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1 Introduction

The purpose of this document is to present all the equations, variables and parameters
used in the DEB-TKTD model developed by [I] for the risk assessment of pesticides in
birds. This model accounts for avian toxicity endpoints observed in regulatory studies using
a standard DEB model extended to include bird behaviour and combined with a TKTD

module. Pesticides are assumed to induce a reduction in in egg production efficiency, with

both a direct effect (due to the mechanism of toxicity) and an indirect effect due to food

avoidance.



2 Variables

Symbol Unit Definition Equation
Cr. Hgai-gro  Scaled internal concentration of active Equation@
ingredient
E J Reserve energy Equation |§|
Ey J Maturation level Equation @
[En] J.em™2  Maximum energy density Equation |E|
FEr J reproductive buffer Equation
EY, J Unripe reproductive buffer Equations @ and
Er, J Ripe reproductive buffer Equations E and E
Srot - Total scaled food functional response Equation |I|
f - Scaled food functional response for the Equation |Z|
assimilation flux pa
fr - Scaled food functional response for the Equation |§|
upregulated assimilation flux pagr
Jx gfood-d~!  Food ingestion rate Interpolated from data
KR - Reproductive efficiency parameter Equation
L cm Structural body length Equation |Z|
N # Cumulative number of eggs Equations @ and E
DA J.da-t Assimilation rate Equation E|
Pe J.d! Mobilisation rate Equation |§|
PCm J.d! Mobilisation rate when f =1 Equation
7 d—! Growth rate Equations |Z|, |§| and |§|
s - Stress factor Equation @
W g Wet weight Equation [21]

Table 1: Model variables.

Subscript “ai” stands for active ingredient, while subscript “bw” stands for body weight.

3 Parameter list

Below is the table with parameter values as used to run the model simulations. They have
been taken either from the paper by [I], or from the online database add_my_pet.

*. add_my_pet data from the supplementary material. It is unclear which parameter values

were estimated and which were not. Only a few parameters have their value and status
confirmed in the actual paper.

**. Debber data. The value returned by the DEBtool estimation function initial_scaled_reserve ()

is unknown.
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4 Equations

4.1 Experiment model

4.1.1 Intake, growth and somatic maintenance

1 Jx(t) dx
ftot(t) = ———Kxpx —"— 1
tOt() {pAm}L(t)z dyw wWx ( )
EQUATION DIMENSION
: ! y -1 Swet /’umi'dil Edry /'()()(1'("11173
frot(t) = — X nd x J.Cmol ~ X ‘ X Y.

=1 =% - ‘ ~m—3 i ~ =1l
J.d”".cm™? X ¢cm Swet food-CML Sary ‘/.00,].(/11101

= Dimentionless

ftot(t) if t <t
t) = 2
1) min(1, fiot(t)) otherwise @
i , Or 4
Fa(t) = 0 ft<tsor By < By 3)

max(0, fior(t) — f(t)) otherwise

After the onset of reproduction, the functional response representing food intake is bi-
furcated under the hypothesis that the increase in food intake brought about by the onset
of reproduction is allocated directly to the ripe (or mature) reproductive buffer without

passing through the reserve compartment.

Ingestion rate The feeding or intake rate, p4(t), is a function of food density as expressed

by the theory of functional responses.

pat) = fF(O){pam}L(1)? (4)

EQUATION DIMENSION

. . - 1 -2 g 1
pa(t) = Dimentionless x J.d™".cm™~ X em? =J.d

Reserve dynamics The time course of the reserve energy E can be written as:
dE(t)
dt
In the previous equation , it is assumed that the mobilisation rate of the reserve,
pc(t) is a function of the reserve energy E and the structural volume only.

=pa(t) —po(t) (5)

[Eclr | 1y
po(t) = E(t)% (6)



EQUATION DIMENSION

T @m=S e —1 . 1 3 .
. J.cm (‘>]<n(111.d +Jd tem3 Jd l.(‘,]rl 3 1
po(t) =J % = 5 - =J x ——— = J.d
nd x J.em—3 + J.cm—3 J.cm—

_ i) if kpe(t) > [Pl L(t)°
= gL(t) with 7(t) = § 72(t) if wpe(t) < [par]L(t)® and ER(t) =0 (7)
0 if mpo(t) < [alL(®)? and EY(H) > 0

dL(t)

dt

If there is enough energy for somatic maintenance, the growth rate is normal (7). If not,
then there is no growth if maintenance energy can be found in the unripe (or immature)

reproductive buffer to maintain the structure, or a negative growth at a different rate (72)

otherwise.
[E®)]D .
— [pml/k
() = L(t)
O~ e+ @l )
[E@®)]v

@) [pM]/“
[E(t)] + kalEc]/k

See Section 5.4 for details on parameter x¢.

Fo(t) =

EQUATION DIMENSION

J.ecm 3xcm.d”! -1 _...-3
#(t) = =2t — — J.d™.em™°/nd _ g1
J.cem=3 + (nd) x J.cm—3/nd

4.1.2 Reproduction

Reproductive dynamics depends on the successful somatic maintenance, which takes prece-

dence over all other processes.

o If kpc(t) > [Pm|L(t)3: (enough energy for somatic maintenance)

dEY(t , . ) .
;t( ) = max (0. (1= () — ks B ) = (BR(6) > 0)(t > ts) (1= m)cm(t) - ks E})
(10)
dER(t . : .
50 _ (41) > 00> 1) (1 Wen(®) — ks ) + Fa®andL? ()
We define the time of laying #; as the time where Ej(t) > Hf‘()t). At laying, we have:

Eht + dt) = El(t) — —-2 (12)
kr(t)
and
Nt + dt) = N(#;) + 1, with N(0) = 0 (13)



e .
T (B 0] =

The energy allocated to reproduction, minus the energy for maintaining maturity, goes into

Pom(t) = [Em(t)] ft) (14)

the unripe reproductive buffer. The ripe reproductive buffer receives energy from the unripe
buffer only if reproduction has been induced (¢ > ¢5) and the unripe reproductive buffer is
not empty. It also receives energy directly from the increase in food intake that occurs when
reproduction is induced (fgr). Egg production will only occur if there is at least enough

energy for one egg in the ripe reproductive buffer.

EQUATION DIMENSION

J.d tem2 .
[En(t)] = 7] ‘ (17111 xnd = J.cm™?
cm.d
: Jem 3 x em.d™! x em? + J.d t.em™3 x cm3
j m(t) = J.e o ; : = -J.,17l
pom(?) e nd x J.cm=3 + J.cm—3 ‘
o Else:
dE%(t) . 7 D 0 . 3 .
) — wmax(0, (1 = 0pe(t) — s Bly) — (B4 > 0(al L@ — wpe(t)  (15)
dEL(t)
CZ =0 (16)
dN (t)
7 =0 (17)

When there is not enough energy for somatic maintenance, reproduction is paused. The
unripe buffer still receives energy but it’s energy is used for the lacking somatic maintenance,
if possible. If not, then negative growth occurs.

4.1.3 Toxicokinetic-Toxicodynamic

dCh.(t) _ I(t) . Chu(t) AV wg dE\  wgdEg
dt  Wyl(t) FeCint(t) W () dow | g dppup dt pep dt (18)

Variable C},,,(t) = %Cin(t) with F the bioavailability of the compound. Here F = 1.

The dynamics of the internal concentration is based first on the uptake rate then on the
elimination rate, as well as on the dilution of the compound (by standard growth and by
variation of the energy buffers).

dEr _ dEY, N dEL
dt ~ dt dt

(19)

I(t) = Jx (t)Cx (20)



EQUATION DIMENSION

W (t) = duu (V(t) +B(t) d:;) + B(t), % with V(1) = L(t)° (21)

“Dry weights of both buffers were included in the total wet weight of the females, taking
into account that reproductive bujffers do not contain water”. Therefore, the reserve

energy is not converted using the specific density to convert volume into wet weight (dy.,).

EQUATION DIMENSION

g.Cmol ™! > g.Cmol !

W (t) = r)“,.(tnf3 cm?® + J .
(1) = & < J.Cmol ™!

— 1
g.cm—3 x J.Cmol

= Bbhw +£(-’> =g

EQUATION DIMENSION

dCh,(t) _ ped™ 1 Lo HE
dt g g

_3 cm? g.Cmol J g.Cmol™" J
g.em © X (| — + = —— X S|t X 3
d g.cm—3 x J.Cmol d J.Cmol d

= pg.d!

Stress function Stress occurs once the scaled internal compound concentration exceeds
threshold ¢g. Based on [I], the relevant physiological mode of action for capturing what was
observed on reproductive outputs was an increase in the reproductive costs. Consequently:

1
s(t) = — max(0,C} . (t) — co) (22)
cr
K RO
t) = ——— 23
KR(t) T+ s(0) (23)
EQUATION DIMENSION
1

s(t) (pg.gfl — 1g.g~ l) = Dimentionless

 pg.g!

4.2 Hatching to start of the experiment model

The maturation process of an organism is represented by the maturation level (variable Ey).
For birds, three stages of development are considered: embryo/egg, juvenile and adult. The



transition between these stages is represented by two maturation level thresholds: maturity
at birth E% and maturity at puberty E7;. Once the maturation level reaches the threshold
of maturity at puberty, it remains constant. Before that, its dynamics for a juvenile can be

described with the following equation:

dEg (%)
dt

= max (0, (1= w)po(t) — ks Ba(t)) (Bu(t) < By) (24)

To simulate the period between hatching and the start of the experiment, f is set to 1
in the absence of data on food ingestion rates.

There are no reproduction dynamics until puberty:

dER(t)
dt

=0 (25)

The other equations are identical to those found in the experiment model.

4.3 Initial conditions

At hatching (¢t = 0), we have the following initial conditions:
Cii(0) =0, Ep(0)=Ey, Eg(0)=0, N(0)=0, V(0)=L(0)®

From Kooijman [2], equation 2.32, and the parameter values from add_my_pet, the length
at hatching L(0) for the mallard duck can be calculated as follows:

. EyJEJ  sEY
LOY = T Eal/wBn] ~ 0= )(Ed

0.8122 x 1.648.10%

= =9.785 cm?®
(1— 0.8122) x 7283.68 o

< L(0) =2.139 cm

In addition, from Kooijman [2] and the equation given on page 52, we get:
E(0) = [E]L(0)°

where [Ej] the reserve density at birth can be approximated to [E] the reserve density

of the mother at egg formation.

Due to the lack of information on the condition of the mother at the time of egg for-
mation, we use the observed wet weight at birth, W,,(0), to estimate F(0). Species-specific
W, (0) values for the mallard duck and the bobwhite quail) can be found in the add_my_pet

database.


https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/entries_web/Anas_platyrhynchos/Anas_platyrhynchos_res.html
https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/entries_web/Colinus_virginianus/Colinus_virginianus_res.html

For example, for the mallard duck, we get:

W (0) = dye <V(()) + E(0) d;”/ij)

dppp Ww(o)
B(0) = 2etE (Pwl)
o 5O = 212 (B0 v
28 x 5.5.10° (30, f
o B(0) =2 8;3595 0 (328 (2.139)3> ~ 135400 J

5 Details on parameters values

5.1 Co and Cr

Symbol  Substance Value for mallard duck  Value for bobwhite quail

o Azoxystrobin  68.93 47.49

co Atrazine 2.7e-3 1.1e-4

co Adepidyn 1.162 1.80

Co Abamectin 1.32 -

cr Azoxystrobin  540.8 751.4

cr Atrazine 195 148.9

cr Adepidyn 387.1 200.6

cr Abamectin 46.97 -

5.2 Exposure concentration C'y
5.2.1 Azoxystrobin
mallard duck: 500, 1200, 3000
bobwhite quail: 500, 1200 3000
5.2.2 Abamectin

mallard duck: 1, 8, 64
bobwhite quail: 5, 10, 20

5.2.3 Adepidyn

mallard duck: 200, 1000, 5000
bobwhite quail: 200, 1000, 5000
5.2.4 Atrazine

mallard duck: 75, 225, 675
bobwhite quail: 75, 225, 675
5.2.5 Diquat

mallard duck: 5, 25, 50
bobwhite quail: 5, 25, 50

10



5.3 Parameter kx

Symbol  Substance Value for mallard duck  Value for bobwhite quail
Kx Azoxystrobin  0.4094 0.7912
Kx Atrazine 0.6492 0.6579
KX Adepidyn 0.541 0.730
Kx Abamectin 0.6266 0.5584
Kx Diquat 0.5916 0.6622

5.4 Parameter kg

According to Augustine et al. 2012, the growth efficiency under starvation is the following:

pydy

kG = [Eclw, (26)

With fy the chemical potential of the structure, dy the density of the structure, [E¢] the
cost of synthesis of a unit of structure and w,, the molar weight of structure. We do not know
the chemical potential and the molar weight of the structure from [I]. From add-my_pet,

parameter values can be extracted:
d, = 0.28 g.cm?3, w, = 23.9 g.Cmol ™!, and jiy = 5.10° J.Cmol~*
Given [E¢g] value in Table 2, we get kg = 0.8042 (-).

5.5 Start of the experiment t;,;

Note: these values correspond to the number of days between hatching and the start of the

exposure experiment.

Symbol  Substance Value for mallard duck  Value for bobwhite quail
Linit Azoxystrobin 210 119
tinit Atrazine 165 146
tinit Adepidyn 168 147
tinit Abamectine 217 ?
tiniz  Diquat 180 180

5.6 Time of reproduction induction ¢,

Note: these values correspond to the number of days between hatching and the start of the
reproduction induction.

Symbol  Substance Value for mallard duck Value for bobwhite quail
ts Azoxystrobin 231 168
ts Atrazine 221 202
ts Adepidyn 231 204
ts Abamectine 217 ?
ts Diquat 229 229

11



5.7 Directed Acyclic Graph (DAG)

-]

Feeding

Energy fluxes

ftot (t) if t <t
min(1, fio(t

12



Full DAG

’ Latent variables ‘
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