient and toxicant concentrations in the water and the
actual biomass), .m0 and fr.,, are dimensionless functions describing the effect of environ-
mental factors on photosynthesis and respiration, characterized by maximum photosynthesis
rate koo mer [d'] @nd a reference rate respiration rate kresp _ref [d'], i.e. the respiration rate at
25 °C, respectively. Respiration is used in a broad sense here, including the loss of biomass
via natural mortality:

Equation 1 in Schmitt et al. (2013): Basic growth equation

dBM
T :fphoto(g)k;?ﬂ;ogM —fresptg)k;s{pBM

Corrected

dBM

“dt = fphoto (e)kﬁ%’f:oBM - fresp (e)krr-;):pBM

There is a small typo in equation 1: BM is accidently written as an exponent of kujo me DUt it
should be a factor (see correction of Equation 1 above).

The R-code for the growth differential equation is provided in the following box, explanations
are given below the box.

Implementation of the growth equation in mmec3.R (Schmitt et al. 2013)

é# Calculate effective growth rate
Hif ('k_phot_fix) {
k_phot _eff <- k_phot max * £ R(actRad, k_0, a_k)
k_phot_eff <- k_phot_eff * £ T(actTemp, Topt, Tmax, Tmin)
k phot eff <- k phot eff * £ P(C P, CP50, a P, RiP) * £ N(C N, CN50, a N, EKiN)
k_phot eff <- k phot eff * £ BM(BM, BMS50)
k resp eff <- k resp*f T resp(actTemp,t ref,Ql0)
}else{
k_phot_eff <~ k_phot max
k_resp eff <- k_resp

1 o LN oW b

[ o o T e o Y s Y o N T s }

L N g m )

[

-1

[

¥ Consider toxic effect

f Eff <- £ E(b,EC50,Emax,C int_u)

if (TDMod=="delayed') {f Eff <- E} # delayesd effects could be considered
k_phot eff <- k phot eff*f Eff

;
1 o LN oW (b =

¥ Biomass

dBMdt <- BM* (k_phot eff-k resp eff-k loss)

# let population extinct if less than one frond/g2
if (BM< *mass per frond) {dBMdt <- O}

[

(== N Ry

| T o T % T S T o Y T e T e T S T P T Y S Y % T Y T T o T LS T T % T o
;

ko PR3

[

If the growth rate should not be fixed (line 202), i.e. a field population with time variable envi-
ronmental factors should be modelled, the effective photosynthesis rate k_phot_eff and the
effective respiration rate k_resp_eff are calculated by functions of response to the different
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‘natural’ environmental factors (lines 203 — 207, explained) later). The expression k_phot_eff
corresponds to fn(0) in equation 1 multiplied with the maximum photosynthesis rate
k_phot_max. For the calculation of k_photo_eff the responses for each factor are multiplied.
The expression k_resp_eff, the effective respiration rate, is the reference respiration rate
k_resp multiplied with the response to the given temperature.

If growth should be affected only by the toxicant, e.g. for simulating a laboratory test under
constant conditions, the effective photosynthesis and respiration rate can be set to default
values (lines 209-210).

In lines 214-216 the inhibition of photosynthesis by a toxicant is calculated (f_eff), which is
explained later in the section on the TD model (section 1.e).

Line 219 is the implementation of Equation 1. The R-code differs from the equation in the pa-
per by using an additional loss term, k_loss, to consider e.g. loss by flow, which is not men-
tioned in the paper. However, k_loss is set to zero in the code (see below) and thus, it does
not affect the model results.

Biomass values cannot be negative and line 221 avoids this in the model. If the actual bio-
mass is smaller than 5 times the mass per frond - in other words, if there are less than five
fronds left (not one frond as said in line 220), the change of biomass is set to zero. Thus, if
the population falls below the threshold it will stay constant and cannot recover.

In Table 1 of the paper, 0.42 d™' and 0.05 d are listed for knax proto @NA Kres resp , rESPEC-
tively. However, in the supplemented R-code, the values of k_phot_max is given as 0.47 d™
and it is explained as ‘maximum growth rate + kmort’. The value for k_resp of 0.05 d'is the
same as k. rorin the paper but note that k_resp is explained in the implementation as ‘rate
of mortality’.

Default parameters for the basic growth equation (Table 1 in Schmitt et al. 2013)

kT 042 1/d

photo

ki, 005 1/d

Default parameters for the basic growth equation implemented in mmec2.r (Schmitt ez al. 2013)

T4 ¥ - Fate of biomass —

75 k phot_fix = F, ¥ T/F If True k G max is not changed by environmental factors

T k_phot_max =  F [1/4] Maximum growth rate of biomass + kmork [Ref. F 0191, Harlan-011]
77 k_resp L, ¥ I[1/4] Rate of mortality [Ref. Harlan-011, rough estimate]

78 k_loss

78 #

 F [1/d] Some rate of loss (e.g. Flow rate)

Lasfar et al. (2007) is given as reference for the value of the k_phot_max. However, neither a
value of 0.42 d' nor 0.47 d' is explicitly given in this paper. Since the growth rate is the dif-
ference of the photosynthesis rate and the rate of loss by respiration and mortality, we as-
sume that the maximum photosynthesis rate should be 0.47 d' resulting in a growth rate of
0.42 d" if photosynthesis and loss rates are fixed. This is supported by Figure 2 in the text
‘Parameterization of the growth model’ in the supplementary data of Schmitt et al. (2013),
showing the effects of temperature on photosynthesis and respiration, the value of 0.47 d' is
the maximum photosynthesis rate while 0.42 d' seems to be the maximum growth rate (see
Figure 2 in this document below). In addition, in Table 3 of the paper, summarizing the pa-
rameters used in Monte-Carlo simulations, values of 0.47 and 0.05 are used (note that the
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unit in Table 3 must be d' and not g dw d'). Thus, 0.47 d' seems to be the maximum photo-
synthesis rate used by Schmitt et al. (2013) and will also be used in the standard model here.

The value of 0.05 d" for k_resp is explained in the supporting information by Schmitt et al.
(2013) as follows: ‘The respiration rate has been estimated as the inverse of the typical life
span of Lemna fronds that is about 20 days at temperatures around 25 °C with little variation
between species (Claus, 1972).” Thus, k_resp as parameterized by Schmitt et al. (2013) is
mainly a mortality rate.

We suggest the following mathematical formulation of the basic differential equation which
describes the change of biomass over time. Since the respiration rate as used by Schmitt et
al. (2013) covers respiration and mortality and is parametrised based on life span, we sug-
gest to rename it to loss rate as this describes the process and the data that was used to pa-
rameterize the process better.

We propose to define a minimum biomass value BM,.;, to define how the population should
develop at very low abundances. If the actual biomass falls below a given threshold BM esioia
it is set to BM,.... The higher BM,.;, the larger the reservoir for recovery. By default BM,.;, is set
to zero to allow extinction and BM jesioia to 0.0005 g dw m as used by Schmitt ef al. (2013).

Box 1: Basic differential equation for the change of Lemna sp. biomass over time

BM:[0,t,] - R,

d
EBM(t) = (kphoto_max 'fphoto (t) - kloss 'floss(t)) ' BM(t)' BM(O) = BMO € ]R+ \ {0}

The biomass BM is given in g dw m for field populations and in g or mg per vessel as a sur-
rogate for surface area when modelling laboratory testings. The photosynthesis dependency
function f,n0t0(t) is a dimensionless scaling function between zero and one for photosynthe-
sis depending on the current environmental conditions, including the internal toxicant con-
centration, changing over time. The dimensionless biomass loss dependency function fj,¢(t)
calculates the relative loss rate depending on actual temperature which is then multiplied
with a reference loss rate for a specific temperature.

If the actual biomass falls below a given threshold BMesnoia it is set to a defined minimum
value. The default settings correspond to Schmitt e al. (2013) and allows extinction.

If BM(t) < BMresnoia then set BM(t)t0 BM,yin.
Default parameter values:

kphoto_max =047d7? klOSSref =0.05d7!

BM;preshola = 0.0005 gdwm™2  BM,,;,, =0 gdwm™2

In the paper it is written that for calibrating the TKTD parameters by means of data from a la-
boratory test ‘the model was parameterized as described above with the exception that the
respiration respectively loss rate was set to zero’. However, it seems very unlikely that the
default maximum photosynthesis rates of 0.47 d-! was fitted the control growth of the calibra-
tion experiment as well as shown in Fig. 2 of the paper. With respect to the validation of the
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TKTD model by means of another laboratory test the ‘growth rate of the control was set to
observed values’ (Schmitt et al. 2013).

Thus, we suggest that for simulating laboratory tests with constant environmental factors, the
loss rate should be set to its reference value (0.05 d™') and the photosynthesis rate should be
fitted to achieve together with the respiration rate the growth observed for the control of the
experiment to be simulated. This handling of the loss rate is only relevant if the full model (i.e
simulation of populations under dynamic environmental conditions, e.g. in the field) should be
used. If the model is only used as a Tier 2C approach to simulate refined exposure tests in
the laboratory, the loss rate can also be set to zero and the photosynthesis rate can be set to
the growth rate observed in the control. See also 2.11 in the Annex.

2.2 Response to environmental factors

In the following we differentiate between response and dependency functions to describe the
effects of environmental factors on production and loss of Lemna biomass. Since the envi-
ronmental factors can vary over time, the dependency functions also vary over time. In con-
trast to this, the response functions describe the response as a function of the environmental
factor, e.g. a concentration response function.

Environmental factors in the Lemna models are water temperature T [°C], irradiance [kJ m
d™], phosphorus P and nitrogen N concentrations [mg L] ']. In addition, the actual biomass
BM [g/m?] is needed for density dependence and the inhibition of the photosynthesis de-
pends of the internal unbound concentration of the toxicant, Cintunb, Which depends on the en-
vironmental factor external concentration in the water Cex [€.9. Hg/L] as described later in the
section on toxicokinetics.

A more detailed mathematical descriptions is given in the following box.
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Notes on the mathematical concept and wording to describe the effects on environ-
mental factors on production or loss of biomass

The concept of environmental dependence influencing photosynthesis is for all environmen-
tal factors (x) the same. The dependency functions map for each time point t in the interval
[0, t,,] @ real number between zero and one: £}, ,.,: [0, t,] = [0,1].

d
m EBMG) = (kphnto_mux '?phom (t) - kLass fresp(t) ' BM(t), BM(O) = BMO € ]Rf \ {0}

Joint )
dependency Fonoto(®) = M0 (£F000 (6, Finoto (O ot (O, Fihota (0 - FEMea(8) - i (¢) Fresp®) = Fresp (£)
function

We consider ordered time points (0 = t, < t; < - < t,)). Let Z be the set of ordered time
points Z = {t,, t;,:+, t,}. For each time point t; € Z,i = 1,---, n, there is a measured real value
e.g. temperature values (Z — R). The time series of meteorological variables is what we usu-
ally call ,driving data” in pesticide fate and exposure modelling.

For example, it is possible to obtain temperature values in the total interval [0, t,,] using inter-
polation between measured values or from a function (temperature function 7).
T:[0,t,] » R

The function mapping each temperature to a value between zero and one is called response
function. The response function is indicated by an accent “/". Thus, for the temperature re-

sponse function we have:
'R - [0,1]
The variable of the temperature response faction is temperature T € R.

Combining both, the temperature function and the temperature response function, we get the
temperature dependency function prhoto, mapping each time point a value between zero
and one (using the temperature response function).

T
prhoto: [0,t,] > R—[0,1]

In Schmitt et al. (2013), the photosynthesis dependency function is calculated by multiplying
the single environmental dependency functions (including the toxicity response):

Photosynthesis dependency function in Schmitt et al. (2013)"

C. un
fphoto(t) = f;;hoto(t) ’ f:)hoto(t) ’ fz}:hoto(t) ’ fghoto(t) : fgllrloto(t) ' fp;:::to b (t)

! This equation is not given explicitly in the paper but it is said that ‘fx(8) is the product of functions depending
on single parameters which are described below’ (Schmitt et al. 2013, see also the r code given in section 2.1
above).
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In contrast to Schmitt et al. (2013), we propose to apply Liebig’s Law that growth is controlled
by the most limiting resource (limiting factor)'. We consider the environmental factors tem-
perature, light, phosphorus and nitrate for Liebig’s law but density dependence and response
to the toxicant as independent and thus, as additional factors.

Box 2: Photosynthesis dependency function (including Liebig’s Law)
fohoto: [0, 5] = [0,1]
fonoto® = Min (Fhioo (), finoto(®): Floto®, fihoto)) - Fitheo() - fimein (£)
t = time [d], T = temperature [°C], | = irradiance [kJ m d'], P = phosphorus concentration

[mg L], N = nitrogen concentration [mg L], BM = biomass [g dw m?], Cintuns = internal un-
bound concentration of the toxicant [ug L]

This refinement can result in higher growth rates of the simulated field populations and thus,
higher recovery rates after stress compared to the original model but it is considered to be
more realistic than using the product of all single functions.

Biomass loss by respiration or mortality is assumed to be only affected by temperature as
proposed by Schmitt et al. (2013). Note that it is assumed that the toxicant does not affect
biomass loss due to lethal effects or increased respiration. This is probably sufficient for
many cases since the standard Lemna tests addresses inhibition of population growth and
not decline of abundance.

Box 3: Respiration dependency function
fross: [0,t,] = R,

fross(t) = flgss(t)
t =time [d], T = temperature [°C]

2.2.1 Temperature response of photosynthesis

The response of photosynthesis to temperature is described by an asymmetric bell shaped
function described by three parameters, Tmin, Tmax, Topt(all given in °C). Equation 2 in the pa-
per and the implementation in the code are equivalent (except the approximation of In(10) by
2.3 in the code).

Equation 2 in Schmitt et al. (2013): Temperature response function for photosynthesis

2
Fohoto(T) = €XD (—rntlm (7~ Tope) ]2) (2)

minfmax) — *opt

In this function, Ty, 15 used when T < Tapr and Tmax when T> Top.

1 For Liebig’s law, see e.g. https://en.wikipedia.org/wiki/Liebig%27s law of the minimum
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Temperature response function for photosynthesis in mme3.R (Schmitt ez al. 2013)

253 # Temperature

256 ¥ effect on k_phot

257 £ T <- function (actTemp, Topt, Tmax, Tmin)

258 {

259 Tx<—Tmax

260 if (actTemp<=Topt) {Tx<-Tmin}

261 return (exp (- *{(actTemp—TDpt}f{Tx—TDpt)}* 1)
262 }

The values for the three parameters defining the response were taken from Lasfar et al.
(2007). There are no discrepancies between the values listed in Table 1 of the paper and the
implementation.

Parameters for the temperature response function for photosynthesis (Table 1 in Schmitt et al.
2013)

Tmin Sﬂ C
Tmax 405 °C
Tope 267 °C

Parameters for the temperature response function for photosynthesis in mmec2.r (Schmitt ez al.
2013)

8 # - Ismperatur dependence -

81 # k_phot

a2 Temp = ¥ [°cil Current temperatu v also be a table)

a Tmin = ¥ ["c] Minimum growth [Ref. F 01%1, data re-evaluated incl. kmgri(T)]
a8 Tmax =  F [°c] Maximum grow s [Ref. F 01%1, data re-evaluated incl. kmgri(T)]
8 Topt = . [°c] Optimum growth temperature [Re£. F 0151, data re-evaluated incl. kmgri(T)]

Note that Temp in line 82 is not a model parameter but a variable which is initialised here.

The resulting response function and the data used by Schmitt et al. (2013) to fit the parame-
ters are shown in Figure 2. For a temperature equal to T,,,;,respectively T, ., the temperature
response function value prhoto is equal to 0.1.

T 0.50
1 ot 045 L ¢ kgrowth A AL
E : ’ B Kk_resp N
C | 0.40 +— A k_photo / LN
& 0.81 /o \ - — Model / \
- / ro T 035 ;/ \A
§7 / P < 030
s 0.6 / Co 5 / \
= / | | £ 025
o / i \ g // \
> 1l 1 o A
7 0.4 , \ S 020 .
Qo / | \ o / \
3 ! \ 0.15 v/ \
i 0.2 T X T 0.10 &
Min 1 Max ;/‘ a® L
! 0.05 s B
0 | L | | | 1 0.00 ‘/%/-- L] -
-10 0 10 20 30 40 o 10 20 30 40
Temperature in °C Temperature [°C]

Figure 2: Left: fproto(T) as used by Schmitt et al. (2015) (modified from Klein 2018)
Right: Dependence of observed () and calculated (line) net growth rate kgrowth Of L. mi-
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nor in dependence of temperature. Symbols (H) show the respiration rates kresp calcu-
lated with the respiration temperature response and (4 ) the photosynthesis rates Kpnoto
= kgrowth + Kresp. was fitted to kpnoto (copied from Schmitt et al. 2013, supplemental data)

No changes of the temperature response function of photosynthesis as suggested by Schmitt
et al. (2013) are suggested, we just use the term 107X instead of the more complicated but
equivalent term exp(—In(10) - x) .

Box 4: Temperature response of photosynthesis
prhoto: R - [0'1]

(__(Tope)
2
10 (Tmin=Tope)" §f T < Topt
_(1-Top)”

2
10 (Tmax~Topd) i T > T, ,

f pThoto (T) =

Default parameter values:

Tnin = 8°C
Tnax = 40.5°C
Topt = 26.7°C

2.2.2 Temperature response of biomass loss by respiration and mortality

The only environmental factor considered to influence biomass loss by respiration and mor-
tality in the model is temperature and an approximation of the Arrhenius function (van’t Hoff’s
rule) was used by Schmitt et al. (2013). The Q¢ relation describes the proportional change in
response to a temperature increase of 10°C. The implementation in the R-code corresponds
to equation 3 in the paper.

Equation 3 in Schmitt et al. (2013): Temperature response function for respiration

T=Tyer)/10

_i(rrslu (T)= QEU

Temperature response function for respiration in mmec3.r (Schmitt ez al. 2013)

¥ effect on k_resp
f T resp <- function(actTemp,t_ ref, Ql0)

| T Y S T |

{
TQID‘ {{actTemp-t_ref) f10)
}

b o T L T U T U T o T |
LI B I e = T =)

=]

A reference temperature T,.,,= 25 °C and a Q;y of 2 are used in the paper and the R-code
based on Claus (1972) and Wangermann and Ashby (1951).
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Parameters for the temperature response function for respiration (Table 1 in Schmitt et al.
2013)

Tref= 25 °C
Q=2

Parameters for the temperature response function for respiration in mmc2.R (Schmitt et al.
2013)

87 $# k resp
- £

t_ref = 25, # temperature at which t mort is effective
Q10 = 2,

&
L

Note that in contrast to the response functions for photosynthesis, there is no scaled re-
sponse between 0 and 1. For temperature values greater than 7., the response is greater
than one and thus the loss rate is higher than the reference rate (Figure 3).

3

[4+]

B 2

2

{_E

= .

I N e (it

Z‘J : Trqf'
g - : |

-10 0 10 20 30 40
Temperature in °C
Figure 3: The respiration response due to temperature for T;.., = 25 °C and Q,, = 2, taken from

Klein 2018. (See also Figure 3 for experimental data)

No changes to Schmitt et al. (2013) are suggested, despite that we use the term ‘loss’ to indi-
cate the combination of mortality and respiration.

Box 5: Effect of temperature on biomass loss rate

flz;ss: R- R,

fioss(T) = Q1 ™°
Default parameters:
T.r=25°C

Q=2
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2.2.3 Light response of photosynthesis

The effect of the light given as daily global radiation in kJ m? d', on photosynthesis is as-
sumed to be a linear function up to the light saturation level Iss: where fyno0(1) becomes equal
to 1 (no inhibition). Thus, no inhibition by high light intensity is assumed.

The implementation corresponds to the description in Equation 4 except that the parameters
were differently named (a corresponds to a_k and B to k_0). In the R-implementation, the
saturation constant Ise: is not used but f,0.(1) is set to 1 if the linear function is > 1.

Equation 4 in (Schmitt et al. 2013): Irradiation response function

Cl!"f-l-.ﬂ I <lsat

Fohoto() =
pree 1 -

Iradiation response function for photosynthesis implemented in mme3.r (Schmitt ef al. 2013)

=9

# Light

f R <- function(actRad, k 0, a k)
{

photfac <- a _k*actRad + k 0

if (photfac >1) {photfac=1}
return({photfac)

}

W

[ Y s w]

e T L T L T U L T e e

noon oLnoLn o

L ka2

The intercept values 3 in Table 1 of the paper and k_0 in the implementation differ. An inter-
cept of 3 is not possible for a function scaled from 0 to 1. Based on the Figure 4 below,
showing experimental data and the fitted function, the value in the paper (0.25) is correct.
Since fno0(1) is just a dimensionless scaling function the intercept has to be dimensionless
and the unit of the slope has to be inverse of the unit of the radiance. Thus, the unit given in
the paper for a (kJ'm2 d) is correct while the unit given for B is wrong as well as the units for
both parameters in the R-code.

Parameters for the irradiation response function for photosynthesis (Table 1 in Schmitt et al.
2013)

(- 15,000 kI md)

- 025  kliimid)

o 5= 105 1/( kI md))

Parameters for the irradiation response function for photosynthesis in mmc2.r (Schmitt ez al.
2013)

30 # — Light dependence (linear dependence on global radiation (see Hodgesgon 15635)
91 Rad = , # [kJ/p2/d] Radiation (may also be given as table)

92 k0 = # [1/d] Intercept of linear part

g3 a k = 5E-5 , # [(1/4d)/{(kJ/m?/d)] Slope of linear part

Note that Rad in line 91 of the R code is not a parameter but initialises the irradiation varia-
ble.
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The function predicts growth also for zero irradiation. This is unrealistic but probably not rele-
vant for the simulations since even for very cloudy days in winter the irradiation will be larger
than zero.

1.2
1 o
'/ L
2 "3 - ., $a
Fo.8 : ;
£ ' >’
206 4
) S = Model
204 s : .+ 125°C ]
= y o
© ( - 17.5°C
&’ 0.2 + 225°C
¢ 27.5°C
0 T T T T
0 5000 10000 15000 20000 25000
Radiation [kJ/m?/d]
Figure 4: Growth rates of L. minor observed at different temperatures under natural daylight. The

line shows the dependence on global radiation evaluated by fitting the light response to
the data (copied from Fig, 3 in Schmitt et al. 2013, suppl. data).

The parameter Is: defines the light value when the function value is equaltoone (¢ - I + =
lel= %). The introduction of an additional parameter /s¢: can result in conflicts with the

other parameters since /.. is already defined by a and . Thus, we suggest to neglect the un-
necessary parameter ;.

The following suggestion uses the linear function suggested by Schmitt et al. (2013) but cor-
rects the parameter values to correspond to Figure 4. A Michaelis-Menten function could be
considered as an alternative to the hockey stick model used here. However, since data used
for fitting in Figure 4 are scaled to the maximum growth rates for each of the temperatures
tested, the relative growth rate at high light intensities are mostly below 1 and fit by a satura-
tion curve would result in function which does not reach 1 under realistic light conditions.
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Box 6: Effect of irradiance on photosynthesis

~I

fphoto: Ry - [0,1]

. _(a-1+p ifI < Igq
fphOtO(I) - {1 |fI > Isat

Default parameters:
a=510°kJ" m2d

£=0.025

2.2.4 Nutrient response of photosynthesis

The effect of the availability of nutrients on photosynthesis is modelled as a satura-
tion function characterized by a half-saturation constant (Michaelis-Menten or Monod
equation). The inhibition is calculated independently for phosphorus and nitrogen
giveninmg P L ormg N L.

In contrast to this, a more complex function is used in the implementation. It takes
into account inhibition at high nutrient concentrations by using an additional parame-
ter: a_P or a_N, respectively, as hill coefficient (exponent in the equation) and inhibi-
tion constants for very high nutrient concentrations KiP and KiN, respectively.

Equation 5 in Schmitt et al. 2013: Nutrient response function for photosynthesis

fphota (N)= m

The same function is used for phosphorus P.

Nutrient response functions for photosynthesis in mme3.r (Schmitt ez al. 2013)
269 # Phosphorus

f P <- function(C P, CP50, a P, EiP)

=]
1
]

I

{
TC_P*a_P/(c_P“a_P + CP50%a_P) * EiP/(EiP + C_PF)
}

# Nitrogen
f N <- function(C N, CN50, a N, EiN)

(I T 3 B N TS T o S

[ ST o S T T o Y L T T o TR T o
1

{
TC_N‘a_N;’(C_N“a_N + CN50%a N)* EiN/ (EiN + C_N)
}

oo

The half-saturation parameter values for the response of photosynthesis to nutrient
concentrations are the same in the paper (Table 1) and the implementation. However,
in the R-code also values for the additional parameters needed for the more complex
description of nutrient dependence used in the code are given.
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Parameters for the nutrient response functions (Table 1 in Schmitt et al. 2013)

[Plso 0.0043 mg/L
[N]sp 0.034 mg/L

Parameters for the nutrient response function for photosynthesis in mme2.r (Schmitt ez al. 2013)

¥ - Phosphorus dependence (Hill like dependence) -
cp = ¥ [mg/L.] Fhosporps concentration in water
[sd=110] = 3 [mg/L] P-gong- where growth rate is hglfensd [Data from L?%pg, 1983 evaluated with ggpgd model]
a P = E [ Hill coefficient
EiP = ¥ [mg/L] P-inhibition constant for very high P-ggpg. [Ref. F 0151]
101 ¥ - Nitrogen dependence (Hill like dependence) -
102 C_N = ¥ [mg/L] Nitrogen concentration in water
03 CNS0 = k3 [mg/L] N-gong. where growth rate is halfensd [Data from L??pgd, 1983 evaluated with gppnpd model]
a N = ¥ [1 Hill coefficient
EiN = ¥ [mg/L] n-inhibition constant for very high P-ggpg. [Ref. F 0191]

In Table 3 of the paper, parameters used for Monte-Carlo simulations are listed and
other values are given for P50 and N50 are given (0.85 and 0.46 ug L™, respectively for
P respectively N). These values represent probably the assumed P and N concentra-
tions in the simulated water bodies rather than the half saturation constants because
they are called together with the initial biomass BMO ‘site specific parameters’ in this
text section. However, the half-saturation constants are properties of Lemna and site
specific parameters of water bodies. Thus, these values of 0.85 ug L' and 0.46 ug L™’
are probably the constant water concentrations of P and N assumed for the Monte-
Carlo simulations in Schmitt et al. (2013) rather than new values for P50 and N50.

Nonetheless, the two types of functions, using one parameter (as in the paper) or three
parameters (as in the R code) are similar for smaller nutrient concentrations. At higher
concentrations the 3-parameters function predicts an increasing inhibition of photosyn-
thesis. This is contrary to the experimental data (Figure 4). Thus, the simple Monod
function with one parameter as described in the paper is considered sufficient for imple-
mentation.

Normalised experimental data Normalised experimental data

Nutrient response (paper)

Nutrient response (paper)
Nutrient response (r-code)

Nutrient response (r-code) 1.2
1.2 9}
3z T
e 1 e
= =)
g 038 2 0-8
o —
G 06 © 06
© [J)]
E 04 % 0.4
© € 0.2
g 0.2 5
2 0 = 0
0.0001 0.01 1 100 0.0001 0.01 1 100
Nitrogen Concentration [mg/L] Phosporus Concentration [mg/L]
Figure 5: Growth rates of L. minor in dependence of nitrogen and phosphorus concentration as

described in the paper and implemented in the R-code. Note that in Figure 4 and 5 in
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the file 1-s2.0-S0304380013000446-mmc1.doc in the supplementary information, the x-
axis labels are switched by mistake.

We suggest to use the Michaelis-Menten equations (as given in the paper) instead of the
more complex function in the code describing inhibition by high nutrient levels since the ex-
perimental data do not indicate inhibition at very high nutrient levels. The half-saturation con-
stants fit the experimental data used by Schmitt et al. (2013) very well and thus, they are
considered acceptable as default settings.

Box 7: Effect of nutrient concentration on photosynthesis

~N

~P
fphoto R+ = 0,1], f photo? R = [0,1]

fpl\;loto(N) = respectively fpphoto(P) =

N + Ngq P + P
Default parameters

Pgo = 0.0043 mg L™, N5, = 0.034 mg L~

2.2.5 Density dependence

Density dependence is relevant to consider e.g. effects of competition for nutrients or space
at the water surface and self-shading if Lemna fronds overgrow each other. In laboratory
tests, the aim is usually to provide conditions allowing continuous exponential growth (e.g. by
changing medium and reducing the number of fronds if the experiment is prolonged). How-
ever, in some tests, e.g. older studies over 14 days without exchange of medium, the con-
trols might also show slower population growth later in the test, resulting in logistic rather
than exponential growth.

Density dependence is modelled as a linear function of the biomass resulting in a logistic
growth curve. It needs only one parameter describing the carrying capacity of the system.
The parameter is called limit density D, in Schmitt et al. (2013). The response function is
equal to one at an abundance of zero. In case the density limit D, is reached, the response
function value is equal to zero.

Equation 6 in Schmitt et al. (2013): Density dependence function

fphom{” = D"-

Density dependence implemented in mme3.r

# Biomass (crowding)
f BM <- function(BM, BM50)

[T S

oo

return (fact)

1

B3 B3 B3 B B BD

I o O O O

{
Tfact{—{BMSD - BM) /EM50

o
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There is a typo in equation 6 since it should be fyroto(D) instead fonoto(l). For consistency, it
would also be better to use BM instead D since BM is the state variable used in the basic

growth equation (Equation 1). The term used is equivalentto 1 — D% .
In the implementation, the limit density D, is called BM50 which can be confused with a half
saturation constant — which it is not. The density limit is the carrying capacity in logistic
growth while a BM50 sounds like the biomass where the growth rate is 50 % of its maximum
value. So, the parameter name BM50 should be changed in a refined R code to be con-
sistent with the model description.

Setting the response to zero if the density is higher than the density limit is not implemented.
This is okay since by using the logistic density dependence the modelled population cannot
grow above D, (if the time steps of the integration routine are sufficiently small).

In Table 1 of the paper as well as in the implementation, a default value of 176 g dw m2is
used with a reference to Monette et al. (2006). However, the limit density given in Monette et
al. (2006) is slightly but not significantly different (177 g dw m-2).

Parameters for the density dependence functions (Table 1 in Schmitt et al. 2013)
D, 176g_d.w./m?

Parameters for the nutrient response function in mmc2.R (Schmitt ez al. 2013)

10 ¥ - Density dependence -
108 EMS50 = , # [g_dw.fm?] Cut off BM [Ref. F 0191]

We suggest to change the writing to be consistent with the use of BM as state variable to de-
scribe the population in Equation 1 and to us the parameter value given in Monette et al.
(2006).

Box 8: Density dependence

prhI‘gto: ]R+ \ {0} - [0:1]

A BM
fohoto(BM) = 1 ~ BN,

Default parameter

BML =177 g dw m32

It should be noted that this limit density is never reached in the model. Even if the environ-
mental factors are set to constant not limiting values, the maximum biomass reached is lower
than the limit density since the density dependence term affects only the photosynthesis but
not the population growth rate (as in the classical Verhulst logistic model). Thus, the density
dependence does not consider the loss term and the realised growth rate is always lower
than needed to approximate the density limit.
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It should also be noted that conditions limiting the photosynthesis (e.g. a temperature below
the optimum temperature) also reduce the maximum abundance which is reached because
the reduction factor based on density dependence is multiplied by the reduction factors for
the other environmental conditions. Thus, if based on the current biomass and the density
dependence function, the photosynthesis rate could for example still be 90 % of its maximum
value, a low temperature would reduce this further and in consequence zero growth is
reached at lower biomass than under higher temperature. The same holds for the effect of a
toxicant: constant exposure which reduces the photosynthesis rate would also reduce the
carrying capacity which the modelled population can reach.

It could be discussed whether it is realistic that factors like temperature or toxicant concentra-
tion in the medium which are not consumable resources reduce the maximum abundance.
However, since this affects the risk assessment only in a conservative way, it was decided to
keep the original way how density dependence was modelled by Schmitt et al. (2013).

2.2.6 Concentration response (Toxicodynamics)

The effect of a toxicant is modelled by Schmitt et al, (2013) as inhibition of the photosynthe-
sis rate depending on the internal unbound concentration of the toxicant in the plants

Cint_unb. The concentration response is modelled as a 3-parameter Hill function defined by
the maximum inhibition E,,, , the EC50int as the internal concentration resulting in 50 % ef-
fect and a slope parameter b. There is a typo in equation 7 since it should be fphoto(Cint_unb)
and not fohoto(E).

The implementation of the concentration response corresponds to the description in the pa-
per. Nonetheless, in the implementation it is also possible to model a delayed effect where
the inhibition is not directly linked to actual internal unbound concentration. Therefore an ad-
ditional state variable E is modelled via a differential equation (line 224). This state variable E
increases with a specific rate k_E_in multiplied with the effect size resulting from the actual
Cint_unb, calculated by the function f_E shown above and it decreases with a ‘repair’ rate
k_E_out multiplied with the actual effect size. This seem to be similar to the full GUTS ap-
proach with damage and repair.

Equation 7 in Schmitt et al. (2013): Toxicity response function

b

f (E)=1—E Cfnr_unb
phote == T ECs0P b

int int_unb

Toxicity response function implemented in mme3.r

fus]
1

]
]

 Effect
f E <- function(b,EC50,Emax,C active)

(= o lle

B B B3 B3 R R
o
|

{
T -Emax*C_active*b/ (ECS50*b+C_active*b)
I3

(i%]
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Ll

¥ Consider toxic effect

f Eff €- £ E(b,EC50,Emax,C int u)

if (TDMod=="delayed') {f Eff <- E} # delayed effects could be considered
kE phot _eff <- k_phot _eff*f Eff

[ L S T ]
[l e B S
[ T ¥ 0 I =

# Effect (this is the delayed TD model)
dEdt <- k E in*f E(b,EC50,Emax,C int u) - E E out * E

)

[T N L
[ % L]

w

The parameters of concentration response are substance specific. Hence, they have to be
calibrated using substance specific experimental data. Thus, there are no default parameter
values.

In the paper, the substance metsulfuron-methyl is used as example. TK-TD parameters were
fitted based on the data from a laboratory test with 7 days of constant exposure to several
test concentrations followed by 7 days in clean fresh medium. The values used in the imple-

mentation correspond to the values given in Table 2 of the paper. The maximum effect Emax
and the slope b are dimensionless, whereas the EC50in: is given in ug/L (or another mass per
volume unit).

Example parameters in Schmitt et al. (2013) for the substance specific toxicity response func-
tion

Emax ~ 0.784
EC50;: 03
b 416

Example parameters for the toxicity response function in mme2.R (Schmitt ez al. 2013)
59 z - Effect -

&0 Conc =1, ¥ [any] Concentration of foxicant (may also be a table)
61 Emax = R ¥ maximum Effect

62 ECS50 = . ¥ [same as gopng. datal Midpoint of effect curve

63 b = . ¥ [-] Slope of effect curve

'S
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Reverse Dose-Response

1
g -\’%.
g 08F |
m |
£ooep
Zoo0af |\
o] |
c | e
= 02F - —
- \ 1— Emax
N
0 1 — | ! 1
0 0.5 1 15 2

Internal Concentration in pg L™’

Figure 6: Reverse dose-response function for the parameters given in Equation 7 of Schmitt et al.
(2013) for Metsulfuron-methyl (black line). For the blue line, Emax was set to one. Fig-
ure taken from Klein 2018.

The parameter Emax, EC50int and slope b are substance specific and have to be calibrated and
validated case by case. Thus, no default parameters are given in Box 9. However, the values
for metsulfuron-methyl (MSM) as obtained by Schmitt et al. (2013) can be included in the im-
plementation as example.

It can be discussed whether an upper limit for the effect is plausible. It is recommended to
set Emax to one by default and decide case by case if Emax should be included in the calibra-
tion.

Box 9: Concentration response function on photosynthesis (Toxicodynamics)

~

fpchigitfo Cine): Ry = [1 = Epay, 1]

b
Emax ' Cint_unb

EC50% , + Cint unp”

~

C.
fpﬁgio (Cint_unb) =1

The parameters EC50i,: [mass / volume], b [-], and E.... [-] are substance specific and have to
calibrated. E,... should be set to 1 by default.

The implementation of modelling delayed effects is not recommended for the standard model
here. It needs two additional TD parameters which cannot directly be measured and which
will probably result in overfitting if only growth inhibition test data are available for calibration.

To clarify, in the model by Schmitt et al. (2013) the toxicant influences only photosynthesis,
not loss of biomass by increased respiration or mortality. The default endpoint of ecotoxico-
logical tests used for calibration or validation of the TKTD model is inhibition of growth or
yield, which can be a result of e.g. reduced photosynthesis, inhibition of anabolism or in-
creased catabolism. Lethal effects are not explicitly measured.
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2.3 Calculation of internal concentration (TK model)

In Schmitt et al. (2013), a one-compartment model is assumed for the mass balance of the
total internal mass Mint of the toxicant with mass fluxes in and out of the plants and metabo-
lism of the substance in the plant.

Equation 8 in Schmitt et al. (2013): Dynamics of internal mass

Iﬁ!‘ll"'jlim

dr = P — Pour — KmetMip,

M, = mass of substance in the plants [mass m or mass per vessel]
®in, Dout = substance fluxes (mass d-') into and out of the plant
kne: = metabolic degradation rate [d-].

The mass flux in and out of the plants is assumed to be driven mainly permeation through
the leaf cuticle depending on the concentration gradient of the chemical. The total permea-
tion depends on the total leaf surface area A [cm?] and the permeability P [cm d-"] of the cuti-
cle.

Equation 9 in Schmitt et al. (2013): In or out mass flux

P=A-P.C

C in equation 9 is the concentration of the permeate out- or inside for ®i, and O, respec-
tively. For the net flux, the concentration gradient outside and inside the plant, AC, would be
needed. This means that also the internal concentration must be given in mass per volume,

e.g. ug/L.

Since permeability is given in cm per day, the product to the right of the equation results in

correct unit for mass flow: area - length/time (MASS/ tume = 2% time -

To calculate the dynamics of the internal concentration, Equation 9 is inserted into Equation
8 and divided by Volume V [cm?] of the population to convert the internal mass into internal
concentration (Equation 10).

Since for the model of Lemna field populations the biomass is given as mass per m?, also the
surface area and the volume of the population must correctly be related to m?. However, this
gets cancelled out in equation 10.

Equation 10 in Schmitt et al. (2013): Final TK-equation to describe the dynamics of the internal
concentration Cint [Hg/L]

ac; F.-A G
ﬂ'I:T = T (L_L'.'t-.' - ﬁ) - km:‘t Cint

In addition, only the unbound, dissolved fraction of the internal concentration is considered
for the concentration gradient driving the flux in an out of the plant. To calculate the unbound
concentration, the total internal concentration is divided by a partitioning coefficient K.,..
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Cint(t)
Kpw

Cintunb (t) =

Kp.w is originally a bioaccumulation factor, i.e. the quotient of the concentration in the plant di-
vided by the concentration in the (external) water. The concentration in the plant is the Ci in
the notation by Schmitt et al. 2013. In equilibrium the internal unbound concentration is the
same as the external concentration. Thus Kp:w can be written in the following ways:

Kp:w = Cplant/ Cwater = Cint/ Cintiunb

Thus, Schmitt et al. (2013) assume immediate equilibrium in the plant between bound and
unbound toxicant and no kinetics.

Since the equation for internal mass is divided by volume, the units of the internal concentra-
tions (total and unbound) are mass per volume, as for the external concentration in the wa-
ter, e.g. ug/L. Expressing the internal concentration in mass per volume allows comparing
the EC50 from e.g. a standard test as concentration in the medium with the EC50, fitted by
the model.

Note that for metabolism, not only the unbound fraction, but the total internal concentration is
considered. This seems to be not consistent to the assumption that only the unbound bioa-
vailable concentration is driving the toxicity. The metabolite itself is not further considered in
the model. Thus, metabolism is only considered an additional process to decrease the inter-
nal concentration of the toxicant. If metabolites are expected to result in relevant toxic ef-
fects, the model must be refined to consider this.

The full TK concept is visualized in Figure 10.

Internal unbound
concentration

Cintﬁunb= Cmt/Kp:w

C_oncentration PA/V Total concentration
in the water (— in Lemna
ceXt Cex‘c - Cintfunb cint
l kmet
Metabolite

Figure 7: TK model concept of the Lemna model by Schmitt et al. 2013

In the R-code, the differential equation is written for internal total mass of the toxicant in the
total population is used in line 229 instead of internal concentration as in equation 10. There-
fore, some conversions are needed which are described below.
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Toxicokinetics related to internal mass implemented in mmc3.r

EL # Calculate internal fgxicank concentrations from amount in biomass
EM fresh <- BM*BEMwZBMd

C int <- M int/BM fresh

C int u <- abs(C_int/Fbm) ¥ Unbound internal concentration

ST = R T]
o =]

‘i
o

# TE part: Internal amount of Loxicank

P_up eff = P_up

if (P_Temp) {P_up eff = P_T(P_up,MolWeight, actTemp)} # Temperature dependence of permeability
dM intdt <- P_up eff*RperBM*EBM* (actConc-C _int _u) — C_int*BM fresh*(k_resp eff+k loss)

oo

Ly B3 B3 BRI B
‘

7]

# Calculation of temperature dependent permeability
E T <- function(P_up,MolWeight, actTemp)

{

Eact <- *MolWeight/ + # Recti

Ql0perm <- exp(l0*Eact/ / ~2) § see Bayr Publication 7
return(P_up * QlOperm”((actTemp- Y10

}
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In line 196, the fresh weight of the population is calculated from the dry weight biomass as
the state variable to describe the Lemna population. A fixed fresh weight to dry weight ratio is
used (BMw2BMd).

The internal concentration is calculated as the internal mass divided by the fresh weight in
line 197. This is not correct since the internal concentration should be given in mass per vol-
ume (see equation 10). The resulting values are only correct if a density of 1 g fw mL" is as-
sumed as it seems to be done in the Schmitt et al. (2013), but the density should be explicitly
mentioned to get correct units. Thus, it is a matter of the documentation which does not af-
fect the numerical results.

Line 198 calculates the internal unbound concentration C_int_u using the partitioning coeffi-
cient Kbm (corresponding to K,.,). The absolute value is probably used to stabilize the code.
However, K, ., is positive by definition as well as Ci... Cint might only become negative if the
time steps of the integration are too large.

Line 229 includes the basic differential equation for the total internal mass. Thus, it should
correspond to equation 10 multiplied with the population’s volume to get mass instead of
concentration. However, there are three discrepancies:

1. The code does not include the metabolisation as described in equation 10.

2. The additional elimination term C_int*BM_fresh*( k_resp_eff + k_loss) is not given in
the paper. It is needed to reduce the internal mass (C_int*BM_fresh) if the biomass is
declining. This correction is not necessary if the TK is describe as the change in inter-
nal concentration as done in Equation 10. However, the internal concentration has to
be corrected for ‘dilution by growth’ if the growth rate is higher than the uptake rate.
There is also a problem with the units since the term does not result in mass per time.

3. Line 228 offers the option to consider temperature dependent permeability which is
calculated in line 237 — 242. The parameter P_up_eff is the fixed parameter permea-
bility (P in the paper, P_up in the code) if temperature dependence is not considered.
The function for temperature dependence includes some constants and the molecular
weight of the chemical to calculate the activation energy. However, the temperature
dependent permeability is not documented in the paper.
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The permeability P and the partitioning coefficient K., are substance specific. Additionally,
species specific but substance independent parameters needed for conversion between
fresh and dry weight, surface area and volume of the Lemna population are used. In the pa-
per the values of these parameters are listed in Table 1. The values in R-code (line 68, line
112-113) for the conversion parameters are the same as given in the paper.

Parameters in Schmitt et al. (2013) for conversion between fresh and dry weight, surface area
and number of fronds

Frond area/dry weight 1000 cm?/gd.w.
Dry weight/frond 0.1 mg.d.w./frond
Fresh weight/dry weight 16.7 gfw./g_.d.w.

Conversation parameters implemented in mmc2.r (Schmitt ef al. 2013)

+

| 68 AI_:EIBH = ' * [cm?/g_dw] A leaf / d leaf = 1/d leaf (for circular disc, d4=0.05 cm) [Ref. HARLAN-022]
- Others -

mass_per frond = .

BMwZEBMdA = # lo_

For the ratio of frond area to dry weight, AperBM = 1000 cm? g dw, a reference is made in
the paper to Landolt & Kandeler (1987) who estimated 40 mm? per frond from photographs.
With the reported dry weight/frond ratio of 0.1 mg dw/frond, the 40 mm? per frond would re-
sult in 4 000 cm? g' dw. In the implementation, the 1000 cm? g' dw are explained with a ref-
erence to ‘Harlan -022’.

Schmitt et al (2013) report a fresh to dry weight ratio for L. gibba of 16.7. This corresponds to
a dry weight to fresh weight ratio of 0.061 and a 94 % water content.

The dry weight per frond ratio is not needed directly in the model. It is only needed for cali-
bration and validation when model results (BM) have to be compared to observations (frond-
number).

As shown before, the model assumes a density of 1 g fw cm which is not explicitly men-
tioned.

Note that for practical reasons all these ratios are assumed to be constant. This implicates
that there are no seasonal variation nor effects of toxicants considered.

As the TD parameters also the TK parameters P and K,.., are substance specific and have to
be calibrated for each toxicant together with the TD parameters by means of laboratory test
results. To reduce the number of parameters to be fitted, Schmitt et al.(2013) suggest to use
a regression model for the partitioning coefficient k... It relates log Kow to the partitioning co-
efficient. The regression equation is based on de Carvalho et al. (2007). The equation is ex-
perimentally based on measured plant-water partition coefficients K,... for Lemna minor for a
set of substances with different log Kow values.

Equation 10 in Schmitt et al. (2013): Final TK-equation to describe the dynamics of the internal
concentration Cint [Hg/L]

log(K,. — 0.71) = 0.73 - log Kow — 1.37

This equation can be solved to estimate K., from the log K,.:
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K

pw = 100.73'logKOW—1.37 +0.71

Note that a log Kow below 1 has only very small effects on the K.« (see Figure 8).
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Figure 8: Water:Plant partitioning coefficient Kp.w as a function of log Kow (copied from Figure 3 in

de Carvalho et al. 2007).

For the metsulfuron-methyl example by Schmitt et al. (2013), the regression model by de
Carvalho et al. (2007) results in a K., of 0.73 for the given K, of -0.48. The K., value is not
explicitly given in the paper but a value of 0.75 is used in the implementation. The permeabil-
ity was fitted together with the TD parameters to be 0.0054 cm d-'. Metabolism as included in
Equation 10 is not considered in the implementation.

Example parameters in Schmitt et al. (2013) for the toxicokinetics of metsulfuron-methyl

P =0.0054 cm/d
TK parameters implemented in mmec2.r
6E ¥ - Toxicokinetics -
37 F up = r ¥ [cm/d] Permeakility for uptake
| Elm = " # Biomass (fw) :water partition coefficient

For the refined model, the working group agreed on the following:

1.

The option to consider metabolism of the toxicant within Lemna is kept but we recom-
mend to set the metabolism rate to zero by default to limit the number of parameters to be
calibrated. In case the observed recovery of the population is faster than it can be pre-
dicted by the basic model, the metabolism rate can be calibrated, too.

The effect of temperature on permeability as implemented in the R-code but not ex-
plained in the model description is not included in the proposed standard model. Note
that temperature dependence of TK (and TD) does not affect the use of the model for sim-
ulating lab tests (Tier 2C).

3. The K, parameter to calculate the unbound fraction of the toxicant in the plant is not

necessary and a single compartment model can be used instead:
Since the unbound concentration is always proportional to the total concentration, using a
scaled total concentration instead of an internal unbound concentration will result in the
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same effect by just changing the location parameter of the concentration response curve
EC50;. A TKTD model without K., will result in the same fit as using K., with just differ-
ent TD parameters. However, K,.,, affects the toxicokinetics: if K. is larger than 1, the
concentration gradient driving uptake or elimination (the term in the brackets) becomes
larger for uptake situation but smaller for elimination (related to the absolute value of the
gradient). Thus, with K., > 1, uptake becomes faster and elimination slower compared to
K,w = 1. This relates to the total internal concentration. For K, < 1, the effect of K., is
less relevant since K,.» must not become smaller than the water content (i.e. 0.94 in this
model). For a more detailed explanation, please see Annex 9.2.

In conclusion, since the use of K,,., does not result in better fits, it would be possible to
use a simple one-compartment model with a scaled (total) internal concentration C;... The
TK model is then similar to the reduced GUTS approach (Jager et al. 2011, Jager and
Ashauer 2018) using a dominant rate constant k.. The &, in GUTS corresponds to the P A
/' V in Equation 10.

The difference between the two TK models for GUTS and Lemna is that in GUTS it is as-
sumed that the biomass (in GUTS of the single organism) is constant while the biomass
of the Lemna population can change. Growth can result in dilution and thus reduced in-
ternal concentration if the uptake is slower than the growth and biomass declines have to
be considered for the calculation of the internal mass.

To be consistent and compatible with the original Lemna model, we still include the K.,
parameter but prefer to set it to 1 by default. Note that also according to Schmitt et al.
(2013), Kp.w is usually not calibrated but determined independently from the log Kow by
means of a regression (see Figure 8).

For very low lipophilc and hydrophilic substances (as most herbicides are) the partition
coefficient is of less importance. However, for more lipophilic substances it must be con-
sidered. Generally, Kp..w should be treated as an independently determined compound
specific input parameter. In Schmitt et al. (2013) the Carvalho approach was used as a
citable example of how to estimate it. Other approaches, also experimental ones, are
also possible, but must be defended when applied.

4. We suggest to use the same kind of TK equation in the model description and in the R-
code. We suggest to use the internal mass because in the R-code the differential equa-
tion is solved for mass and to have the same units for both state variables (Lemna popula-
tion and toxicant).

5. With respect to the names of variables and parameters we propose to be consistent as
possible in the model description and the implementation.
The use of the name P_up and its explanation in the R-code is misleading since the per-
meability drives both uptake and elimination depending on the concentration gradient.
Thus, for clarity, P or Perm should be used.
We suggest to use r to indicate model parameters for ratios and define r4pw as the sur-
face area per dry weight rate, rrwpw as the fresh weight to dry weight ratio and rrw» as
the fresh weight density and can then calculate A(z) and V(t) from BM():

A(t) = BM(¢t) - T4/pw

1
V(t) = BM(t) - Trw/pw
Trw v
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The dry weight per frond ratio, 7pw/rn, is not needed in the model itself. However, since in
laboratory tests, frond number but not dry weight is measured over time, it is needed for
calibration and validation using laboratory data.

Thus, we propose the following TK model similar to line 229 of the R-code. The uptake and
elimination is driven by the concentration gradient and the permeability. In addition, the total
internal mass is reduced by the amount in the biomass which is lost. If metabolism of the tox-
icant should be considered it is assumed that only the unbound fraction can be metabolized.
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Box 10: Refined toxicokinetic model for Lemna
Mip;: [O: tn] - R,

d _ Cint(t) .
%Mint(t) =P 'A(t) ' <Cext(t) - Kp:W) - Mint(t)/Kp- w - kmet - Mint ' (t) kloss : floss(t)

M (0) =0

A(t) = BM(t) - T4/pw

1
V(t) = BM(t) - Trw/pw g p
WV

Mine () M@ - Tewyy
V(t) BM(t) - mrw/pw

Cint @® =

Mu(t) = mass of the toxicant in the plant population [mass m] or [mass per vessel]
P = permeability [cm d]

A(t) = total surface area of the plant population [cm? m] or [cm? per vessel]
V(t) = total volume of the population [cm*® m] or [cm? per vessel]

C.u(t) = external concentration in the water [mass/volume]

Cin(t) = internal concentration [mass/volume]

rypw = area per dry weight ratio [cm?/g]

rewpw = fresh weight per dry weight ratio [-]

rewyy = fresh weight density [g/cm?]

K.« = partitioning coefficient plant:water [-]

kne: = metabolisation rate [d™]

Default parameters
rapw= 1000 cm? g'!
rewpw = 16.7
rewy=1g cm?
rowey = 0.0001 g
Ky =1
ke =0d!

The permeability P is a substance specific parameter which has to be calibrated together
with the TD parameters. The partitioning coefficient K,.... can be set to 1 by default and can be
calibrated if internal concentrations are measured. Also the metabolisation rate kmet should
only be calibrated if needed.
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3 Summary

3.1 Variables used in the model

Table 1: Variables used in the model
Varéa- Description Start value Unit

State variables (calculated by differential equation system)

BM

Biomass (dry weight] of Lemna popula-
tion

Study specific > 0

g dw m-2 (field)
mg dw (lab)

Mm‘

Internal mass of toxicant in the Lemna
population

Usually 0

Case specific, e.g.
mg or ug m-2 (field)
mg or ug (lab)

Help variables (can be calculated from state varia

bles, no differential equations)

cm?® m-2 (field)

|14 Volume of Lemna population Proportional to BM cm? (lab)
2 -2 (fi
A Surface area of Lemna population Proportional to BM cm nl (field)
cm? (lab)
Cint | Internal concentration Mint/V Same as Cex
Cint_unp | Internal unbound concentration Proportional to C;, Same as Cex
2 (fi
FN | Frond number Proportional to BM m_ ((lzgl)d)
External variables (forcing functions, not affected by state variables but model inputs)

C Concentration in the medium, e.g. Study specific, Case specific, e,g.
e | measured concentration or PEC e.g FOCUSsw profile mg L' or ug- L™
T Temperature (for Lemna this could be Study specific, °C
water or air temperature) e.g. from FOCUSsw
. Study specific 2 41
Rad | Global radiation e.q. from FOCUSsw kd m=d
Nitrogen and Phosphorus concentra- . mg N L
N, P tions Study specific mg P L-
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3.2 Growth model for Lemna biomass

d
EBM(t) = (kphoto_max ' fphoto (t) - kloss ' floss(t)) ' BM(t)' BM(O) = BMO € ]R+ \ {0}
If BM(t) < BMin then set BM(t) to BM,yin.

Dependencies of photosynthesis
: Cintyn
fphoto (t) = min (prhoto (t)' fplhoto(t):fpphoto (t)' pr\i]loto(t)) ' prhI‘gto (t) 'fphottfo b(t)

fross(t) = flgss(t)

_ (T_Topt)z ;

Tmin—To i
= 10 ( ) i T < Ty
photo | ) (T_Topt)z

z
k 10 (Tmax_Topf) if T > Topt

2 I+ p ifl <1I
I I = {a . sat
fphoto( ) 1 ifl > Isat
T LA el 0 oy
fphoto( N+ Neg respectively fphoto( =57 Pee
A BM
ohato(BM) = 1 — BM,
2Cint Emax - (Cint/Kp: W)b

Fint o (Cone) = 1=
photoint ECSO%’nt+(Cint/Kp:w)b

Dependencies of biomass loss

. T_Tref
fioss(T) = Q44 *°

3.3 Toxikokinetic model for internal mass

Cint (t)
kpw

d
_Mint(t) =P A(t) ' <Cext(t) -

dt ) - Mint(t)/Kp: w - kmet - Mint ' (t) kloss : floss(t)

A(t) = BM(t) -7 4/aw

1
V(t) = BM(t) " Trw/aw W
w/V

Mine(t)  Mine(8) - dryyy
V(t) BM(t) “Trw/dw

Cine(£) =
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3.4 Model parameters
Table 2: Default model parameters
Parameter name Parameter Default value Reference
in equation system name in Unit Description in Schmitt
(section 3.2) R code (Annex) etal. 2013
i Maximum photosyn- Lasfar
]
kmaxyhom kphotomaX 0.47 d thesis rate (2007)
Respiration resp. Claus
Kresp-ref krespref 0.05 d- mortality rate at ref-
(1972)
erence temperature
: Minimum growth Lasfar
T 0
i Tmin 8 C temperature (2007)
Maximum growth Lasfar
T o
e Tmax 405 C temperature (2007)
T o Optimum growth Lasfar
ept Topt 26.7 C temperature (2007)
Reference tempera- Claus
Trer Tref 25 °C ture for respiration
(1972)
rate
Wanger-
Q10 for respiration mann &
Q1o Q10 2 rate Ashby
(1951)
1| Slope of radiation Hodgson
_ 2 1
a alpha 5.00E-05 |m2dKkj dependence (1970)
Intercept of radiation | Hodgson
B beta 0.025 ) dependence (1970)
N-conc. where Liuénd
Nsqg CN50 0.034 mg L growth rate is
(1983)
halved
N-conc. where Luénd
Psg CP50 0.0043 mg L growth rate is
(1983)
halved
- g_dw Limit density Monette
BM, BMIimit 176 m2 (carrying capacity) (2006)
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Parameter name Parameter Default value Reference in
in equation system name in Unit Description Schmitt et al.
(section 3.2) R code 2013
BMunin BMmin 0 g_dw m?2 Minimum bio-
Determined
. for L. gibba
Tow /N DW2FN 00001 | 90w | weightlrond(con | sepmitt er
’ al. 2013, pa-
per)
Determined
— FW2DW 16.7 g f‘c’jvv\?' Fresh weight/ dry f(osrcLh nfi’t’ft;";’
B al. 2013)
cm2g | Surface area per | -andolt and
rapw A2BM 1000 . e Kandeler
: ywelg (1987)

Substance specific TKTD parameters used in Schmitt ef al. (2013) for Metsufuron-methyl

P P 0.0054 cm/d Permeability Calibrated
Setto 1 by
Partitioning coef- | default, re-

Kpw Kp:w 0.75 - ficient plant:wa- | gression Car-
ter valho et al.

(2007)
ket kmet 0 d’ Metabolism rate Set

Enax Emax 0.784 - Maximum effect | Calibrated
EC50,, EC50 0.3 pg L Internal EC50 Calibrated
b b 4.16 - Slope Calibrated
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5 Annex

5.1

Schematic of the R-code provided in Schmitt et al. (2013)

The following figure created by Cecilie Rendal is a basic schematic of the (original) code structure in

the mmc2.r and mmc3.r files provided in Schmitt et al. (2013).

Calibrate effect Provide _txt files (optional)
parameters from with time series data for
toxicity experiment. Concentration
Emax, EC50, b Irradiation temperature
I_ __________________________________________________________________________
: USER INPUT USER INPUT USER INPUT USER INPUT
H Define param Define outtimes Define filemames Define vars
: Set porameter values Desired time series Path to files in wd be Set values at t=0 for
: [rates, constants etc.) for the simulation. regd into params BM and M_int
1 ~ i T 7
I "‘ﬁ. “; J* ,f".‘
i San 1 r #
: Sy - L 4 _,*’
H "'h‘.h ,4”
i ey INITIATE MODEL -~
| h calcgrowth|outtimes, vars, L4
i
i
1
i

param, filenames,graph=T)

Prepare_parami}
Reads files with input

information and odd respective

tables to porameters

calcgrowthi)
Cails growth model for control and
tregted scenarios. Results are
combined into one table.

Control

Treated

growthmodel()
Performs numerical integration af
the differentiol equations dejfined
in growth_odef].

growth_ode()
This is where the model is really implemented - the differential
eguations to be solved are defined. (eg 1 ond eq 10).

(dEdt)

4

Supporting Functions called by growth_ode()

| f_E[) effect of chemical stress on growth

| f_R{] effect of light on growth

| f_Ti) effect of temperature on growth

| f_M{} effect of nitrogen on growth

| P_T[) effect of temperature on permeability

| f_p{) effect of phospharus on growth

| f_T_resp() effect of temperature on respiration

| f_Bm|] effect of crowding on growth |

r
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5.2 Notes on the use of the plant-water partitioning coefficient in the TK
model

08.06.2020  Judith Klein, Stefan Reichenberger, Udo Hommen

Equation 10 in Schmitt et al. (2013): Final TK-equation to describe the dynamics of the internal
concentration Cint [Hg/L]

dc; P-A C;
d_l{n'r = T (L_L'.'t-.' - K;n;) - km:‘t ':-_in'r

P = Permeability, A = surface area of the population, V = Volume of the population, C;,,;= Total inter-
nal concentration, K., Partition coefficient plant to water

In the following, we ignore the metabolism term. Note that if the term would be included it would be
more logical to relate metabolism to the unbound fraction of the internal concentration only.

General thoughts:

. L . . C;
The internal unbound concentration is always proportional to the total concentration: Cip¢, ., = K‘—"t

p:w
Instantaneous equilibrium between unbound and bound concentration is assumed — no process rate

exists.

If Cint,,, is proportional to Cj,, it does not matter for the toxicodynamics which internal concentra-
tion is used (it just changes the EC50int value).

However, K,,.,, affects the toxicokinetics: if K,,.,,is larger than one, the concentration gradient driving
uptake or elimination (the term in the brackets) becomes larger for uptake situation but smaller for
elimination (related to the absolute value of the gradient). Thus, with K,,.,, > 1, 1 uptake becomes
faster and elimination slower compared to K,,.,, = 1. This relates to Cint (total).

For Kp.w < 1, itis less relevant since K., must not become smaller the water content (i.e. 0.94 in
this model).

However, following the suggestion of Schmitt, K., is not calibrated like P but taken from a regres-
sion function. If a calibration with this fitted K., is not possible, including K., in the calibration
might offer a more flexible TK.

To reduce the number of parameters to be fitted, Schmitt et al. (2013) suggest to use a regression
model for the partitioning coefficient K., . It relates log Kow to the partitioning coefficient. The re-
gression equation is based on measured plant-water partition coefficients Kp.» for Lemna minor for a
set of substances with different log Ko values (Carvalho et al. 2007).

Equation 11 in Schmitt et al. (2013): Final TK-equation to describe the dynamics of the internal
concentration Cint [Hg/L]

log(K,. — 0.71) = 0.73 - log Kow — 1.37
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This equation can be solved to estimate K., from the log Kow:
K — 100.73'logKOW—1.37 +0.71
p:w .
Note that a log Kow below 1 has only very small effects on the K.w (see Figure 8).

In the following, the effectis Kj,.,,on the TK is analyzed more mathematically. The figures illustrate

the effect of K., on the internal and internal unbound concentration:

Fey

We simplify the differential equation. Let k1, k, € R,.Set k; = % and k, = P
pw

Then, we have

d

%Cint(t) = kq - Coxe(t) — kz - Cine (O).
If Kp.y > 1thenityields k, < ky.
If Kp.w = 1thenityields k; = k;.

If Kpyw < 1thenityields k; > k.

Example:
Set ky = 2 and try K., = 1.5, K., = 1and Kp,,, = 0.94.
External concentration function is defined by

10, ift<7

In the following figure, the external concentration profile as well as the internal concentration pro-
files for different K., are presented. A K,,.,, > 1 leads to an internal concentration higher than the

external concentration. The plateau is approximately equal to Ceyxt - Kp.y-

Cint(t)
16
14
12
10 p——f—s i
|
8 |
4 -:
2
0 I S
0 2 4 6 8 10 12 14
— Cext (t) - - Cint(t) - Kpw = 1.5
Cint(t) - Kpw= 1 Cint(t) - Kpw = 0.94
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After transforming to unbound concentration by dividing by the respective K,,.,, value, we get the
following curves. The plateau value is equal to the external concentration value. A higher K., leads
to a slower uptake and to a slower elimination (in contrast to the faster increase of total internal con-
centration, see figure above) .

Cint_unb(t)
12

10 =

0 =
0 2 4 6 8 10 12 14

Cext (t)

Cint_unb(t) - Kpw = 1.5
Cint_unb(t) - Kpw = 1

Cint_unb(t) - Kpw = 0.94

To test a reasonable range of K., values, we assume that pesticides may have maximal a log Kow
value of 3.5. This results in a K., approximately equal to 16 based on the regression.

In the example, the equilibrium is not reached within the 7 days of exposure. On the other hand, it
takes much longer until the plants are ‘clean’ again when exposure is stopped.

Cint(t)
100
80
60
40
20
0 \_¥
0 2 4 6 8 10 12 14
Cext (1) Cint(t) - Kpw = 1.5 Cint(t) - Kpw= 1

Cint(t) - Kpw = 0.94 Cint(t) - Kpw = 16
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Cint_unb(t)
12
10
8
6
4 \
2
0 e
0 2 4 6 8 10 12 14
Cext (t) Cint_unb(t) - Kpw= 1.5
Cint_unb(t) - Kpw= 1 Cint_unb(t) - Kpw= 0.94

Cint_unb(t) - Kpw= 16

In conclusion, for TD K., shouldn’t matter since the unbound con is always proportional to the to-
tal internal concentration. For TK, K., affects the speed of uptake and elimination, but for the
course of Cint_unb it affects both in the same way. Thus, the effect of K., on the course of
Cint_unb can also be reached just by changing the permeability value. Thus, is seems that without
K. , the same effect over time can be achieved just by changes of EC50 and Perm.

The only reason for keeping K., in the model seems to be the effect on the course of Cint-total -

and to stick close to the original model.

Additional remark 1: Why K., affects increase and decrease of Cin_unb in the same way (in contrast
to Cint_total):

d
Cint(t) = kq - Coxt(t) — kg - Cine(0)

dt
d Cipe(t k Cint(t
dlw® _ b o Cu®
&t Ky Kpuw Koo
_Cint(t)
Cintunb(t)_ Kp:w d k]_
ECintunb @®) = Kp_w “Coxt(t) — ky - Cintunb ®)
L
R d k,
— _Cintunb ) =-— ( Coxt(t) — Cintunb (t))
dt Kp:w

Additional remark 2: How to choose P to get the same internal unbound concentration as before
using K.,y

As we wish not to consider the plant water coefficient, we set the new value equal to one (K}, = 1).
The adjusted parameter value describing uptake and elimination is k] = k, = K—l to obtain the
p:w

same time course of internal unbound concentration. Notice that by star annotated parameters refer
to the new values, parameters having no star refer to the old parameter value.
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Thus, for example, choosing k; = 2 and K,,.,, = 16 (k, = % = 0.125) yields the same internal un-

. . K
bound concentration as choosing kj = k3 = k, = —

= 0.125 with K., = 1. The value of the per-

p:w

meability is obtained by k] = % & P =k -%.

Cint_unb(t)
12

0.125

10

.

&
(t) - Kpw* =1, k1

Cint_unb(t) -

0 2 4 6 8 10 12 14
Cext (t) Cint_unb(t) - Kpw= 16, kl=2
= Cint_unb(t) - Kpw* = 1, k1* =0.125 Cint_unb(t) - Kpw = 16, k1=2
Cint(t)
100
90
80
70
60
50
40
30
20
10 — 2l
0 1
0 2 4 6 8 10 12 14
Cext (t) Cint(t) - Kpw = 16, k1=2 Cint(t) - Kpw* = 1, k1* =0.125

The internal unbound concentration is the same whereas the internal concentration is different.
However, only the internal unbound concentration is used for the description of the effect.

Additional remark 3: Why k., must not be smaller than the water content

The use of estimation of k., from the regression in Figure 8 also creates problems with the mass bal-
ance within the plant. If the £,.. is lower than the water content the internal bound mass must be
negative as shown below:

Mint = Mintp, +Ming,
& Miyy = BMpw - 0.94 - Gy, + Mipy,
& My = BMpyy - 0.94. ;;J + My,
(definition of Cint ,, according to Schmitt et al. :2013@)
&My, = My — BMpy - 0.94 - %

= C
%:Mr'rrrb = (.—jr” . Bﬁ.ffpw i BMFW .0.94 . KUIf

]'.?El"

~ 0.94
‘:Mﬁlt[—_ L-j}]f h Bﬁv’f}-nr . (] i ’_)
K

The left-hand side, the bound internal concentration has to be non-negative due to physical
reason. Thus, also the right-hand side has to be non-negative:
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0.94
jill"fl.l'l.'lln, =20 Cfl.‘l : EMF".'; ’ (] — K ) =0

pa
As the internal concentration and the fresh biomass value are non-negative per definition, the

internal bound mass is non-negative if the term in the brackets is non-negative. This is only
the case, when the plant water coefficient is greater than or equal to 0.94.

— % 1 & 0.9 = Kr-r.'-:'
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5.3 Modelling laboratory tests

The Lemna model is suitable to describe both laboratory as well as field studies. Field stud-
ies are characterized by highly dynamic environmental conditions (temperature, light, nutri-
ents, and exposure). Laboratory studies are usually shorter and only exponential growth is
considered (without limit density). It is likely that the model will most often used as a Tier 2C,
i.e. to model refined exposure tests in the laboratory. In addition, the calibration and valida-
tion of the TKTD model has to be done based on laboratory tests (EFSA PPR panel 2018).

The calculation of internal concentration is the same for both situations. However, the calcu-
lation of (dry) biomass in time is much simpler for growth under laboratory conditions. In prin-
ciple, the basic growth equation is for both situation the same. In contrast to the field situa-
tion, the photosynthesis dependency function only considers the internal concentration (TD
model) since temperature and light conditions can be assumed to be constant and nutrients
should be available in surplus to allow exponential growth of the test duration.

There are two options:

1. The loss dependency function respectively the loss rate constant is set to zero.

d .
—BM(0) = kpnoto * fymaso(t) - BM(D),  BM(0) = BM, € R, \ {0}

The maximum photosynthesis rate k.., should be set to the growth rate of the control
or it can be included as an additional parameter to be fitted together with the TKTD pa-

rameters. The latter might be especially useful if growth rate in the lower test concentra-
tions is higher than in the control but promotion by the test item is unlikely.

The problem with this option is that the TKTD model is then fitted to effects on the

growth rate (i.e. (photosynthesis rate — loss rate) while in the full Lemna model for field
populations only the photosynthesis is inhibited.

2. The loss rate constant can be set to the reference rate (e.g. 0.05 d' at 25 °C as default
value in Table 2.

d .
—BM(6) = (kphoto * fopeo(t) = Kresp-rer) ' BM(D),  BM(0) = BM, € R, \ {0}
This would allow also modelling declines of biomass in the laboratory tests and would be
consistent with the mode of action assumed in the full Lemna model. As in option 1, the
photosynthesis rate can be determined from only the control data or it can be fitted to-
gether with the TKTD parameters.

We propose option 2, i.e. using a default loss rate of 0.05 d™ for calibration and validation of
the TKTD model based on laboratory tests if the model should finally be used also to simu-
lated effects on field populations.

If only laboratory tests should be modelled (use of the model only as Tier 2C tool), the loss
rate can be set to zero. In consequence, the toxicant affects not the growth rate instead the
photosynthesis rate in the model which corresponds to the usual evaluation of growth inhibi-
tions tests by calculation of e.g. E/Cs0 values.
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