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Preface

About this book

This book is the technical document that belongs to the e-book “Making sense of chemical
stress”, which can be found on http://www.debtox.info/book.html. This document con-
tains the equations for the DEB models discussed in the main book, including their derivation
and alternative formulations for some modules. The first version of this book was in 2012,
and I expected to update it regularly. However, it took me 2.5 years to come up with a small
update. The main reason is that I started with the DEBkiss simplification (which removes the
reserve compartment of standard DEB), which keeps me pretty busy. The e-book on DEBkiss
can be found here: http://www.debtox.info/book_debkiss.html. However, [ might return
to standard DEB and DEBtox, and update this document again; check the website to see if
there is a newer version.

This book does not provide a lot of background or rationale for the equations and the
writing style is pretty sloppy, so there no point in reading it from cover to cover. It is best to
use it as a reference manual (it also serves as a reference for me). The chapters in this book
follow the chapters in the main text.

Disclaimer

This document will contain errors, which is inevitable given the sheer number of equations.
If you spot one, please let me know so that I can include corrections in updates of this file. I
do not accept liability or responsibility for any damage or costs incurred as a result of these
errors.

Most of the presented ‘model alternatives’ are not well tested yet, but they can form the
starting point for dedicated research.


http://www.debtox.info/book.html
http://www.debtox.info/book_debkiss.html
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Notation

In this book, I follow as strictly as possible the notation used in the DEB book of Kooijman
[15] (see also http://www.bio.vu.nl/thb/research/bib/Kooy2010_n.pdf). This notation
takes some getting used to, and deviates from common use of symbols in ecotoxicology and
biology. This is caused by the fact that DEB theory covers so many fields, each with conflicting
use of notation, that it is impossible to use a single unique notation that everybody is familiar
with. Still, even this dedicated notation runs into consistency problems here and there (mainly
with the subscripts). I follow the same notation to ensure that this book can be read next to
the DEB book [15].

Some conventions:

e Parameters or variables indicated by the same leading symbol have the same dimensions.
For example, L, L,, and L, are all in body length (dimension of ‘length of organism’,
L).

e A dot above a symbol specifies that this parameter is a rate, with a dimension that
includes time™'. This dot should not be read as the symbol representing a differential
quotient (which will always be specified with a %).

e Quantities that are expressed per unit of structural volume are put between square
braces; quantities per unit of surface area are between curly braces. For example,

Pu] = o /L7

Common leading symbols are:
external or scaled internal concentration
scaled energy in reserve
energy in reserve
fluxes of compound
specific rate constant
body length
mass (in moles)
energy flux (power)
partition coefficient (volume based)
scaled reserve
body volume

SSRT EoESme o

Common indices are:


http://www.bio.vu.nl/thb/research/bib/Kooy2010_n.pdf
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Notation

<E SROT 23 SO QY R

no effect, or the freshly laid egg
assimilation

birth (start of feeding)

mobilisation

dissolved (concentrations) or dry (weight)
reserve

maturity

maturity maintenance

maximum

somatic maintenance

puberty (start investment reproduction)
toxicant

reproduction buffer

structure

physical (volume), wet (weight) or water
food

For the dimensions, I use # for countable numbers (e.g., moles of a compound or eggs), e for

energy, t for time, [ for length of environment (

13

of an organism, and m for mass (weight).

Many of the symbols that I use in this file are in the table below. This table is certainly
not complete, but the equations in the rest of this document should be readable without
referring to this table. In future versions of this file, I will try to get this table more complete.

is an environmental volume), L for length

Symbol  Description Dimensions
ap age at birth (time after egg development started) t

ap age at puberty (time after egg development started) t

i)T killing rate for toxicants P11
co scaled no-effect concentration for sub-lethal effects #173

cot scaled no-effect concentration for lethal effects #]3

cq dissolved concentration of toxicant in the environment H1~3

cr scaled tolerance concentration for sub-lethal effects H]3

cy scaled internal toxicant concentration in structure H1~3
dyg dry weight density of structure mL™3
dyw wet weight density of structure mL™3

e scaled energy density in reserve: E/FE,, —

€ initial scaled energy density in an egg: Ey/E,, —

eRr scaled energy density in reproduction buffer: Er/FE,, —

E energy in the reserve e

Ey accumulated energy investment in maturation e

EY maturation threshold for birth (start of feeding) e

E?, maturation threshold for puberty (start investment reproduction) e

En, maximum energy in the reserve e

Er energy in the reproduction buffer e

Ey initial energy in the egg e

[Eg] volume-specific energy costs per unit of structe el ™3
[Em] maximum reserve density eL™3

f scaled functional response —

{E} maximum surface-area-specific searching rate PBL2t1




ix

Symbol  Description Dimensions
g energy investment ratio -

h hazard rate (instantaneous probability to die) t=1

ho hazard rate for ‘accidents’ in control (background mortality) t1
hp hazard rate due to damage from ageing t1
hQ hazard rate due to toxicant exposure t1

hq Weibull ageing acceleration t=2
jXA ingestion rate of food Ht—1
{J XAm} maximum surface-area-specific ingestion rate Ht—1L 2
k maintenance ratio k/ks -

ke elimination (or dominant) rate constant t=1
k;ef reference elimination rate constant t1

k J maturity maintenance rate coefficient t1

k M somatic maintenance rate coeflicient t—1

L structural length of organism L

L., maximum structural length of organism L

Lo maximum structural length of organism in control L

Ly, physical length of organism (L/dys) L

Mg total amount of chemical in organism (in moles) #
AMg change in amount of chemical at spawning (in moles) #
[Mg] internal concentration in organism (in moles) #L73
Mg initial amount of chemical in an egg (in moles) #
[Mg] initial internal concentration in an egg (in moles) #1173
Mor amount of chemical in reproduction buffer (in moles) #
Mov amount of chemical in structure (in moles) #
[My] number of C-atoms per unit structural volume #L73
DA energy flux (power) of assimilation et~
{pam}  maximum surface-area-specific assimilation rate et 172
po energy flux (power) of mobilisation et~!
Dy energy flux (power) of maturity maintenance et~ !
DM energy flux (power) of somatic maintenance et~ !
[ps] volume-specific costs for somatic maintenance et~ 1172
Pry partition coefficient between reserve and structure L3173
P, partition coefficient between octanol and water 133
Pyy partition coefficient between structure and water BL—3
Py partition coefficient between total body and water 33
q scaled level of damage inducing compounds t—2

7 specific volumetric growth rate t=1

R reproduction rate Ht1
AR number of eggs in a spawning event #

sG Gompertz stress coefficient —

S survival probability —

Sc scaled mobilisation from the reserves L?

tp handling time for a food item t

tr time for a spawning event t

u?f ratio of maturity thresholds for birth and puberty —

Ug scaled reserve level (E/{pam}) tL?




X Notation
Symbol  Description Dimensions
Ug initial scaled reserve in egg tL?

Uy scaled energy investment in maturition tL?
UIb{ scaled maturity threshold for birth tL?
Uy scaled maturity threshold for puberty tL?
Ur scaled reproduction buffer tL?
[Ugm) volume-specific maximum scaled reproduction buffer tL=t
0 energy conductance Ltt
Vv structural body volume of organism (L3) L3
Vi physical body volume of organism (L3) L3
X food density in the environment H73
oM shape coefficient —

K allocation fraction to growth and maintenance —
KR fraction of allocated energy fixed in eggs —
HAX energy-mass coupler for assimilation from food e#1
Wy contribution of reserve to dry weight —
wy contribution of reserve to physical volume —
Wy contribution of reserve to wet weight —




Chapter 1

Practical energy budget models

In this chapter, I will present the sets of equations for DEB models that are practical to use
in ecotoxicology. Here, they are presented without their derivation and without alternative
sub-models (which will be provided in the next chapters). In this way, it is immediately clear
what the basic models are without having to wade through pages of derivation.

1.1 The scaled standard model

The basic state variables

The change in scaled reserve is given by (¢ = 0 indicates the start of embryonic development):

d - i b
Up = { S¢ EUn <Up itn Ug(0) = UY (1.1)

dt fL? — So otherwise

The scaled reserve density is between 0 and 1 and is defined as:

Ugp
e = Uﬁ (12)
The scaled mobilisation power is calculated as:
P LS (1.3)
© g+e ) '
The equation for change in structural length:
d 1 [0 .
—L=——(-Sc—kuL? ith L(0) ~ 1.4
o 312 <gSo M > wi (0)~0 (1.4)
The change in scaled maturity is given by:
d. . kg((l-K)Sc—k;Uy) Uz <U; . _
@UH B { 0 otherwise with Up (0) =0 (1.5)

Note that Ug(ay) = Ul and Ug(ap) = U%. The energy flux into the reproductive buffer is
given by:

dUR:{O ifUH<UfI

dt (1-r)Sc — chUZ otherwise with Ur(0) =0 (1.6)
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Two compound parameters can be used to facilitate parametrisation: the ratio of the two
rate constants for maintenance (with a default value of 1), and the ratio of the maturity at
birth and at puberty:
3 U
k=-+L and u%g = —Ip{ (1.7)
kn Ul

Reproductive energy to eggs

Ignoring the buffer, the mean reproduction rate is given by:

. KRR d
R=—=—-U 1.8
U%dt " (18)
If we do consider the buffer, than at spawning events, the buffer is converted into a batch of
eggs (AR) as follows:

AR:ﬂ00r<RZ[%]R> if Ur = [Urm]L® or t =tg or ... (1.9)
The ‘floor’ function means to round off to the nearest integer below the value in brackets.
This is needed as only whole eggs can be produced. The conditions for spawning is highly
species specific; here I suggest the possibility for a threshold on the size-dependent filling of
the reproduction buffer [Ug,,]L? or a specific time tg

If the remaining energy is kept in the buffer, Up is reset to:

UYAR
KR

Ur =Upgr —

(1.10)

The scaled initial reserves in the egg U]% is not a free parameter in the standard DEB model.
The initial reserves must be such that the embryo will hatch at the same reserve density as
its mother had at egg formation. We can simulate the embryonic development with differ-
ent values of UJ% until we observe the correct reserve density at hatching, or use dedicated
procedure (see [14]).

Alternative rule for egg costs and hatching

As an alternative, we can take the scaled initial reserves in the egg U]% as a free parameter
(which removes UIZZI as a parameter), and assume hatching occurs when the reserve density
reaches a threshold (e.g., e = 1). This is less calculation intensive than the standard rule,
and has the advantage that it allows more freedom for the mother to adapt investment per
offspring, or size of offspring, in response to environmental conditions or toxicant stress.

Starvation response

Starvation occurs when the somatic maintenance costs cannot be paid anymore:

v

L
e< i where L, = (1.11)

Some possible scenatios:
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Option 1: Do nothing It is possible to let the system of equations of the standard
model run with no modification, even under starvation. This implies that structural body
size will shrink, and for juveniles the maturity level, and for adults the reproduction buffer.
The unrealistic part of this strategy is that it assumes that the energy used to make a
unit of structure, maturation or buffer is completely returned when it is being used to pay
maintenance costs (this can be corrected by adding a parameter).

Option 2: Use the reproduction buffer Another option is to fix body size to the
point where starvation started, and take the energy that is short on the somatic mainte-
nance requirements from the reproduction buffer (or the flow of energy into maturation or
reproduction). The mobilisation under constant structural size is:

Sc = eL? (1.12)
The ODE for the reproduction buffer is changed to:

d . L
@UR: (1—/<;)SC—kJUZ—ﬁL2 <Lm—e> (1.13)

This can continue until the reproduction buffer is exhausted and %U r becomes negative.

Option 3: Only mobilise for somatic maintenance The last option is to only mobilise
enough energy from the reserves to fulfil the maintenance needs. This implies that:

d d d
L=02U,=02U;= 1.14
S L=0,2Un=0-Up=0 (1.14)

The mobilisation from the reserves is recalculated to the minimal flux to pay somatic main-
tenance:

= LM_RQ L = HE

v L,
This recalculated flux might be less or more than what can be maximally mobilised under
normal conditions, which is eL?. This scenario can continue until the reserves are fully
depleted. However, you might also decide that no more reserves can be mobilised than the
maximum under normal conditions, so to include the condition S¢ < eL?.

So (1.15)

1.2 Simplified standard model

The reserve dynamics is (note that t = 0 now indicates the start of the experiment):

%e —(f- e)% with e(0) = 1 (1.16)

For structural length, the equation is:

d knrg ( v ) .
—L = e- — L with L(0) = L 1.17
d 3(e+9) \ kug (0="Fo (17

We can use the same relationships for the link with physical size measures as for the scaled
standard model (see Section 1.4). However, we would need to add an additional parameter
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for the contribution of the buffer to volume or weight, as the relationship between offspring
number and their energy or mass content is lost in the simplification.
For the reproduction rate we use:

. 0 it L<L, ( )
R == Rm 3 2 3 3 . ].18
Lan—OLE; ((;’EL +L ) ﬁ — Lp> otherwise
It is possible to simulate a reproduction buffer by collecting R, and emptying it (in discrete
offspring) during spawning events.

Instead of kps and v, we can use the more intuitive maximum length (in the control at
maximum food) and Von Bertalanffy growth rate constant (in the control at maximum food)
as our parameters. Therefore, if gg is given:

3(1 + go)

and 0= LmokMogo (1.19)
9o

knro = 7Bo

1.3 Mortality

In a DEB context, mortality is treated as a chance process. Chance processes in time are
modelled using the hazard rate, h. If we know the hazard rate as function of time, we can
calculate the survival probability over time as:

S(t) = exp <— /0 t h(r) d7> (1.20)

The hazard rate can be increased due to the action of toxicants (as treated in the section
on toxicodynamics below), but also due to old-age effects (discussed in Section 4.2, and not
repeated here, as I do not know which model alternative is most appropriate).

1.4 Structural to physical size

As a first approach, it is possible to use actual length, cubic root of body weight or volume, or
square root of body surface, as a proxy for structural length. This ignores the contributions of
reserve and reproduction buffer to the length measure, which might be acceptable for actual
body length, but generally not for weight, volume or surface area. Furthermore, parameters
with length in their dimension are sensitive to how this length is determined. If the aim is
to compare different species, it also makes sense to distinguish between structural length and
actual length.

An actual (well-chosen) length measure can be related to structural length by the shape-
correction coefficient:

L =6pLy (1.21)

The physical volume is a weighted sum of structure, reserve and reproduction buffer:

. .Ur

Vi = L3 +wy(e+er)L® with ep= 0Ty (1.22)

The wet and dry weight of an organism are related to structural volume in a similar way,
accounting for the density of the wet or dry structure (dy and dy4):
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We = dyL®(1+wy(e+er)) (1.23)
Wy = dVdL3(1+wd(e+eR)) (1.24)

1.5 Toxicokinetics

Here, I only present the models for scaled internal concentrations.

Basic model

The basic equation for the scaled internal concentration of a toxicant in a growing animal is:

d .
7 _ k:ref
dt Cy e

LmO 3d

— (cq — —cy——1L 1.2
I (ca—cv) —cv I dt (1.25)
Where k;ef is the elimination rate in a fully-grown adult. For non-growing organisms, this

equation simplifies to:

d .
— — 1.2
dtcv ke (Cd Cv) ( 6)

Extended model

In the scaled non-simplified DEB model, we can take into account changes in composition and
the effects of the reproduction buffer. For the scaled internal concentration, we scale with
the bioconcentration factor for structure Py 4. The whole-body partition coefficient P4 can
change over time. I introduce a new symbol for the scaled amount of toxicant in the body!
as mg = Mg/Pyq:

e = ke (ch3(1 + Pry(e+ er)wy) — mQ) (1.27)
mqQ
= 1.28
mev PEv(e + eR)LUV +1 ( )
m
v o= gy (1.29)

When the elimination rate is determined by the structural surface area:

Lo 1+ wy
L 1+ PE\/(G + eR)wv

ke = ke (1.30)

When the area for exchange is determined by the physical volume, instead of the structural
volume:

. . Lmo 1+ wy 1/3
ke = k= 1.31
N ¢ L <1+PEv(€+€R)wV> ( )

When the reproduction buffer is emptied, the scaled internal mass of toxicant changes by:

T use the symbol m different from the DEB book, where it is used as moles of compound relative to C-moles
of structure.
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Amq = —:(fi (mq —mqv) (1.32)
eg = 1’)%% (1.33)
For constant reproduction rate:
d ; 5 €0
7" = ke (ch3 (14 Pgy ewy) —mg) — R;(mQ —mqQy) (1.34)

1.6 Toxicodynamics

For the effects of toxicants, I introduce a stress function as function of the dose metric. If the
dose metric is the scaled internal concentration:

S = — Imax (0, Cy — CQ) = (CV — C())+ (135)

1
cr cr
This stress factor is applied to one or more primary parameters. How this works out on
compound parameters is specified in Table 4.1 and 4.2.
The scaled internal concentration affects the hazard rate as:

sz = i’T max (0, cy — cot) = bT (cy — coJr)Jr (1.36)

The hazard rate due to toxicant exposure (hQ) can simply be added to other hazard rates,
assuming that they are independent effects. Some deaths are accidental, and can be included
by a (low) constant background hazard rate (ko). For short laboratory experiments, this is
usually sufficient. The total hazard is thus:

h:iLQ+ho+hD (1.37)



Chapter 2

The model for the standard animal

2.1 The standard model in powers

We start with a global description of DEB in terms of ‘powers’ (energy fluxes, in et™!) as
indicated in Figure 2.1; in Section 2.1.1 and 2.1.3, these powers will be further specified. In
the standard DEB animal model, there are two types of biomass: structure (which requires
maintenance) and reserve (which fuels metabolic processes). Structure ans reserve have a
constant composition (strong homeostasis) and at constant food density (and when reserves
are in steady state with the food level) the ratio between reserves and structure is constant
from birth to death (weak homeostasis). Both structure and reserve are state variables. DEB
identifies three life-cycle stages: embryo, juvenile and adult. The switch from embryo to
juvenile is marked by the initiation of feeding, the switch from juvenile to adult marks the
end of maturation and the start of investment in reproduction. The switching is determined
by the ‘complexity’ of the organism, which is captured by the DEB state variable ‘maturity’
(the cumulated investment of reserves in development). There are thus maturity thresholds
for birth E}’{ and puberty E%. Note that t = 0 indicates the start of embryonic development,
unless specified otherwise.

The feeding power for juveniles and adults px is turned into an assimilation flux p4 (for
embryos, px = 0, by definition) with a constant conversion efficiency (rkx):

o]0 if By < EY
pa= { KXDX otherwise (2.1)

The change in absolute amount of reserves (F) is given by the difference between the powers
for assimilation (p4) and mobilisation (pc):

—9 3 b
dp_ { pc EEn < By ith B(0) = Eo (2.2)

dt PA — PC otherwise

Structural body volume L? is calculated from the allocated mobilisation flux to the soma,
after withdrawing the maintenance power pys. The energy flux is converted into structural
volume using the energetic costs for structure [Eg|:

d 1

— L3 = —— (kpc — 1 ith L(0) =~ 0 2.3
Maturation (as cumulated reserve investment into maturity, for embryos and juveniles) is
given in the same manner, as the difference between the allocated mobilisation power, after

withdrawing maturity maintenance p;:
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food ———(b) » feces

ER ..... ;R

Figure 2.1: Schematic diagram of the energy flows in a standard DEB animal, with the as-
sociated parameter symbols. The nodes b and p denote switches at birth (start of feeding)
and puberty (start of reproductive investment). The mobilisation flux is split according to a
constant fraction .

dt 0 otherwise with Ep(0) =0 (2.4)

dEH:{nH((l—n)pc—pJ) if By < EY,
In addition to DEB theory, we include here kg as the fraction of the energy flux available for
maturity that is fixed in maturation. Normally, we do not have to bother with this parameter,
and set it to 1, as we define maturity in terms of the reserves used to build it up. However, we
need this parameter when we add toxicants, to include an effect on the costs for maturation.
The investment in maturation stops when the invested reserves hit the threshold for
puberty E%. At that point (thus for adults only), maturity maintenance is frozen at the
value at puberty p{'}, and the energy flux is channelled into the reproduction buffer Er:

d _J o if By < EY, . _
%ER N { (1—k)pc —pY  otherwise with Er(0) =0 (2:5)
The mean reproduction rate can be calculated using the costs for a single egg (Fp), and
assumes that a fraction kp of the allocated flux is fixed into eggs (the remainder is lost as
overheads):

R=tnd

= 2_F 2.6
T di R (2.6)

The egg costs need to be found in such a way that they lead to hatching of an animal with
the same reserve density [E] as its mother had at the moment of egg formation (a maternal
effect). The egg starts with a very small amount of structure, no maturity, no reproduction
buffer, and an amount Ej of reserves. It hatches when the maturity hits the birth threshold
EI}{. Note that in the simplified DEB model, we will assume constant egg costs, and do not
deal with the embryo stage.
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2.1.1 Specification of the power for assimilation

Instead of the feeding power px, it is generally easier to work with the feeding rate Jx 4 in C-
moles per time (these two are related by the chemical potential of food fix). The feeding rate
is taken proportional to the structural surface area. Therefore, the surface-specific feeding
rate {Jxam} is constant. The feeding rate is thus given by:

7 - pX . ; 2

Jxa=—"—= f{Ixam}L (2.7)

nx

The scaled functional response f is specified further as a hyperbolic relationship in food
density (also known as the Holling type II functional response):

o X

a {Jx Am}
X + N e

(2.8)

where the ratio {Jx Am}/{Fn} is the half-saturation coefficient for the feeding rate. This f
now varies between 0 (no food) and 1 (ad libitum food density; when X goes to infinity).
For many ecotoxicological applications, we do not want to think about food densities, and
we usually have tests performed at a (more or less) constant (usually high) food density. For
that purpose, we can work with f as a model parameter, and ignore all of the feeding details.

The feeding rates Jxa and {Jxam}, as well as the searching rate {F},} and the food
density X, are specified in C-moles. When food is expressed in another unit (e.g., grammes
of prey, prey items), a conversion factor is required. However, it can be easily seen from the
equations above that in the calculation of f the conversion falls out.

The assimilation flux (for juveniles and adults) scales with the structural surface area and
depends on the available food. The surface-area specific maximum assimilation power {pan, }
is a species-specific constant. The actual assimilation power p4 is than given by:

pa = FL{pam} (2.9)

The assimilation flux is logically related to the feeding rate, through a mass-energy coupler
(converts the C-moles of {Jx anm} into energy):

{pAm} = MAX{jXAm} (210)

2.1.2 Specification of the powers for maintenance

The somatic maintenance power is proportional to the structural volume. The volume-specific
somatic maintenance power is thus a species-specific constant [pys]:

pur = [pu) LP (2.11)

The maturity maintenance power is proportional to the cumulated investment into matura-
tion:

py=kyEy (2.12)
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2.1.3 Specification of the mobilisation power

For the mobilisation power, we have to do a bit more work. We start with the differential
equation for the reserve, Eq. 2.2, which we rewrite to an equation for the reserve density
[E] = E/L:

4 18) = pa] - e~ (B (213)

The last term stands for the dilution of the reserves by growth, where:

1 d
L3at
The weak homeostasis assumption of DEB theory [15] demands that [E] does not change at
constant food density, and thus does not depend on body size. However, we know that [p4]
scales with L™!, because p4 scales with L? (see Eq. 2.9). For %[E] to stay zero when [p4]
scales with L1, the last two terms in Eq. 2.13 (—[pc] — [E]7) should together be some
function that scales with L=!. We can write this in Eq. 2.13 by introducing some function
H of [E], where the other parameters of this function () cannot depend on L:

F= (2.14)

18] = [pa] - L H(EL0) (215)

Following an argument about partitionability of the reserves, Kooijman [15] argues that the
only possible function for H is a simple one: H = ¢[E]. This implies that the volume-specific
mobilisation power ([pc]) should be found by combining the last terms in Eq. 2.13 and 2.15:

. [E] (2.16)

- lpel - (Bl =~ 7

and thus:
el = 181(7 - 7) (2.17)

jo = E (2 - f) (2.18)

Next, we can fill in 7, using Eq. 2.14 and the equation for growth Eq. 2.3, using the
maintenance power of Eq. 2.11:

pc = E <Z - L3[1E'0] ("6]56' - @M}L3)> (2-19)
U KPC [pa]
= EL EL3[E(;] + E[Eg] (2.20)

Next, we can move all terms including pc to the left side of the equation:

. Kp _ [Pa]
pc+EL3[§G] - E +E[EG] (2.21)

i
() - o)
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‘Which leads to:

@/L + [Pum]

po = Eliw[ff} (2.23)
- [EG]

Eglo/L + [pum]

[Ec] + [E]r

gl

(2.24)

This is the equation that is also derived in the DEB book, Page 39, Eq. 2.12 (when multiplied
with structural volume, L3). We can further use Equation 2.23, introducing the somatic
maintenance rate coefficient ks = [par]/[Ec], the scaled reserve densiy e = [E]/[Ep] (where
[Ep] is the maximum reserve density, which is taken as a constant), and the energy investment

ratio g = [Eg]/ (<[Enm)):

po = pUETh (2.25)
1+ m—[E]
[Ec]
€REq]
v . e
= [En)L? (L + kM> - Jfg (2.27)

2.2 The scaled standard model

Several formulations of DEB models are available that are useful for different purposes. In the
previous section, I presented a formulation in terms of energy fluxes. This is not the most
practical one to work with in an ecotoxicological setting because of the dimension ‘energy’
that we will generally not have access to.

I will use the DEB3 version with scaled reserves and maturity [19], which is phrased only in
terms of the dimensions length and time. Reserves and maturity are scaled with the maximum
assimilation rate per unit of surface area, which removes the unit ‘mole’ from the system (and
one parameter). All stage transitions are initiated by maturity levels; Uy = UIb{ for birth
(start of feeding) and Uy = Uf, for puberty (start of investment in reproduction, and stop
investment in maturity). Note that the age a = 0 marks the start of the development of the
embryo in the egg; age a = ay is the age of birth, and a = a, is the age at puberty.

In this formulation, two compound parameters will be used to remove the dimension
‘energy’ from the complete parameter set: the somatic maintenance rate coefficient ks, and
the energy investment ration g, defined as:

; [P] [Ec]
ky=+——= and g¢g= 2.28
S B om (229
2.2.1 Reserve and mobilisation
The change in scaled reserve is given by:
d.. [ —Sc ifUg <UY% . 0
%UE N { fL? —Sc  otherwise with U(0) = Ug (2.29)
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It turns out to be handy to work with the scaled reserve density:

Ug

‘T

(2.30)

Under constant conditions, and the absence of toxic stress on feeding or assimilation, e = f.
The scaled mobilisation power is then calculated as:

pc Pc
Sc = - = — 2.31
{pAm} U[Em] ( )
L3 (v eg
= —|=4k 2.32
0 <L * M> etg (2:32)
k
= 29 <1 + ].WL) (2.33)
g+e v

2.2.2 Derivation of the growth equation

Growth can be seen as in DEB context in terms of energy as follows:

= g (e ~ ) (231)

Here, kpc is the energy flux allocated to growth and somatic maintenance. The energy flux
needed for maintenance is deducted, and the remainder is divided by the energetic costs for
growth. I decided to work with scaled reserves to remove the dimension of energy. The scaled
mobilisation flux was S, which relates to po as:

po = Sc{pam} (2.35)

Using this relationship, the growth equation becomes:

iL3 _ K’{pAm}S [pM] L3

= o — = 2.36
A T (230
There are two expressions for maximum length, that we both will use:
L, = Abamt _ 0 (2.37)
br] kg
Because k) = [par]/[Ec], we can use this equation to rewrite Eq. 2.36 to:
d v .
—I?=-Sc —kyL? 2.38
dt g © M ( )

To change this from volumetric to length growth, we need to take care that %LS = 3L2%L,
which leads to this equation:

d 1 [0 ~
—L=——(-Sc—kuL? ith L(0) ~ 0 2.39

dt 3L2<gc M>W ©) (2:39)
This equation is different from the one given in [19], although it is mathematically equivalent.
I prefer this form as it reveals the close links with the maturation and reproduction process;
growth is the net result of the mobilised reserved that are allocated to growth and somatic
maintenance (x is included in g), minus the maintenance needs.
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Filling in the equation for S¢, and ‘some manipulation’ gives the well-known Von Berta-
lanffy equation:

d
Gl =75 (cLy—L) with L(0) ~ 0 (2.40)
where:
: kg 41 o (2.41)
B =——"- an m = 7 .
3(e+g) kng

2.2.3 Maturation and reproduction

The change in scaled maturity is given by:

with Ug (0) = 0 (2.42)

iU _ Iﬁ}H((l—/ﬁ)Sc—kJUH) if Uy < UIZ;
dt 0 otherwise

Note that Ug(ay) = U} and Ug(ap) = UY. The energy flux into the reproductive buffer is
given by:

=10 iUy <UD, -
" { (1 —k)Sc — kyUY  otherwise with Ur(0) =0 (2.43)

At spawning events, the reproduction buffer will be converted to eggs. Ignoring the buffer,
the mean reproduction rate is given by:!

. KRR d
R=—-—-U 2.44
U9 dt (2.44)
What triggers emptying of the reproduction buffer? Perhaps, filling of the buffer to a critical
level depending on structural size (Ur = [Ug.,]L?), some time interval (¢g), external condi-
tions (e.g., temperature, rainfall, food conditions). At such an event, the buffer is converted
into a batch of eggs (AR) as follows:?

0

U
AR:ﬂoor<K};] R) if Ugp = [URm]L3 ort=tpgor ... (2.45)
E

The ‘floor’ function (rounding to lower integer) is needed as only whole eggs can be produced.
What happens to the remaining energy in the buffer, which was insufficient for the production
of one egg? It may either be lost, or kept in the buffer for the next reproductive event. If it
is kept in the buffer, Ug is reset:

UYAR
KR

Ur =Upgr —

(2.46)

This assumes that the overhead costs for reproduction (1 —kp) are only paid for the eggs that
were produced, not for the entire buffer at the moment of spawning. This sounds realistic, but
the numerical influence of this choice will anyway be small, especially when a large number
of eggs are produced per batch.

Tn this case, we do not need to follow Ur as a state variable. However, we can use Rasa state; its
integrated counterpart is the cumulative reproductive output.

2When we work with a buffer, we do not need to use an additional state variable in our calculations. We
can simply re-use Uy. For an adult, we can continue to build up Ug, but consider that Ur = Ug — Uk.
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One problem is left open: the determination of the scaled initial reserves in the egg, U]%.
However, following the standard assumptions of the DEB model, this quantity does not require
additional parameter. The initial reserves must be such that the embryo will hatch at the
same reserve density as its mother had at egg formation. The most intuitive way to solve
it would be to simply simulate the embryonic development with different values of Ug until
we observe the correct reserve density at hatching. However, more efficient procedures are
available (see [14]).

When k; equals kj; we have the situation where stage transitions take place at the same
structural length for different food levels. This situation is of special interest as a constant size
at puberty appears to be common in many of the invertebrates that are used as standard test
organisms in ecotoxicology. For this reason, I introduce the ratio of the two rate constants as
a new parameter (with a default value of 1). Similarly, I would like to introduce a parameter
for the ratio of the maturity at birth and at puberty:

ki U
k=-~L and u%) =1 (2.47)
knr Un

The reason for introducing this new parameter is that the absolute value of Uy is difficult
to interpret because of the non-intuitive dimensions. Furthermore, all U are scaled using
the maximum surface-specific assimilation rate. This rate depends on details of food quality
and might therefore differ between experiments. However, the ratio of maturity at birth
and puberty should be constant in a species under a much broader range of environmental
conditions.

This leaves the following complete set of parameters: g, v, /%:M, k, kK, Kr, kp, U IZ}, u?’;. For
the assimilation part, we can either treat f as a model parameter or use the feeding module
to calculate f using {Jxam}, {Fm} and X.

2.2.4 Initial conditions at the start of an experiment

We can start our simulations at ¢ = 0 at the moment of a freshly laid egg. However, life-
cycle toxicity tests are generally started with juveniles of which the age is (approximately)
known. In that case, it may be convenient to take ¢ = 0 at the moment of hatching (especially
as the embryonic development might include a diapause). At hatching, maturity is known
(U = Uf{l). Reserve density can be taken equal to that of the mother at egg production.
When the mothers come from a well-fed culture, it is appropriate to assume e = 1 for the
hatchling. The exact value usually has little impact as the reserves of the (small) hatchling
will rapidly reach a steady state with its food density in the test. The length at birth (L)
will have to derived from the initial reserves in the egg U%, and the parameter values.

It is also possible to start with ¢ = 0 later in life. Let’s take the situation where length
at the start of the experiment is known. We need to obtain the value of the state variables
Ug and Up at this point. The value for the reserves can be derived from rewriting Equation
2.30 (providing we can estimate e, for example,if we can assume e = 1). The value for the
maturity is more problematic. We can, of course, simulate the development from the moment
of hatching (or from the freshly produced egg).

DEBtool offers more efficient methods to derive Ly and Uy at L > L.

2.3 Starvation responses

Problems on starvation occur when the somatic maintenance costs cannot be paid anymore.
This corresponds to the point where the the scaled reserve density is insufficient to maintain
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the actual structural size:

v

(2.48)

e<i where L,, = -
Ly, kyvg

At this point, there is a whole range of options that the organism could follow. These
strategies will be highly specific, but here I will work out a few simple options. The first,
and simplest option, is to do nothing. Just allow %L to become negative, and thus allow
shrinking of structure. The underlying assumption is that structure is used for maintenance,
and that burning a unit of structure yields exactly the amount of energy as was needed to
build this unit of structure (which hardly seems realistic, but may suffice as an initial guess).
If the animal is a juvenile, %UH can become negative too, when maturity maintenance cannot
be paid anymore. Maturity is information, so there is nothing to burn here. However, we
could interpret this as a degradation of maturity when maturity maintenance cannot be paid
anymore. The degradation of maturity will than exactly match what is needed to pay maturity
maintenance (which also seems unrealistic). For mature animals, %U r can become negative
so that the reproduction buffer is used to pay maturity maintenance.

Another option is to keep the complete metabolic organisation intact, but to maintain
current levels of structure and maturity from the reproduction buffer (conform [23]). Because
there is no change in structural volume anymore, the equation for the mobilisation of reserves
is extremely reduced.

2.3.1 Mobilisation under no-growth conditions

Let’s start from the equation for the volume-specific mobilisation power:

el =11 (7 - 7) (2.49)

where 7 is the volumetric growth rate. Under the simple starvation strategies that I present,
structural growth completely ceases. Therefore 7 = 0 and L is constant. The equation for
[pc] is therefore easily translated into an equation for the absolute power under no-growth
conditions:

U

o =F 2.50
po=EL (2.50)
Because S¢ = pc/{pam} and Ug = E/{pam}, we can rewrite this to the scaled mobilisation

flux:

D
Sc = UEZ (2.51)
And because:
U
e= vL—§ (2.52)

we end up with the simple result:

Sc = el? (2.53)
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2.3.2 Pay maintenance costs from the reproduction buffer

One option is to keep the complete metabolic organisation intact, but to maintain current
levels of structure and maturity from the reproduction buffer (conform [23]). Because there
is no change in structural volume anymore, the equation for the mobilisation of reserves is
extremely reduced:

Sc = eL? (2.54)

This simple result was obtained in the previous section for a constant structural volume.
Under starvation, this mobilisation is insufficient to maintain structural volume. First, we
need to calculate how large the allocated mobilisation rate to soma xS needs to be, to just
match the needs for maintenance. This can be done from Eq. 2.39, by setting growth to
zero. First, I will write Eq. 2.39 slightly differently to show explicitly the mobilisation flux to
somatic maintenance and growth xS (k is otherwise hidden in the compound parameter g):

d 1 v .
—L=——(—krSc — knL? 2.55
dt 3L2 (/@gH ¢ ) (2:55)
Solving for zero growth yields:
kMﬁg

L3 (2.56)

KSc =

This is the amount that is needed for somatic maintenance alone. An alternative (and perhaps
more logical) way to derive this is to explicitly derive the scaled somatic maintenance flux
NIVE

Su = [g‘i]g (2.57)

0 v Ekmg o [Bu] _ﬁl%Mg
Lyt = s = = = (2.58)
Syt = /1@541)3 (2.59)

The difference between the actual mobilisation flux S¢ for zero growth and the required
flux for somatic maintenance Sy, is than subtracted from the flow into the reproduction buffer,
changing the ODE for the buffer to:

%UR = (1—k)Sc— kUt — (’“TQL?’ - /feL2> (2.60)
= (1—r)Sc —ksUY — kL? (kj‘ggL — e) (2.61)
= (1—r)Sc — ksUE — kL? (LL - e> (2.62)

This can continue until the reproduction buffer is exhausted and %U r becomes negative. At
that point, there may still be reserves left (e > 0), but the mobilisation is insufficient to yield a
flux large enough to cover the maintenance costs. When the reproduction buffer is exhausted,
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this scenario is almost equivalent to a change in k to match somatic maintenance needs (a
change in x would also affects the value of g). A modification of this strategy could be that
the organism stops emptying the reproduction buffer, or also reduces maturity maintenance
(which should have consequences somewhere, e.g., in the hazard rate).

For this scenario, one would have to think carefully about the availability of the energy
in the reproduction buffer; energy which has already been allocated to eggs. To what extent
can this energy be used again to fuel maintenance? Experiments with Daphnia suggest that
reserves early in egg formation can be used to increase survival under starvation [26]. For
juveniles, we might take the required energy for somatic maintenance out of the maturation
flux.

2.3.3 Minimise mobilisation from the reserve

The last option that I would like to discuss here is to only mobilise enough energy from the
reserves to fulfil the maintenance needs. This implies that:

%LzO,%UHzo,%UR:O (2.63)
I also assume that maturity maintenance costs are not paid anymore. It is not entirely
certain what happens to an organism when maturity maintenance is not paid anymore, but
an increase in the hazard rate and a decrease in the level of maturity (‘rejuvenation’) seem
plausible. In this scenario, the mobilisation from the reserves is recalculated to the minimal

flux to pay somatic maintenance:

S~ = L3 = r— 2.64
c 5 & (2.64)

This recalculated flux than has to be withdrawn from the scaled reserves Ug (this might be
less or more than what can be maximally mobilised, which is eL?). This scenario can continue
until the reserves are fully depleted. However, you might also decide that no more reserves
can be mobilised than the maximum under normal conditions, so to include the condition
S < eL?.

When the food density increases again, the starvation scenario stops as soon as the energy
reserves Ug are sufficient to support a mobilisation flux S¢ that can lead to positive growth
again. The DEB book [15] has worked out more options, that allow for more realistic shrinking
of structure and rejuvenation.

2.4 The simplified standard model

The simplified system that we derive here follows from two additional assumptions:

1. There is a always a constant ratio between structure and maturity for juveniles and em-
bryos, also under (toxicant) stress. The start of investment into reproduction (puberty)
therefore occurs at a fixed structural length, and we do not need to follow maturity as
a state variable.

2. Egg costs are constant, unless there is a direct toxicant effect on them. This assumption
overrides the ‘maternal effect’ of DEB theory (see [15]).

In contrast to the original DEBtox equations [16], we include the scaled reserve (e) as a dynamic
state variable. Thus, we do not have to assume that the reserve density is always in steady
state.
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Assumption 1 limits the parameters that are allowed to change under stress. For example,
if we increase the costs for structure, this implies a change in the length at puberty, unless
the costs for maturation are affected by the same factor. Similarly, a change in s will affect
the length at puberty. To allow changing any arbitrary DEB parameter, one would have to
use a full DEB model (see [12]). The use of scaled reserves implies that we cannot incorporate
an effect on the energy conductance ¢ (as a change in © would affect [E,,] that is used to scale
the reserves, see next section).

2.4.1 Reserve dynamics

From the derivation in Section 2.1.3 (Eq. 2.15 and 2.9), it follows that (see also the DEB book
[15] Page 39, Eq. 2.10-2.11):

d , 0 Apam}tf — [E]Y
The maximum reserve density is achieved ([E] = [E,,]) when f = 1, and thus 2 [E] = 0 when

[Em] = {Pam}/0. The scaled reserve density was defined as e = [F]/[Ey,], and because [E,,]
is taken as constant, we can rewrite the reserve equation to:

(2.66)

When the dynamics of the reserves are fast, or when f is constant, we can take f = e, and
effectively ignore the reserve altogether.

2.4.2 Maturity is a constant fraction of structure

In this section, we will remove maturity as a state variable, using assumption 1 above. The
change in structural volume L? and in the investment in maturity Ex are given by the
following two equations:

d 1

@l = gy e~ BulE?) (267)
%EH — Ky ((1—m)pc—l%JEH) (2.68)

When maturity is always a constant fraction of structural volume, we can work with length
instead of maturity; investment in reproduction will always start at a constant structural size.
Both structure and maturity start at embryonic development approximately at zero. Thus
we demand that:

FEy %EH B E%

73 T d el
L £L3 Ly

= [Fy] = constant (2.69)

and thus (note that ky = [pa]/[Eq)):
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d d

ZEn = [By) L (2.70)
o (1= R~ ks = (4 (e L) (2.71)
k(1 — K)pe — kpky By = "é[fj]]pc - [EH]%ﬁ (2.72)
k(1 — K)pe — kpks[Egll® = *%Ej]]pc — [Eglkp LP (2.73)
”Hl[E_HTpC — kphsL? = ﬁp(; — ey LP (2.74)

For pc, we can include Eq. 2.27:
o E Bl (B ) bt = i (L) i)
() 2y s (002, o o
RHHH(L) — kyky = [T’“;]H(L) — s (2.77)

We thus have only a single function H of L, times two constants, and minus two constants.
This equality can only hold when kyk; = kj, and when the factors before H(L) are the
same. This latter requirement translates into:

1—& K
HH@ = m (2.78)
ki "Eg] = [Eul (2.79)

We can use this result to obtain an expression that links E’IS to L, because we would like to
use the latter as a model parameter (and remove the first):

11—k E?
KH [Ea] = L%f (2.80)
p
1—k
EF. = ky [Ec]L) (2.81)

Thus, we now have a constraint for using a constant length at puberty (x kg = kM) and an
expression for how the length at puberty (Lz?;) relates to the invested reserves into maturation
(E%;). Because we assume that E%, is constant, this implies that an increase in [Eg| needs to
be accompanied by a decrease of kg by the same factor (note that kar includes [Eg], so the
equality kyky = kay still holds). Furthermore, a change in somatic maintenance costs ks
should be accompanied by the same change in maturity maintenance costs k.
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2.4.3 Rewriting the reproduction rate

In this section, we will rewrite the reproduction equation in such a way that many of the model
parameters are combined into a new compound parameter, the maximum reproduction rate
Ro,. Starting from the energy-based equation for reproduction, we can use the results derived
in the previous section (&Hk 7 = kas and the expression for E% in Eq. 2.81) to rewrite the
equation:

R = ’fE—IZ ((1 ~ Kb — kBl ) (2.82)
- %R <(1 g ’LMM 1= H[EG]L;’;> (2.83)
0 RH K
krl—~k Kk . .
= e (o — ) .

Next, we need expressions for the mobilisation flux, which was already derived in Section
2.1.3 (Eq. 2.27), as well as the maximum mobilisation flux (without stress, with L = L,,
and e = 1). We need this maximum flux because we will write the reproduction equation in
terms of the maximum reproduction rate later on, to remove a number of parameters. For
that purpose, we introduce the maximum length in the controle L,,q, and parameters in the
control ]%Mo and gp (remember that we do not consider stress on v or k as they violate the
simplifying assumptions). This is necessary to correctly introduce stress factors due to the
toxicant at a later stage. The maximum mobilisation power is:

) v .
pom = [Em]L3 (Lo + kMo> - iOgo (2.85)

Note that Ly, = 0/ (k: M090) is the maximum length in the control, and thus:

S 3 (i ' 90
pom = [EmlLpg (kMOQO + kMo) T+ g0 (2.86)
= [En) L 0lknmo (1+ go) —2 2.87
[Em] Linokao ( go)1+go (2.87)
= [Ew]Lookogo (2.88)
= [Enl0Ly, (2.89)

The maximum reproduction rate (in the control, at maximum size, and e = 1) is now given
by introducing the expression for poy, into Eq. 2.84, and using control parameters only (kgo,
[Ecol, kmo) (note that g = [Eg]/(k[Em])):

. Krol — K K . .
Ry = Eioﬂ — [Eco] ([Ec;o] [Em]0Lio — kM0L139> (2.90)
Krol — kK ) .
— Eioo - [Eco) (gOLan - kM0L§> (2.91)
_ Krol—k i 3 3
= B n [Ecolkaro (Lo — L) (2.92)

The reproduction rate of Eq. 2.84 can be filled in with the regular mobilisation flux too:
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KrR1—kK K 3 (¥ eg .
R = — B L° [ =+ k — ky L 2.93
L) (Bl (2 ) L~ i) (299)
KRl —kK 3 (0 e 3
= —= L°| = — ky L 2.94
L) (28 (3 4 ) o~ o (2.94)
= — k —L“+ L — 2.95
T i ( (7 < (2.95)

We can remove a number of parameters from this equation by calculating the ratio R/ Romo,
and use that to form an expression for R that includes R,y as parameter:

; : 2 3\ e 3
R en (B b (PP 0
K ro [Eco) karo Liy—L3
3Rm0 3@ [Ec] kv <( el
Lo — L3 kro [Eco] ko

_ 3Rm0 3K’7R [pM] (( L2+L5>
L3 o — L3 kro [paro] \ \keps

-
3

o

(2.96)

(2.97)

3
_ Lp)

Lf;) (2.98)

The last step makes use of the fact that ka; = [pas]/[Eq]. The stress-to-control ratios kg /kgo
and [par]/[pao] are of course only relevant when there is exposure to a toxicant, otherwise
they are one and can be removed. These two model parameters only appear as a ratio.
The advantage is that a stress on kg or [pys] does not require the absolute value of these
parameters. The stress factor s can simply be applied on the parameter Ron.

2.4.4 Rewriting the growth equation

Starting with the growth equation in terms of energetics (making use of ky = [pu]/[Fa)):

1 . )
it = g (e~ it
3L2%L = ! m (Klpc — [pM]L3)

Eal
d 1 KpC
" = 3([ Eq|L?

— I%ML)

(2.99)
(2.100)

(2.101)

Next, we can include Eq. 2.27 for the mobilisation rate (making use of g = [Eg]/(k[En])):
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ap -1 <"‘[[§§]L (z + z;:M) - fcML> (2.102)
_ % (( L) — e kML> (2.103)
_ ;@ﬁgmmeg_m) (2.104)
_ ;<@eeg+kML<€jg1)> (2.105)
_ :1))( W) (2.106)

k:MLg> (2.107)

+9g
(

This is the Von Bertalanffy result of DEB theory, as long as the parameters are constant.

2.5 Link to physical measures of body size

The amount of structure of an organism cannot be directly observed. So how do we relate
structural length L to measurements of ‘real’ body size L,? In an organism that grows
strictly isomorphically, any length measure is proportional to the structural length. However,
the proportionality constant depends on how the length is taken. The proportionality is the
shape-correction coefficient:

L =6y Ly (2.109)

The shape coeflicient is specific for each length measure. It is difficult to obtain though, as the
real structural length cannot be directly obtained from measurements. As an approximation,
one could use (assuming that reserves do not contribute appreciably to the total volume):

1/3
Vi
Sr A 2.110
M7 (2.110)
The physical volume or the weight is a weighted sum of structure, reserve and reproduction
buffer (and possibly gut contents). The physical volume is given by:

: U
Vi = L3 +wy(e+er)L® with eszL—g2

where wy is a dimensionless parameter for the contribution of the reserves (including the
reserves in the reproduction buffer) to the total volume.

(2.111)

In the absence of an appreciable reproduction buffer, and when e is constant, the physical
volume is proportional to structural volume L3. The proportionality constant than only
matters when you want to compare parameter values between species, or when comparing life
history at different food levels.

The wet and dry weight of an organism is related to structural volume in a similar way,
accounting for the density of the wet or dry structure (dy and dy4):
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Wy = dyL?(1+wy(e+er)) (2.112)
Wy = dyaL® (1 +wgle+eg)) (2.113)

One way to estimate w values is to follow volume or weight under mild starvation. Under
starvation, the organism will initially only burn reserves, but under prolonged starvation, it
will also burn structure and/or the contents of the reproduction buffer. Another option is
to follow the volume or weights of individuals on egg production (for organisms that sport
a substantial reproduction buffer). Alternatively (and probably most practically), we can
estimate w values from the egg size. The egg is completely made up of reserve, and in the
standard DEB animal, there is only one type of reserve (although the water content of the egg
may differ from that of the juvenile and adult).

For example, the volume of a single egg V.0 is given by:

0 073 . o _.Ug
Ve =wverpl® with ep = U (2.114)
Where €% is the scaled reproduction buffer density corresponding to a single egg. And thus:
Vi
wy = 500 (2.115)

As a last option, we can use the add-my-pet defaults for unknown parameters. Following

the DEB book (Section 3.2), the wy is given by:

WE

wy = [Bn 2.116

v [Em] T (2.116)
wWE

wo = [Em]-—E- 2.117

(Bl 2 2117

wi = [Ep] dz]f;]; (2.118)

For three of these parameters, we can use the defaults as given in the add my pet approach.
For i (the chemical potential of reserve), a default value of 550-10% J/mol is taken. Further,
we can takedg = dy =1 g/cm3, and dy4 = 0.1 g/cm3. The values for wg and wgg (molecular
weights of wet and dry reserve) can be estimated from the general elemental composition of
reserve (assuming that wet reserve contains a factor of 10 more H and O relative to C):

wpg = 1-1242-1+40.75-16+0.2- 14 = 28.8 g/mol (2.119)
wp = 1-12420-147.5-16+0.2-14 = 154.8 g/mol (2.120)

We can use these defaults to provide a default for the values for the w’s (and replacing
[Em] = {Pam}/?):

154.8 (Pam’ »
— B, _ 981 2.121
wv Bl 550107 o 2810 (2.121)
154.8 (Pam? »
W = [En, _ WPAmJ 52 10 9.122
w Bl T 550 107 R (2.122)
— B, - 2.1 2.12
W Em] 51550 - 107 PR (2.123)

Using defaults of ¥ = 0.02 cm/d and {pmn} = 22.5 z J/cm?/d, we see that the value for wy
and w,, is expected to be around 0.32 z, and wy 4 around 0.59 z.
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2.6 Mortality in DEB models

In a DEB context, mortality is treated as a chance process. Chance processes in time are
modelled using the hazard rate. The hazard rate is the instantaneous probability to die, or
more precisely:

S(t) —St+At)  1d

MO = tim —Nsm ~ sai’ (2.124)

Thus, the hazard rate times a very small time increment gives the probability to die in
that interval, given that you are alive at the start of that interval. In experiments with a short
duration, the hazard rate can usually be taken constant. However, for longer durations, we
will probably see an increase in the hazard rate with the age of the organisms (senescence).
If we do not feed the organisms in the test, we will also see an increase in the hazard rate due
to starvation.

If we know the hazard rate as function of time, we can calculate the survival probability
over time as:

S(t) = exp <— /Ot h(r) dr> (2.125)

Ageing or senescence is treated as an effect of a toxicant; in this case, produced by the
organism itself, as a byproduct of metabolism.

2.6.1 Tolerance distributions

We can define the spread of any distribution that is symmetrical on log-scale by a spread
factor Fs. I will define Fy as the factor between the median o and the 2.5-th and 97.5-th
percentile. The range between «/Fs and a x F thus covers 95% of the distribution. For
the lognormal distribution, we can link F§ to the standard deviation of the associated normal
distribution after log transformation. After log transformation, we can find the lower 2.5th
percentile at:

0.025 = F(—1.960145 + log a) (2.126)

where F' is the cumulative normal distribution, o1, is the normal standard deviation after
log transformation, and log o the mean of that distribution (which equals the median of the
log-normal distribution).

@ 11960105 Hog (2.127)
Fy
& = 1071960 (2.128)
F
1
— — 10 196010¢ 2.129
" (2.129)
—log Fs = —1.96070g (2.130)
log F:
1%968 = Olog (2.131)

The fraction survival thus follows from the cumulative density function of the normal distri-
bution:



2.7. Changes in temperature 25

S(x) =1- F (logx;log a, 010g) (2.132)

For the log-logistic distribution, we can also define the spread Fy in the same way. The
fraction of surviving individuals is the reciprocal of the CDF at a value of the dose metric «:

B 1

1+ (2)
where « is the median of the tolerance distribution, and 8 the shape parameter. We define
F in such a way that at * = a X Fs the survival S = 0.025. Thus:

S(x) (2.133)

1
Bk = 0.025 (2.134)
14 (2

8 1
(2) = 002 ! (2.135)
z = a(40-1)Y8 (2.136)
F="soF = 398 (2.137)

(6%
In 39
_ 2.1

p I F, (2.138)

Or, as Wikipedia puts it more generally, the p-th quantile can be calculated from the inverse
cumulative distribution:

1/8
Flpa,p) = a2 / (2.139)
) ) 1_p
0.975 \#
F, = (20 92.14
(1-0.975) (2.140)

2.7 Changes in temperature

We can assume that all metabolic rate constants are affected by temperature by the same
factor. The elimination rate for chemicals is a special case, as it is not a metabolic rate con-
stant (unless the elimination is dominated by biotransformation). Here, I give the expression
to calculate the maintenance rate coefficient kj; at temperature 7' from its reference value
kﬁ at the reference temperature T,.:

iri"cf T

where Ty is known as the Arrhenius temperature. Note that all T are here as absolute

(2.141)

. . T T
ken (T') = Ky exp < = A>

temperature in Kelvin.

Temperature also affects the maximum surface-specific assimilation rate {pan}. This
parameter is used to scale all of the reserves. Changing the scaling over time is not re-
ally advisable. We can scale with {pan,} at a reference temperature though. Introduce a
temperature correction factor for all rates:

Ta Ty
Fr =exp (Tref T )

(2.142)
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Now rewrite the reserve dynamics with this factor:

d
gE=rr 2Pr{pfinm} — bo (2.143)
. 3 €g
pc = [Em]L <L +kM> p (2.144)

We now scale all energy-containing states with the reference assimilation {p’s } to obtain Ug
and Sc (note that {pf' } = 0*'[Ep)):

d
—Us = fL*Fr — Sc (2.145)
L (o . eg
Sc = —+k 2.146
o= (g 4 ) L (2.146)
L3 ,l')refFT . eg
= Bl Pp ) —— 2.14
Sc @ref( L Thm T>e+g (2.147)
kref eg
So=L°Fp(1+-2ML 2.148
C T( + et ) ctg ( )
For the growth equation:
d 1
—L3 = —— (kpo —p ith L(0) ~ 2.14
g T (kpo — ppr) Wi (0)=~0 ( 9)
KD} Py
_ _ 2.150
T (2130)
rref
= %S¢ - FrizgL? (2.151)
g

This derivation makes use of the relationship given in Equation 2.37. The final body size
equation is thus:

d 1

Uref .
L= 3L2< Sc — FrieL ) (2.152)

For maturation and reproduction, only application of the correction factor F7 on /%:fff is needed.

2.8 Deviating growth curves

2.8.1 Slow initial growth

One possibility to include an initial food limitation for juveniles was presented by [6]. The
scaled functional response was taken as a hyperbolic function in structural volume:

3\
f(L) = f<1+L3> (2.153)

There is nothing much mechanistic about this function, but it worked well for nematodes.
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2.8.2 Acceleration through a V1-morphic stage

For a number of species, the feeding stages grow substantially faster than the embryo. In
other words, the parameter set for the juvenile/adult yields predictions for the embryonic
stage that are too short. One way to solve this issue is to assume an acceleration through
a V1 stage between birth and ‘metamorphosis’ (at maturity level Uj,) [18, 1]. V1 morphy
implies that © and {pa,,} need to be multiplied by a factor d, which depends on body size:

Uy <UY% — 6=1 (2.154)
: L

Uy <Upg <UL — 6= - (2.155)
b

Ugp >Ul — 6= L—J (2.156)
b

For the unscaled model, we can simply apply this factor on © and {p,,}. The only thing to
take care of is that L; is not known before we start the model run. We thus have to remember
its value when the organism reaches that point in its development.

For the scaled model, we first rewrite the reserve dynamics with this factor:

d

7th = fL25{pam} — DC (2.157)
. v eg
_ 3
pc = [Em|L (L + kM) Py (2.158)

Now we can scale with {pa,,}, which is now the specific assimilation of the embryo:

d

Ve = fL%6 — Se (2.159)
L? (60 . eg
_ Lo 2.1
Sc U <L+kM>e+g (2.160)
Sp = L2 (5 + WL) 9 (2.161)
v e+g

The growth, maturity and reproduction do not directly depend on © and {pay,} (only through
Sc). The © that appears in the growth equation is the one for the embryo (because S¢ was
scaled to the embryonic specific assimilation). This is quite comparable to the derivation for
temperature effects in the previous section, but without the effects on maintenance. Note
that the final size is now 0L,,.

2.9 Alternative rules for hatching

In the standard DEB model, E?I is a model parameter, and the egg costs (Ep) have to be
found through iteration to ensure hatching of the embryo with the same reserve density as
its mother (the maternal effect). Instead of hatching at a fixed maturity level, we can also
assume hatching when the embryo reaches e = 1, and use Ey as a model parameter. This
allows for more freedom for the mother to play with investment per egg (as is often observed).
E% is than a model output, and not a parameter.
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In Daphnia, hatchling size increases with the size of the mother, and increases with a
decrease in food level (opposite to the DEB prediction). Furthermore, exposure to a partic-
ular compound leads to the production of more but smaller offspring, which also cannot be
explained in the standard framework. It seems more intuitive to see this as a change in the
investment per egg than as a change in maturity at birth. When hatchling size increases with
size of the mother, we can be assume a linear increase with length as a first approach. When
we know egg costs at one specific size (U]%* at L*), we can calculate them at any other size
with a proportionality a:

U =a(L—LY)+U% (2.162)



Chapter 3

Toxicokinetics

3.1 Deriving the one-compartment model from diffusion

First, consider a box filled with water, floating in a well-mixed swimming pool with water.
At a certain time point, an amount of chemical is dropped in the pool; the outside walls of
the box allow the chemical to pass in both directions. The transport of chemical between
the swimming pool and the box takes place through molecular diffusion (the box is just like
the pool considered to be well mixed). According to Fick’s first law, diffusion of a chemical
in a single solvent is proportional to the surface area for exchange and the concentration
difference between two regions AC. The surface area for diffusive exchange is proportional
to the volumetric length of the box squared (the proportionality is determined by a shape
correction dg), assuming it does not change in shape. The mass flux is thus given by (Mg is
the moles of toxicant in the box):

%MQ = g (dgL)*AC (3.1)
The proportionality constant vg is the ratio of the diffusion coefficient and the distance
over which transport takes place. This constant is a conductance (dimensions of a length
per time) and is known in environmental chemistry as a mass-transfer coefficient or ‘piston
velocity’. The chemical conductance depends on the chemical (mainly on molecular weight,
when considering transport in a single solvent), on the nature of the interface, and on the
temperature, but does not depend on the size of the box. We will discuss the nature of this
conductance in Section 3.2.

We can change this mass flux into a concentration change by dividing both sides of Eq.
3.1 by the volume of the box V. However, the volume may not be constant; the box may
grow or shrink in a particular manner (however, let’s assume it does not change in shape, so
all growth and shrinking is isomorphic). Using the product rule for the derivative:

d d d d
—[Mpl= —MoV =V =My + Mo—V~1! 2
dt[ Q) MoV Voo Mo+ MgV (3.2)
and the chain rule for the last term:
d d 1 d
—[Mp] = VI—My— Mp——V 3.3
i Mal @ ey (3.3)
1d 1d
= ——Mp — [M, 174 3.4
v ai Mo — Mely 5 (3.4)
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This equation, we can use to rewrite Eq. 3.1, noting that 1/V%V = %an:

d (6oL)? d
—|[Mg]| =7 AC — [Mg]—=InV 3.5
g Mal = 10—, [Mq] . in (3.5)
The last term accounts for the effects of a change in volume on the concentration. The
parameters in front of the concentration gradient AC together form the ‘elimination rate
constant’ k., which is the concentration-specific elimination rate from the box. Therefore, k.
is given by:

. - (6oL 2 ’[)Q(S2
ke:vQ(QV) = (3.6)

When the box changes in size, the surface:volume ratio changes, which implies that k. is not a
constant anymore but is proportional to surface area/volume, and therefore scales with L.
Even though k. is a function of the size of the box, we can still work with an elimination
rate constant as a parameter, but we would have to define a reference situation. One possible
reference is the situation where L = L,,o:

Q0%
L m0

fref = (3.7)
In this way, f{:;ef has the interpretation of the elimination rate of an organism at the maximum
size reached under control conditions, L;,o (smaller individuals will have a larger elimination
rate). Thus, the elimination rate constant can be written as a modification of the reference
rate constant:

LmO
L
We still need to think about AC. In ecotoxicology, we are not dealing with a chemical in
a single solvent but with the transfer from the environment to an organism. This can be
considered as a situation with two solvents (still, a rather heroic simplification). We cannot
directly compare the concentration in the environment to the concentration in the organism,
but we can use the difference between the actual and the final concentration as the driving
force:

ke = kit (3.8)

AC = [Mgle — [Mq] = Pvaca — [Mg) (3.9)

With that, the full equation for the body density of toxicant becomes:

d I re LmO d
T Mal = k= (Praca — [Mg]) — [M] iV (3.10)
l.re Lmo 3 d
= k&'=7 (Pvaca — [Mg]) — [Mq) 7 - L (3.11)

Here, it is written in terms of a single rate constant (the ‘elimination’ rate constant, ke)
and a partition coefficient (the bioconcentration factor, Py4). This formulation is completely
equivalent to the one with two rate constants (for uptake and elimination) that is also com-
monly used. I prefer this formulation for its link with diffusion: the flux into the organism is
determined by the concentration gradient (corrected for the differences in affinity using the
partition coefficient).
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3.1.1 The scaled internal concentration

We cannot estimate Py 4 from effects data alone. When measured internal concentrations are
not available, we have to resort to scaling: both sides of Eq. 3.1 can be divided by Pyyq.
The scaled version of the internal concentration (c¢y = [Mg]/Py4) has the dimensions of an
external concentration (in equilibrium, cy o, = ¢4, for constant c,):

d - Lo 3 d
d . )38, 12
g =k a—ev) —evp (3.12)

For organisms that do not change in size appreciably, this equation can be simplified by
removing the size influence (there is no need for k°" anymore):

%Cv = ke (ca— cv) (3.13)

3.2 The nature of the chemical conductance

Elimination rates depend on the chemical; they tend to decrease with increasing hydrophobic-
ity. The only chemical-specific component in Eq. 3.6 is the conductance ©¢. This conductance
will undoubtedly depend on details of the interface between the organism and its environment.
It is safe to assume that chemicals need to be dissolved in a water phase before they can cross
biological membranes. Therefore, if we consider uptake as a diffusion process, we have to
consider the transport from the water phase, across a lipid membrane, into the organism.

In environmental chemistry, transport from one phase to another (e.g., water to air)
is generally described by the ‘two-film model’ (see e.g., [24]). This model considers that
the bulk of the medium is well mixed, but that there is a stagnant boundary layer that
‘sticks’ to each side of the interface. Transport through these boundary layers has to rely
on molecular diffusion, which is slow. The total resistance for diffusion is given by the sum
of the chemical’s resistances in each phase (the resistance of the interface itself is usually
ignored). Strictly speaking, the resulting model is not a ‘one-compartment model’ anymore
as the concentration is not homogeneous within the phase. In the stagnant boundary layer,
there is a concentration gradient between the bulk concentration and the concentration at
the interface. The mathematics of this model are rather complex (see [17]), but usually, a
somewhat crude approximation is made. When we assume that the flux across the interface
is steady, the concentration profiles at each side remain constant, and the model simplifies
extremely. Of course, a constant flux is unlikely to persist for long in a system of limited
capacity such as a living organism, nevertheless, this assumption seems to provide an adequate
approximation.

In steady flux, we obtain a one-compartment model for the organism again, when we can
ignore the volume of the unstirred boundaries. The elimination rate than depends on the
total conductance v¥¢g, which is made up of the conductances of the chemical in water v,
and membrane lipids vgy, and on the partition coefficient:

-1
vQ = <1 + PVd) (3.14)
VQV VQuw
Note that I assume that the membrane side is part of the structure. Therefore I indicate the
conductance and the partition coefficients with a subscript for structure (V'). The partition
coefficient is used to translate the water conductance (dimension /t~!) to the organism per-
spective that is needed for the total conductance (dimension Lt~1). Also note that this model
is exactly skew symmetric. That is, we can change the perspective from organism to water and
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obtain the same relations. The relationship between the elimination rate from the organism
to the water phase and the organism-water partition coefficient is the same as the relationship
between the elimination rate from water to the organism is with the water-organism partition
coefficient.

The two conductances do not depend very much on chemical properties (mainly on molec-
ular weight). Therefore, at low values of the bioconcentration factor, the total conductance
(and therefore the elimination rate) hardly depends on Py4. At high values of the bioconcen-
tration factor, the elimination rate decreases proportional to Py 4.

Kooijman [15] promotes a square-root relationship between the elimination rate and the
octanol-water partition coefficient (P,,). I don’t endorse this relationship for several reasons.
First, and least important, the elimination rate should be related to Py 4 and not P,,. Even
though these two are correlated, organisms do not contain octanol. My other reason is that
the square-root relationship follows from the very strict one-compartment assumption that
both phases (organism and the water phase in the environment) are well mixed, up to the
interface. In my opinion, this assumption is less defensible than the assumption of ‘steady
flux’ across two stagnant boundary layers. In artificial membrane systems, the existence of
these stagnant boundaries (and their effect on diffusive resistance) have been experimentally
confirmed [3]. Furthermore, the predictions of the two-film steady-flux model for the rate
constants in SPME-coated fibers are extremely accurate [17]. However, in organisms, the
observations contain too much scatter to distinguish between these two alternatives. A final
piece of evidence is the observation that dissolved organic carbon can enhance the uptake of
PAHs in organisms and fibers, when the water-side film is rate limiting [25]. This strongly
suggests that such a film exists and that it can be rate limiting.

Even though it would be nice to predict elimination rates for untested compounds, the
above discussion is of limited relevance for toxic effects, in my opinion. These elimination
rates are at best relevant for whole-body residues, and these concentrations are probably not
directly relevant for toxic effects (see main text).

3.3 Considering reserve and structure

Changes in composition due to varying food levels and/or reproductive behaviour has logical
effect on toxicokinetics in DEB animals. In the following, I work out these effects on toxicoki-
netics, under the assumption that the internal redistribution between structure, reserves and
reproduction buffer is fast (relative to the exchange with the environment). First, reserve and
reproduction buffer are assumed to have the same composition, an assumption that is later
on loosened.

3.3.1 Same composition of reserves and structure

In this section, we complicate things a little further by acknowledging the fact that reserves
and reproduction buffer add to the total physical volume. First, we assume that reserves and
reproduction buffer behave exactly the same as structure for toxicokinetics (they thus have
the same composition). Instead of the structural volume V', we therefore have to consider
the (dynamics of) the physical volume V,,. First, we assume that the exchange with the
environment occurs through structure only; and thus that the surface area for exchange is
proportional to L?. think for example of fish, where the main surface area for exchange is the
gills, or situations where the main route of uptake is across the gut wall.

The physical volume is made up from contributions of structure, reserve and reproduction
buffer:
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Vi =V + (e +er)wyV where V =L3 (3.15)

The scaled buffer eg is defined as:

.Ugr
ER = ’Uﬁ (316)
The elimination rate constant depends on the ratio of the surface area for exchange and the
volume of interest. The volume is now the physical volume, and not the structural volume.

Therefore, ke is given by:

. (5gL)? _ 0oL 909G 1

e = 0Q =0g = (3.17)
Vi V+(e+er)wyV L 1+ (e+er)wy

Interestingly, this equation shows that the elimination rate not only depends on structural
length but also on the reserve density and the filling of the reproduction buffer. More reserves
implies a lower elimination rate. This is not surprising as reserves add to the total volume,
but not to the surface area for exchange (at least, that is what I have assumed).

We can still work with an elimination rate constant as a parameter, but we would have
to define a reference situation. One possible reference is the situation where L = L0, e = 1
and eg = 0:

ke

i)Q(Sé 1
Lo 14wy

Thus, the elimination rate constant can be written as a modification of the reference rate
constant:

R _
ke =

(3.18)

Lmo 1 + wy
L 1+ (e+er)wy

ke = kit (3.19)
When we only deal with situation under ad libitum food and no effects on assimilation (e = 1)
and when we can ignore the contribution of the reproduction buffer, we obtain:

LmO
L

We can also assume that the area for exchange is determined by the physical volume,
instead of the structural volume. Think for example of the situation where the outer surface
area of an organism is the exchange area (e.g., an earthworm that does not feed on soil). We
obtain:

ko = k&t (3.20)

Q0% Q0% Q0%
e= 15 = 75 = 73 (3.21)
Vi (V+(e+er)wyV) L(1+ (e+er)wy)
Similarly, we can introduce a reference rate constant at L = L0, e = 1 and e = 0, which
leads to:

: et Lm0 1+ wy 13
ke = k=t 3.22
¢ L <1+(e+63)wv> ( )

Again, when we only deal with situation under ad libitum food and without effects on assim-
ilation (e = 1) and when we can ignore the contribution of the reproduction buffer, we obtain
the simple Eq. 3.6. However, it is unlikely that changes due to reserve and reproduction
buffer lead to an isomorphic change in size. To account properly for this option thus would
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require considering these shape changes (which might not be trivial). Again, when we only
deal with situation under ad libitum food and without effects on assimilation (e = 1) and
when we can ignore the contribution of the reproduction buffer, we obtain the simple ke as
in Eq. 3.20.

Because the physical volume V,, can change in time rather suddenly (when the reproduc-
tion buffer is emptied), it is perhaps easier to keep the mass flux equation for Mg, and not
go to concentrations with an ODE:

d . Mg
Mg = kWi <PVdcd - Vw> (3.23)
. M,
= kV (PVdCd (1 + (6 + eR)wv) — VQ) (3.24)

The total mass of chemical in the body is made up of parts in each compartment, structure,
reserve and reproduction buffer. However, in this situation, the concentration is the same in
each compartment, Mq/V,,. What happens during a spawning event? Probably the main
part of the reproduction buffer is turned into a batch of eggs. Some reserves, not enough to
turn into a single egg, might stay in the buffer or may be lost. Let’s assume it stays in the
buffer, and that from the total reproduction buffer Ug, an amount U%AR is used to make
eggs and leaves the body. The remainder, with the associated compounds, is assumed to stay
in the mother. The production of eggs leads to a decrease in physical volume, from resetting
of the reproduction buffer. Further, there is a decrease in the total amount of chemical in the
body. Of the chemical in the reproduction buffer, some leaves in the eggs, and some stays (the
fraction that was not enough to build eggs, and the chemicals associated with the fraction
of the buffer that is lost as overhead). What leaves is the fraction associated with the eggs,
which is the concentration in the reproduction buffer (equal to the whole body) times the
total volume of eggs produced:

M,
AMg = ~ZLeqwy VAR (3.25)
Vi
where e is the scaled energy content of a single egg:

_E _,Up

ey = B, VT3 (3.26)

Interestingly, these assumptions lead to slight increase in the mother’s whole-body concen-
tration, because part of the buffer is burnt off as overhead in the production of eggs (or:
e0AR < e R)‘

Apparently, for the concentration it does not matter much that there are spawning events.
The only things that matters is that the presence of reserves and reproduction buffer influence
the elimination rate constant, and that the change in structure and reserves, and the build-up
of the reproduction buffer, influences growth dilution.

3.3.2 Different composition of reserves and structure

In this section, I present the situation were the reserves and reproduction buffer have a
different composition than structure, and thereby a different affinity for the chemical. The
total mass of chemical in the body is made up of parts in each compartment, structure, reserve
and reproduction buffer:
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Mg = Mgy + Mgg + Mgr (3.27)

Let’s assume that the internal redistribution between these compartments is fast, relative to
the exchange with the outside environment. Further, assume that the reproduction buffer
has the exact same properties as the reserves. This implies that we can treat the system as
a one-compartment model, although the total partition coefficient is now a weighted sum! of
the partition coefficients for structure Py, and reserve Pgy:

Mg  PyqV + Pra(e + egr)wyV
Cde B Vw

Next, I introduce the partition coefficient Pgy as the ratio between the concentrations in
reserve (including the reproduction buffer) and structure:

Py = (3.28)

_ Mg +Mgr V. Ppga

Pgy = = 3.29
(6 + eR)wVV MQV Py g ( )
Now, I can rewrite Eq. 3.28; after some manipulation:
1+ P
Puya = Pyg - lEv(e T crley (3.30)

1+ (e +ep)wy
This equation shows that when Pgy = 1, there is no effect on the total partition coefficient,
Pwa = Pyqg.

The total chemical mass in the organism changes according to a one-compartment model,
with time-varying parameters:

d . Mg
— Mg = Vipke | Pwdaca — — 3.31
dt Q wlve ( WdCtd Vw ) ( )
The elimination rate ffe also needs to be modified when reserve and structure have a different
composition. Now, we cannot simply add both volumes; we need to convert the reserve
and reproduction buffer to an equivalent volume of structure using Pgy. When exchange is
assumed to related to a structural surface, we can modify Eq. 3.19:

Lo 1+ wy
L 1+ Pgy(e+ er)wy

If exchange to occurs through the total surface, we can modify Eq. 3.22:

1/3
ry = fyrer Lm0 < 1+ oy > / (3.33)
L 1+ Pgy(e+ er)wy
In Section 3.2, I explained that elimination rates depend on the bioconcentration factor, and
here we have a situation that the whole-body partitioning Py can change in time. Should this
also affect the elimination rate? Apart from the changes in elimination rate brought about by
changes in representative volume (as implemented above), I do not think we need additional
changes. The elimination rate depends on the properties of the interface, and thus (probably)
on membrane lipids. I think it is safe to assume that the relevant partition coefficient depends
on a structural component, which does not change with a change in reserves or reproduction
buffer. Therefore, I think it is safe to assume that f{:lfo depends on Py 4, which remains constant
in time (because of strong homeostasis, see also Section 3.2).

ko = kX

(3.32)

T weigh with the volumes as the P, are also on volume basis. This is contrary to common practice of
expressing bioconcentration per (wet, dry or lipid) weight of organism.
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It is probably easiest to follow the total mass of chemical, and not change the ODE to
concentrations. Especially because the total volume might change due to growth, starvation
(decrease of reserve), and reproduction (decrease of reproduction buffer). Furthermore, re-
production also may lead to a decrease in the total amount of chemical in the body due to
transfer to the eggs. Keeping things on mass basis facilitates the mass balance. Any time we
need the total concentration in the organism, we can calculate Mg /V,,. This concentration
is on a volume basis, so a translation to weights would require the total density (which is a
weighted sum of the densities of structure and reserve).

We can fill in Eq. 3.30 for Py q4:

d . 1+PEV(e+eR)wV MQ
— Mg = Vyke| P — .34
@ Vi < VT (e + er)wy “d Vi (3:34)
. MQ
= Vk.| Pyy (1 + PEv(e + 63)&1\/) Cq — 7 (3.35)
= ife (PVdCdV (1 + PEv(e + eR)wv) — MQ) (3.36)

The toxic effects are most likely related to the concentration in the structure and not to
the total body concentration. Further, the concentration in the eggs will likely be the same
as the concentration in the reproduction buffer. Therefore, we also need access to Mgy and
Mggr. From Eq. 3.27 it follows that Mgg + Mgr = Mg — Mgy, which we can introduce in
Eq. 3.29:

Mg — Mgy V

Pry = 3.37
EV (e + GR)W\/V Magv ( )
which we can manipulate until:
M
Pov(e+ep)wy = —2 — (3.38)
Mgy
and thus:
M e
MQV = Q and MQR = R (MQ - MQV) (3‘39)

PEV(€+€R)WV+1 e+er

An interesting consequence is that if the organism is starved, the concentration in the structure
will increase, at least when ke is small compared to the decrease rate of e. This is known
in migrating birds to cause problems: during migration, toxicants stored in the reserves are
mobilised, which can kill the bird. This example support the idea that toxic effects are most
likely related to the concentration in structure and not in the whole body. The concentration
in structure can at any moment be calculated as Mgy /V = [Mgy], and related to metabolic
processes.

What happens at spawning? We can use the scaled reserve density of Eq. 3.26 again.
The total amount in the body is reduced by the amount in the reproduction buffer that
is used for egg production (assuming that the remainder of the reserves, together with the
associated toxicants, stays in the reproduction buffer). I take the total amount of chemical
in the reserves and the buffer, and multiply it by the fraction of the (scaled) reserves that is
actually transferred to eggs. This is the change in the total amount of chemical in the body:
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A

AMqg = _% RMQR (3.40)
€R

— 228 (g - M) (3.41)
)

where eq is the scaled reserves in a single egg (scaled to the maximum reserve density of the
mother). The reproduction efficiency kg is already included through the calculation of AR.
I assume that chemicals are transported only with the part of the reproduction buffer that
actually makes it into the eggs. The remainder of the buffer (insufficient to make a whole egg)
stays in the buffer, and the fraction 1 — kg is lost as overheads. I assume that the chemical
load associated associated with these fractions of the buffer also stays in the mother.

Even though technically, the amount is not taken from Mg but from Mgg only, this does
not matter as I assumed rapid redistribution between the compartments. Furthermore, I
would only like to follow the change in Mg, to make life simple. Because Eq. 3.36 does not
contain V,, anymore, I do not have to worry about the change in physical volume, brought
about by emptying the buffer (which is taken care of by er). The production of eggs leads to
a decrease in physical volume. The new physical volume follows from the structural volume
again, and from e and er (Eq. 2.111), where the latter is reset after spawning (see Eq. 2.46).

3.3.3 Scaled version

For the standard TK model, we used a scaling with Py4 to obtain a scaled internal concen-
tration. Here, we should not scale with Py as this partition coefficient can change over
time. However, we can still scale Mg with Py4. We can take the ODE for Mg of Eq.
3.36, and divide both sides with Py4. I introduce a new symbol for the scaled amount® as
mqg = MQ/PVd = vaw:

d . m
e = Ve ((1 + Pry(e+ er)wy)cqg — 7Q> (3.43)
= k. (CdV(l + PEv(e + €R)wv) — mQ) (3.44)

We can calculate the scaled amount m¢g without knowing the value of Py4. We can also
simply calculate scaled amounts in structure mqgy and reserve mgr as above. For the link
with effects, we can calculate a scaled internal concentration as:

_ mqov _ MQV
14 PyaV

Ccy (3.45)
The interpretation of this ¢y is similar to that of the standard TK model. It is the scaled
concentration in structure and not in the whole body. However, the interpretation that
CVoo = Cq 18 lost; the value of ¢y now also depends on Pgry,wy and e, er (the relationship
may thus vary in time).

2T use the symbol m different from the DEB book, where it is used as moles of compound relative to C-moles
of structure.
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3.3.4 Constant reproduction

This is a variation of the previous model, accounting for continuous reproduction. Again, for
the elimination rate, either 3.19 or 3.22 can be used, with ez = 0. The total mass of chemical
is given by an additional term to Eq. 3.36:

d . - e
%MQ = ke (CdVPVd (1 + Ppy ewv) - MQ) — R;O(MQ — MQv) (3.46)

The last term is the flux of toxicant with reproduction. This equation can again be scaled
with PVd:

d . .e
2mQ = ke (caV (14 Ppy ewy) —mq) — R;O(mQ — mov) (3.47)

3.3.5 Toxicokinetics in eggs

At this moment, there appears to be little known about TK inside the egg. The difference
between the egg and the juvenile/adult lies in the surface area for exchange (a rather constant
egg wall vs. a size-dependent exchange area such as gills or gut surface). It seems likely that
the elimination rate during the egg phase is considerably lower than for the juvenile/adult, but
how much lower is impossible to say without experimental data. For the chemical kinetics, we
can basically use the same equations for the egg as for the juvenile/adult under time-varying
composition. In the egg situation, we really need to account for this change in composition
as the ratio of structure to reserve drastically increases during embryonic development. Of
course, the embryo is not reproducing, so we do not need to account for er and buffer
dynamics.
The initial amount of chemical in a single egg is:
AMg

0 _

The initial total concentration in the eggs is than obtained from the change in chemical load
and the total weight of the eggs® (note that V is the structural volume of the mother):
AM, Mg — M,
[MJ) = 9 =9 " (3.49)
eowy VAR (e +eg)wyV

Or, in other words, equal to the concentration in the reserves and the reproduction buffer
just before spawning. This also implies that the initial concentration in the structure of the
embryo equals the concentration in the structure of the mother just before spawning (as the
same Pgy applies).

3.4 Uptake from food

In case that the kinetics are dominated by uptake through the gut, and if feeding rates vary,
it might make sense to include the scaled functional response as follows:

d ; LmO
7 — krcff
@ =

Note that the inclusion of f in this manner does not lead to different ultimate body residues
Cyoo; it only affects the rate for chemical exchange with the environment. This is a very

(ca—cy) —cyr (3.50)

®In the DEB book, the symbol [MQ] is used for the NEC on unscaled internal concentration.
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simplistic solution to a rather complex problem, but it does not require additional parameters.
Probably a more realistic model for uptake from food is provided in [8].

3.5 Saturating kinetics

In some cases, the uptake flux of a toxicant may not increase proportionally to the external
concentration as the concentration increases. Such saturating uptake may occur when uptake
is through an active process, but also when the dissolved concentration (often unknowingly)
approaches the water solubility. We can accommodate this behaviour as:

d CdK
—cy =k | —2—¢y — 3.91
a’ <cd tear CV> (3.51)

where cqi is the external dissolved concentration at which the uptake flux is half of the flux
if not saturation would occur.

One problem that occurs in this way is that the actual bioconcentraition factor [Mgy|/cq
is not constant anymore, but becomes a function of c¢;. This does not invalidate the scaling
used for ¢y, because that is scaled with a constant Py4, which should now be interpreted
as the maximum bioconcentration factor (thus at very low values of ¢;z). The NEC c¢q is
defined against ¢y (and can be called cyg), and normally can be interpreted as the external
concentration that does not lead to exceedance of the internal threshold (cq9 = cyo). However,
this interpretation is not valid anymore in the saturation case. We can still calculate the
external threshold c4g though, by starting from the steady-state situation where cy is constant,
evaluated exactly at the NEC:

CdK
P = k 3.52
ech T car Cdo eCV0 ( )
CAKCd0 = CV0Cdo + CVOCIK (3.53)
CAKCd0 — CVOCd) = CVOCIK (3.54)
cap = —YOE_ (3.55)
CdK — CVO
1 1\ !
= ( _ ) (3.56)
cvo  CdK

From this equation, it can also easily be seen that:

evo — (1 N 1) B (3.57)

Cdo  CdK
In a similar fashion, we can model a saturating biotransformation rate as an additional elim-
ination mechanism:

a ; CVEK
£CV = ke (Cd Cv) km v + o cy (3.58)

where k,,;, is the maximum rate constant for metabolic elimination, and cy g is the half-
saturation concentration in structure.
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Chapter 4

Toxicodynamics

4.1 Effects of toxicants on metabolic parameters

For the effects of toxicants, I introduce a stress function as function of the dose metric. If the
dose metric is the scaled internal concentration:

1
s = —max (0,cy —cg) = —(cy — co)+ (4.1)

cr cr

In this definition, s is a dimensionless indicator of the degree of stress on a DEB parameter.
Below the no-effect concentration ¢y, there is no effect. When the scaled internal concentration
exceeds the NEC, the stress function increases in a linear fashion. Note that ¢y is a scaled
internal concentration, and therefore has the dimensions of an external concentration. This
implies that ¢y and cr also have the dimension of an external concentration. The NEC can
thus be interpreted as the external concentration that does not lead to exceedance of the
internal threshold, even after prolonged exposure.

Instead of the scaled internal concentration cy we can use any dose metric that we like,
including the actual internal concentration Mgy, or the damage density [mp]. Choosing
a different dose metric also implies that the threshold and tolerance obtain a different in-
terpretation and different dimensions (e.g., using damage density as metric means that the
threshold and tolerance are also damage densities).

Subsequently, s can be applied to one or more primary DEB parameters. Because the DEB
formulations I presented earlier includes two compound parameters (g and k M) we have to be
a bit more careful with these ones. The most obvious effect mechanisms are shown in Table
4.1.

4.1.1 Effects on the acquisition of energy

In Table 4.1, I provide several options for effects on the acquisition of energy for the reserves
from food. I think that this covers all of the possible effects on the acquisition, apart perhaps
from an effect on the incorporation of the assimilation flux into the reserves p g4, which would
be hard to distinguish from an effect on the assimilation efficiency pax.

Note that I did not show an option for a toxicant to decrease {pa,,}. This is because
this parameter follows from {Jyam} (see Eq. 2.10). This latter is considered as primary
parameter here. However, a change in {J XAm} or pax leads to a change in {pa,,}, which
leads to problems in the scaled DEB model, as all reserve amounts and fluxes are scaled with
this parameter. Scaling with a parameter that itself changes in time is asking for problems.
Fortunately, we can see from Eq. 2.10 and 2.7 that we can account for all effects on the
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Mode of action

Target parameter DEB parameters under stress

Effects on energy acquisition

Decrease assimilation efficiency

Decrease in maximum feeding rate
Increase in food handling time

Decrease in food searching or filtering rate
Effects on energy use

Increase in somatic maintenance

Increase in maturity maintenance

Increase in overhead costs for structure
Increase in overhead costs for maturation
Increase in overhead costs for making an egg
Hazard during oogenesis

Increase in allocation to soma

Decrease in allocation to soma

Increase in mobilisation from reserve
Decrease in mobilisation from reserve
Increase in Weibull ageing

Increase in Gompertz ageing

HAX pax (1 —s)4
{Ixam} {Ixam}(l —s)+
I.fp {JXAm}liis
{Fm} {Fm}(1—s)t
[Pa] ka(1+ s)
kj kj(l + )
(o] g1+ ), knr /(1 + 5)
%UH ki /(1+s)
KR kr/(1+s)
KR KR exp(—s)
K K(L+ 8)a; 9/ (14 8)a
. 51— 81, g/(1— 5)
) 0(1+s),9(1+s)
K O(1 = 5)4,9(1 = s)+
b fow (1+ s)
kg ko(1+s)

Table 4.1: Possible effect mechanisms for the scaled DEB model as presented in Section 2.2.
Combinations of these mechanisms is possible. The (1 4 s), means that an upper boundary

for s has to be used, such that x <1

acquisition of energy by including them in the scaled functional response f. However, if we
need to build a mass balance for food or nutrients, we have to be careful with the various
options. For example, an effect on assimilation efficiency does not change the removal of food
from the environment, but leads to an increased nutrient content of the faeces. In contrast,
an increase in food handling time leads to a decreased removal of food items.

An effect on assimilation efficiency would be the simplest case, as it would act as a simple
decrease of f (this was the only feeding-related option in the original DEBtox equations of

[16]):

f—=f(l—s)y

(4.2)

For the other options, we have to dive a bit deeper in the feeding module (Section 2.1.1). It
is possible to translate the effects on {Jxam} and {F,,} to an effect of f. For a decrease in

maximum surface-specific feeding rate only:

f%f( /

(1 —s)+

+1- f) - (4.3)

Note that for f = 1, this equation results in Eq. 4.2 again. For an increase in food handling

time:

f=f@+shH™

For a decrease in searching or filtering rate:

(4.4)
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f—>f<f+1_f>_l (45)
(1 —s)+ '
In this equation, there is no effect on f at maximum food f = 1. This makes sense as the
organism does not have to search when there is food ad libitum. An effect on the maximum
feeding rate and the maximum searching rate, by the same factor, would again lead to the
basic effect on f as in Eq. 4.2.

Thus, all effects on the feeding and assimilation process can be lumped into an effect on f.
In practice, it will generally be impossible to distinguish between these options without access
to actual feeding rates and/or effects at different food densities. However, the choice of the
mechanism of action can have consequences for the extrapolation to untested food densities,
and for the food dynamics in population models.

4.1.2 Derivation of effects on feeding

Effects on feeding can be thought of as occurring through (at least) four pathways: increase in
handling time, decrease in maximum ingestion rate, decrease in searching rate, or a decrease
in assimilation efficiency from the gut to the reserves. In most ecotoxicological situations, we
do not want to include details of the feeding process, because this requires details about the
feeding biology of the organism, which is generally not observed. Furthermore, this would
require two extra parameters and access to actual food densities. To simulate the consequences
of an effect through each pathway, I would like to include all mechanisms of action as if it
were an effect on f alone.
The feeding rate (in moles per time) is given by:

Ixa = f{Ixam}L? (4.6)
Which can be rewritten using the definition of f:

1

]
L+ X

Jxa= {Jx am}L? (4.7)

Assuming a stress on the maximum surface-specific ingestion rate as primary parameter, we
obtain for the feeding rate under stress:

1

Tran) 13
S

{Jxam}(1 — s)L? (4.8)

JXAS =

The ratio between the feeding rate under stress and without stress is the factor that needs to
be applied on f. For notational ease, I will use J for {Jxamn} and F for {F,,} This ratio is
(after a little manipulation):

Ixas . LERE () (4.9)
Jxa 142022

No we can use the definition of f as:

1 J 1-f

and after some more manipulations:

f
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Jx As _ 1
Jxa  L4+1-f

Note that f is here the value under non-stressed conditions. For ad libitum conditions, f =1,
which implies that the stress function simplifies to 1 —s. However, for lower food densities in
the environment, the stress on the feeding rate is somewhat less than that on { Jx Am }, because
the saturation coeflicient also decreases. When we have no interest in actual feeding levels,
we can accommodate this stress on the maximum surface-specific ingestion rate through an
effect on f as follows:

(4.11)

1
L]

If we want to include an effect on the handling time per food item, this implies that (the
handling time is the inverse of the maximum ingestion rate):

fs=1 (4.12)

. : 1
{JXAms} - {JXAm}m (413)
Through a similar derivation, this effect can be translated into an effect on f as:

1
1+sf

An effect on the maximum surface-specific searching rate {F,} leads to the following effect

on f:

o=t (4.14)

1
fs=1 e
Interestingly, when the food level is ad libitum, there is no effect of the stressor. This makes
sense: when you are swimming in food, you do not have to search for it. However, f reaches 1
asymptotically only, and therefore never truly is 1. Thus, the analysis of the effects becomes
very sensitive to the actual level of f in the test.
The last option is that a stressor reduces the uptake of food from the gut, or the assimi-
lation into the reserves (these two options cannot be distinguished without energetic analysis
of the faeces). This leads to the ‘standard’ DEBtox relationship:

(4.15)

fo=f—s) (4.16)

4.1.3 Effects on use of reserve

In Table 4.1, I provide several options for effects on the use of energy from the reserves. 1
think that this covers the most of the possible effects on the use of reserves. This list is far
greater than the original four mechanisms for the use of energy in DEBtox.

A peculiar effect is perhaps on the costs for maturation. Maturation is quantified by the
amount of reserves invested in it, so there is no concept of overhead costs in most of the DEB
publications. However, if a toxicant can change this overhead, there needs to be a parameter.
Therefore, I suggest to introduce the parameter g7, which is added in Eq. 2.42 (in the control,
kg =1).

An effect on mobilisation v does not seem particularly likely, and was not considered in
the original DEBtox formulation. However, in principle it is possible that this parameter is
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affected by toxicants. A decrease in © leads to an increase in maximum reserve density [E,,],
as long as {pam } remains constant. Therefore, g will increase (see Eq. 2.28). A decrease in ©
and g by the same factor means that maximum structural body size is not affected. However,
because [Ep,] is increased, the ultimate physical volume will be increased. Even though there
is no effect on ultimate structural size, there is an effect on the growth rate, comparable to an
increase in the growth costs. This effect is caused by a less intuitive change in mobilisation
flux S¢, because the effect of the growth dilution factor for reserve works out slightly different
(see Eq. 2.33). An increase in © will lead to a short-lived increase in S¢, which is followed by
a decrease in [E,,].

4.1.4 Effects on mortality

Effects on mortality are modelled somewhat independently from effects on the energy budget.
In principle, the same scaled internal concentrations should be used, but survival has its own
threshold for effects and its own proportionality:

hg = by max (0, ¢y — cop) = by (e — cot) (4.17)

Similarly as explained for sub-lethal effects, we can use any dose metric for survival, which
has consequences for the interpretation and dimensions of the NEC and the killing rate.

The hazard rate due to toxicant exposure (hQ) can simply be added to other hazard rates,
assuming that they are independent effects. Some deaths are accidental, and can be included
by a (low) constant background hazard rate (hg). For short laboratory experiments, this is
usually sufficient. For full life-cycle situation, we probably want to use an ageing module of
Section 4.2, which yields hp. The total hazard is thus:

h:hQ+ho+hD (4.18)

For one particular data analysis [4], T decided to use a Weibull function for hg to ac-
commodate the increase in background hazard as the organisms died from starvation in the
experiment. This is pragmatic if the interest is in effects of a toxicant only, but starvation does
much more than increase the hazard rate (and might interact with the toxicity parameters).
It would be more scientific (but also much more complicated) to deal with such starvation in
an energy budget context.

4.1.5 Modes of action for the DEBtox simplification

For the simplified model, we are severely limited in the number of mechanisms that we can
invoke (Table 4.2). The reason is that we have to insure that the length at puberty remains
constant. In Table 4.2, T only showed one mechanism for the acquisition of energy. Even
though all of the mechanisms in Table 4.1 can be used, they can hardly be distinguished in
the standard tests that the simplified model was meant for.

4.1.6 Mixture toxicity

The general DEB approach for mixtures was presented in [12]. In the ‘same target’ model, we
can sum op the (scaled) internal concentration (or damage levels), with a weight factor (W).
When using scaled internal concentrations, this weight factor can represent differences in the
bioconcentration factor of the various components in the mixture. Further, these factors may
represent differences in efficiency with which the components interact with the target site.
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Mode of action Target parameter DEB parameters under stress
Effects on energy acquisition

Decrease in assimilation from food {DAm} f(1—s)+

Effects on energy use

Increase in maintenance costs [par], ks kar(1+5), Ry(1+ )
Increase in costs for structure and maturation [Ec], %UH g(1+5), kar /(14 s)
Increase in overhead costs for making an egg KR Ry /(1+s)

Hazard during oogenesis KR Ry, exp(—s)

Table 4.2: Possible physiological modes of action for the simplified DEBtox model as presented
in Section 2.4

When departing from scaled body residues, the total concentration of the components a, b,
etc. is:

AF = A Wy +Wech + ... (4.19)
In this case, the total concentration c“l,+ is referenced to chemical a. In other words, the other
components are weighted as if they were diluted or concentrated forms of a. The total stress

factor and the total hazard coefficient are than calculated as:

1 a a

s = (e =) (4.20)
cr

hg = by — i)+ (4.21)

In the ‘different target’ model, we calculate a stress factor for each component individually as
Sa, Sp etc. and apply them all to a target DEB parameter. If two compounds affect the same
parameter, the stress factors are multiplied as follows for the example of an effect on kj;:

];ZM = ].€M0(1+Sa)(1+sb)... (4.22)

For effects on the hazard rate, we can sum the independent hazard rates for the individual
components:

hg=hb+hh+ ... (4.23)

For mixture that are made up of a combination of chemicals that effect the same and different
targets, we can first make a (weighted) sum of the components that affect the same target,
and than combine the summed concentrations in the different target model.

4.2 Ageing or senescence

4.2.1 Derivation DEB book

The standard ageing module in DEB consists of a system of two ODEs. Starting from an
equation for damage-inducing (Mg, changed genes, affected mitochondria) and damage com-
pounds (Mp, ‘wrong proteins’), this system can be rewritten to equations for ‘acceleration’
¢ and ‘hazard’ hp. In this section, I will work out the derivation in detail, starting with the
equations from [15]:
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d 1

— My = ) oM 4.24
TR nQcbc + o pcMg (4.24)
d .

wMp = kwypeMo (4.25)

The parameter Eyg is a constant with the dimensions of energy. To remove the energy
dimension we can scale with a constant property of the organism that also has an energy
dimension. Thus we can scale with the maximum absolute reserve level in the control:

1 sa

o = B 2 (4.26)

m0

We can now translate the amount of damage-inducing compounds and damage compounds
to densities, note that m, = M, /My:

d e} 5a

— = ) — 7 4.27
M = M g iema —imo (427)
d ; .

7o = kwypgmg — rmp (4.28)

ref

The hazard rate is proportional to the damage density mp. The reference density m'5 is
introduced to allow the interpretation of the proportionality h, as a hazard rate (although
this is not essential for the final equations).

ha

ref

mp

h=—"mp (4.29)

We can now free mp from this equation, and use it to rewrite Eq. 4.28:

my d . . g

= _—h = k — - 4.

P WwYpQmQ — T y (4.30)
d . ha .
—h = —k —7h 4.31
7 et TWYDQIMQ ~ 7 (4.31)

The entire part before mg is constant. To simplify the notation, we can introduce a new
state variable:
. ha 7
G = —skwypgmq (4.32)
mp
This simplifies the equation for the hazard rate to:

d., . .
&h =G—rh (4.33)

Next, we also have to rewrite the ODE for mg to a corresponding change in §:

my  d . e} s¢ . . my .. mYy
—L——i = noor— + pe=— — P (4.34)
hokwypg dt My [BnolLdo " hakwypo hakwypq
d . hakwyng pCc 56 .. ..
—4 = — 4.35
oL w9 + ool 2, Pod — T (4.35)

m0
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Next step is to include the equation for the mobilisation pc:

pc=FE (z — 7*) = e[Ey,)L3 (Z — 7'«> (4.36)

which gives (in the second equation, note that My = [My]|L3):

d . hakwypg noc sG . 3 (0 .

—i = EnL?(——7) - 4.
dr’ ( i My | B, ) B\ ) (4.37)
hokwypg nMoc [En) L .. (1') >
= E,l+sg———=qlel=——7|—7 4.38

( miys [My] 2 ¢ [EmO]Lgno q L q ( )

As long as [E,,] is not affected by a toxicant, the first term between brackets is constant (here,
hq is used as a new compound parameter), and [E,,| = [Eno]. Therefore, we can simplify the
equation to:

3 .
%éj = <ha + SGLL%Q) e <z - 7'“> — 7 (4.39)
In which cases is [E,,| not constant? When either p4,, or v change. In the scaled DEB model,
I include all changes in p4,, as a change in f. Therefore, [E,,| will also be constant in that
way. However, a change in ¢ is more tricky. A decrease in ¥ implies an increase in [E,,]|. This
means that the ageing constants he and s will also increase by the same factor, if we are to
use Eq. 4.39.

4.2.2 Derivation for scaled model

The original derivation of the ageing model in the DEB book has a few problems in a chemical-
stress context. Firstly, it depends on the constancy of [E,,] (which changes when © changes),
and it depends on the equation for the mobilisation flux pc (which changes under some of the
starvation regimes). Therefore, I have derived a new formulation, which is mathematically
equivalent, but includes the scaled mobilisation explicitly as used in the scaled DEB model. 1
start again, without specifying the proportionality constants (I just call them a;-a3 to simplify
notation):

d . .

%MQ = a1pc + azpc Mg (4.40)
d

%MD = a3l (4.41)

Next, I can change the equation for Mg and Mp to amounts per structural volume by dividing
by L3:

%[MQ] —  Tybo + aspo[Mq] — FMq] (4.42)
S M) = as[M] — #{Mp) (143

I assume that the hazard rate is proportional to the amount of damage per structural volume
(instead of per C-mole of structure as in the original):
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hp = bp[Mp) (4.44)

The set of equations now has four parameters: ai, as, as, bp. However, these parameters
can not be independently estimated. I do not see an easy scaling for this set of equations, as
was done for the internal concentration. Therefore, I follow the same route as in the original
DEB3 derivation and rewrite the equations for [Mg] and [Mp] using:

[Mp] = }.L—D (4.45)

bp
Note that I use a subscript D for ‘damage’ for the hazard rate. In the DEB book, this hazard
rate has no subscript. Because I have to deal with multiple causes of death (due to chemicals
in the environment, and accidental deaths in the laboratory) I feel it is better to make this
one of all possible hazard rates. The symbol h without subscript is than reserved for the
overall hazard rate.
Rewriting the equation for [Mp] to:

d . . .
—hp = asbp[Mo] —#hp (4.46)

Next we can call the first term in this equation ¢, so that:

i

§ = agbp[Mg] and thus [Mg] = — (4.47)
ang
which we can use to rewrite the equation for [Mg]:
—= alag,i)Dp—C + agpo — 7 (4.48)
dt L

The scaled mobilisation flux S¢ equals pc/{pam}, and thus we can rewrite the equation to:

%Q' = <{}'?Am}a1a3bDL13 + {ﬁAm}azd) Sc =7 (4.49)
The string of variables {pam a1 agb p is a constant! with the dimensions L / t3; the combination
{Pam}as has dimensions 1/(L?t). These are not such practical dimensions; I would prefer
rate constants with dimensions 1/t. To achieve that, I can introduce a length measure that
is constant into the equation: the maximum length under control conditions. Furthermore,
I add a power of 3 to the first rate constant to provide the dimension of cubed time. This
leads to:

dtq ( w I3 + GLgn())SC rq ( 50)
d - .
—hp = §—rh 4.51
L2 g —rhp (4.51)

Now we have two rate constants as parameters. Note that I use the symbol kw here for a
different parameter than in the original derivation. The reason is that I like the subscript W
for ‘Weibull’, and G for ‘Gompertz’.

T can do this because I take all of the effects on {pa..} as effects on the scaled functional response f to
preserve the scaling in the scaled DEB version.
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4.2.3 Relationship between the sets of ageing parameters

The two formulations are mathematically identical, at least in the absence of stress on v.
Therefore, we can transform the old parameters in the new ones. For the two expressions for
%(j to be identical the following must hold:

. L3N (o .
(k:W 73 + kg—— Iz ) Sc = (ha + SGL30q> e (L — 7") (4.52)

Using Eq. 4.36, and as pc = Sc{pam}, we can rewrite this equation to:

L 13N o {pam)
3 Lm0 _ PAm
(k:w e +he—5— L2 ) Sc = <h +5G—=5— 7 q> Sc [Em]L3 (4.53)
oo L . L, i {(Pam}
3 Lm0 q PAm
= 4.54
(kW 3 + kGL > Sc (h L3 + GL?ﬂQ) Sc Bl Lons (4.54)

Clearly, the important difference between the parameter sets lies in one parameter combina-
tion:

= 4.55
ElLwo Lo (455
Maximum length in the control is given by:
Lo = +20 (4.56)
karogo
and the factor is therefore given by:
. . D
kW = ha_*kMog[) (457)
Vo
. D .
ke = sg—kwmogo (4.58)
0o

Without stress on o, this a straightforward transformation. However, when ¢ is affected,
this leads to a an increase in [E,,], and thereby an increase in h, and sg. The factor ©/1g
compensates for this effect; the new parameters kw and k¢ remain constant under a change
in v.

4.2.4 Alternative ageing model

The DEB3 ageing module as presented in the previous sections has some problems for me.
Mainly, for invertebrates such as nematodes and springtails (and probably many others) the
shape of the survival curves is such that the ageing model does not predict increased longevity
at food limitation. This is unacceptable behaviour, as food limitation seems quite consistently
to increase longevity in animals.

An alternative I would like to explore further departs from the same situation as the stan-
dard model, but links the hazard rate to the damage-inducing compounds directly (without
additional damage compounds). Furthermore, I take the absolute amount of damage-inducing
compounds, and not their density. This is partly for pragmatic reasons: dividing by the body
volume kills much of the life-extending effect of food limitation due to the counteracting ef-
fect of growth dilution. However, it might not be such a stretch to take the absolute amount
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of damage, as it appears that damaged mitochondria are not diluted by growth, but are
replicated [20]. The starting equations are now:

d . .
—Mqg = aipc + apcMg (4.59)

dt
hp = asMg (4.60)

We can rewrite these two equations into a single ODE for hp by using Mg = hp/as:

1d. hD
el — ; 5 —— 4.61
p” 2o arpe + azpe- (4.61)

d . , .
%hp = pc <a1a3 + aghD) (4.62)

As po = {pam}Sc, we obtain:
ihD = {pam}Sc (a1a3 + a2iLD) (4.63)
dt

= Sc ({pambaras + {pam}ashp) (4.64)

The terms {pam }aias and {pam, faz are constants, but they have a bit unpleasant dimensions
(1/(#*L?) and 1/(¢tL?)). We can, however, turn them into two rate constants with dimensions
1/t by using another constant; the maximum length in the control (L,):

kw = \ {PamtarazL? (4.65)

]%G = {p'Am}agL%LO (4.66)
And the ageing equation is now written as:

d.  So iy i

4.2.5 Slight variation

One of the things that I don’t like about the ageing models in this form is that the hazard
rate (h p) is the only resulting state variable. To include an ageing effect on reproduction, we
would have to include a stress relative to the hazard rate, which is awkward. Fortunately, it
is straightforward to rearrange the same simple model.

d ) .
&MQ = a1pc + agpcMQ (4.68)

Next, we can scale Mg using a1 /ag, which implies mg = Mgaa/ai. This leads to the equation
for scaled (dimensionless) damage:

d ) .
amQ = aspc + aspecmqg (4.69)

= agpc(l+mq) (4.70)
= ag{ﬁAm}Sc(l + mQ) (4.71)
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We can introduce kg = as{Pam L2

d

. SC
@ —
are TG

2
LmO

Scaled damage can be related to the hazard rate by:

(1+mg) (4.72)

iLD = iﬁwmQ (4.73)

Note that &y is not exactly the same as in the previous derivation (in fact this kw equals
the previous one squared and divided by k¢g)! Advantage of this parameterisation is that it
is now easy to include a threshold for scaled damage, and to include effects in reproduction.

4.2.6 Ageing effects on reproduction

Ageing also affects reproduction rates. One option is to decrease the efficiency for the pro-
duction of eggs from the reproduction buffer (a decrease of kr) [7]. However, it is generally
observed that old animals feed less. We could depart from the starvation strategies outlined
earlier.

4.2.7 Ageing related to respiration

In the previous sections, ageing was related to the mobilisation of reserves (through pc or
Sc). However, part of these mobilised reserves are used as building materials for structure
and offspring. It is possible that these do not lead to production of ROS and the associated
damage. The full DEB model provides direct access to the individual fluxes that lead to
respiration: somatic and maturity maintenance, maturity, and the overheads of growth and
reproduction (ignoring respiration related to assimilation):

ip = 4 pv (1 =r)po+ (1 = relba if By < EY,
b pv + 05+ (1= kr)pr+ (1 — ka)Pa otherwise

For the scaled model, we have to do a bit more work to calculate the scaled total dissipation.
The scaled somatic maintenance power is given by (note that L,, is not in the control!):

(4.74)

. L3
_ [J_UM] I3 =
{pAm} Lm

This recalculation makes use of the definitions of L,,, v, g and k. The scaled growth power

Sm (4.75)

is thus:

L3
Sa = kSc — R (4.76)

The scaled maturity plus maturity maintenance power in juveniles:

S;r+Sg=01-k)Sc (4.77)

Maturity maintenance in adults:

Sy = kUL (4.78)

And the scaled power for reproduction:

Sr = (1—k)Sc — kU, (4.79)
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This leaves as unknown parameter the fraction of growth energy fixed in new structure:

[My]
RG = WV p (4.80)
Using the default add_my_pet values for these parameters yields a kg of 0.73.

At this moment, I have not compared all these different ageing models so more work is
needed here. An interesting result of this model would be that because relative respiration
decreases after puberty, so does the rate of ageing (although this can be partly counteracted
by the ageing acceleration).

4.3 Damage models and receptor kinetics

4.3.1 Damage kinetics

In the papers that use it, the concept of damage is kept quite vague. Here, I assume that
damage is diluted by growth (just as assumed for damage due to ROS in the ageing module),
and that actual internal concentration [Mg] is available:

d

dt
where kp is the rate constant for damage ‘accural’, ypg the yield of damage on internal
chemical concentration, and k, is the damage repair rate. Note that the dilution factor enters
in the same way as for internal concentrations (with 7 as the specific growth rate). This
equation has at least two parameters, which cannot both be identified from the data (as
damage cannot be measured). This situation is completely equivalent to the problem that we
cannot identify two TK rate constant from toxicity data alone. The solution is the same: scale
with the partition coefficient. Next, I can introduce a partition coefficient between damage
density and internal concentration:

[Mp] = kpypo[Mq] — ke[Mp] — #[Mp] (4.81)

k
Ppg = ~2YQ (4.82)
Ky
Now we can divide both sides of the equation for [Mp] with Ppg to obtain a scaled damage
density ([mp] = [Mp]/Ppq with the dimensions of an internal concentration):
d ; .
gz [mpl =k ([Mg] = [mp]) — 7[mp] (4.83)

See also the explanation in [5].

4.3.2 Receptor kinetics

The receptor model as presented by [10] follows from the assumption that the internal con-
centration knocks out functional receptors (N¢), and makes them non-functional (V,,). Here,
I assume that non-functional receptors are diluted by growth, and thus that the total number
of receptors per unit of structural volume is constant (which is by no means certain). Fur-
thermore, I assume that the actual internal concentration [Mg)] is available. It is possible to
substitute the scaled concentration cy , but it will be difficult to estimate all parameters from
toxicity data alone. The equation for the number of non-functional receptors is:

d

%Nn = bfn[MQ]Nf - kan (4.84)
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where 6fn is the receptor ‘knock-out’ rate and ky is the repair rate. The total amount of
receptors is limited, and here I assume that they are a fixed fraction of the structural body
volume:

Ny =N+ N, = [N,]V (4.85)

We can use this relation to rewrite the equation:

d . )

%Nn = bfn[MQ] ([N+]V - Nn) — kr Ny, (4'86)
Next, we can rewrite this equation to the fraction of non-functional receptors n,, = N,,/N;:

d . : .

i bin[Mg|(1 — ny) — kpnyy — 71y (4.87)

The dilution factor 7 enters in the same manner as for the internal concentration.
If n,, remains much small than 1, this equation reduces to the scaled damage model (if we
scale the receptor equation by a partition coefficient equal to by, /k;).



Chapter 5

Fitting models to data

5.1 Initial values for the energy-budget parameters

Fitting more than two or three parameters to a data set requires good starting values. Most
of the DEB model parameters are rather abstract, and cannot be directly observed. Further-
more, there are plenty of parameter combinations that do not produce a working life cycle.
Therefore, it is good to start with parameter values that are already somewhat close, and
work from there.

It is possible to start with the body-size-specific parameter values as offered in the DEB
book in 5.1. They might work for your species, but care must be taken. Especially, ks seems
very low to me, and perhaps better to start with k£ = 1. Table 5.3 gives some representative
values for several invertebrates that I have worked with. I do not claim that these are
appropriate or accurate; they might serve as a starting point for your analyses.

5.2 Likelihood functions

5.2.1 Continuous endpoints (body size and reproduction)

Here, we will go into a bit more detail about normal likelihood functions, and especially on
treating the standard deviation of the error distribution as a nuisance parameter, and working
with the means of replicate observations. See also the supporting information of [13].

Observations are represented as Yjj., where 7 is the time point of the observation (from 1
to k), j the concentration (or the treatment, from 1 to m), and r the replicates (the number
of individual organisms on which there are observations at that time and concentration, from
1 to n). The number of observation times may depend on the treatment (and thus k;),
and the number of replicates may depend on both time and treatment (and thus n;;). The
observed value is compared to the predicted value Yij from the model, which depends on the
parameter set 6. Our reference situation is the log-likelihood function where the deviations
from the model predictions Y are normal, independent and homoscedastic:

m  kj N
(0,0°1Y) = ~ S n(2m0?) — ooy D5 S (Vi — V()7 (1)

202 £~ ¢
Jj=11=1r=1

where N is the total number of data points:
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Parameter Symbol Initial value
Specific searching rate {Fn} 6.5Lcm2d!
Maximum specific ingestion rate (C-moles) {Jx Am} 51-107% zmolcm=2d !
Maximum specific ingestion rate (volume)  {Jxam}/[My] 0.013zcm?cm=2d-!
Fraction of mobilisation to soma K 0.8 [-]
Reproduction efficiency KR 0.95 [-]
Energy conductance v 0.02cmd!
Energy investment ratio g 31271
Somatic maintenance rate coefficient ks 0.0064d~!
Maintenance ratio k 0.31[] or 1[]
Scaled maturity at puberty Uy, 7.42%cm?d
Maturity ratio u%’ 0.0017 []
Weibull ageing rate ke 0.0027 22/34-1
Gompertz ageing rate ko 21074 zd™ !

Table 5.1: Initial values for parameters at 20 °C. The zoom factor is defined as L, = zL
and L' = 1 cm (note that this is structural length). All values recalculated from DEB book

... Ageing parameters recalculated from “add
C-moles to volume was made on the assumpti
the same for the food as for the feeding anima

my pet”. The conversion of feeding rate from
on that the number of C-moles per volume is
1 ([My] = 4.1 mmol/cm?)...

Parameter Symbol Initial value
Contribution of reserves to volume wy {"";‘)7.’“} 2.8-1074=0.322 [
Contribution of reserves to wet weight Wy % 2.8-1074=0.322 [
Contribution of reserves to dry weight Wy % 52-1074=0.592 [-]
Density of structure (wet weight) dy 1gem™

Density of structure (dry weight) dyq 0.1 gcm™3

Table 5.2: Default values for the translation
weight. Derived from the ‘add my pet’ project

of structure and reserve to actual volume or
; the zoom factor is the same as in Table 5.1.

Parameter D. magna D. octaedra C. teleta
K 0.80 0.92 0.82

¥ 32mmd~! 1.3mg"/3d~! 1.68 mmd~!
g 0.42 1 2.4

kv 1.7d7! 0.18 d~! 0.25 d~!

k 1 1 1

U, 0.37 mm?d 8.1 mg*3d  1.39 mm?d
u® 0.033 0.016 0.00087

Table 5.3: Initial parameters values for some

invertebrates. Daphnia magna parameters at

20°C from [19]; length measure is probably from eye to base of spine. Dendrobaena octaedra
parameters at 15°C from [9]; length measure is cubic root of wet weight. Capitella capitata

parameters at 20 °C from [11]; length measure

is cubic root of estimated volume.
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kj

j=1i=1

5.2.2 Transformation

Using untransformed data and model represents the situation where we can assume indepen-
dent normal distributions for the residuals, with a constant variation. Alternatively we can
transform the model and data using square-root or log-transformation:

m ki ng
ssey) = S (Vo -vi) (5.3)
1i=1r=1
j k] J
In

1
1

ssQeiy) = 333 (i) (5.4)
=1

=1 1=1 r=1

The log-tranformation implies log-normal distributions for the residuals with a variation that
increases with the predicted value for the endpoint. The square root transformation assumes a,
squared normal distribution with a variation that also increases with the predicted value, but
less extreme than the log-transformation. At this moment, I prefer the square-root version.

5.2.3 Standard deviation known

If the standard deviation of the scatter is known, the first term in Eq. 5.1 becomes trivial
(it does not depend on the parameters, so it is a constant). The log-likelihood function thus
reduces to:

7 Ty

(1Y, 0%) =~ OO0 S (Vige — V(0)* + € (5.5)

j=11i=1r=1

To include heteroscedasticity in the analysis, we can also take different error variances for
each time and concentration:

m J Nij
(Y, o ZZ 37 =Y (Yijr = Yi(0))> + C (5.6)
j=11i=1 i =1

We can easily work with means (Y;;)instead of individual data points (Y;j.), as long as the
correct error variance is used. Note that:

2
o
And thus if 02 is known and constant:
1
()Y, 0% = 2WSSQ 6;Y)+C (5.8)

wSSQ,(6;Y) = ZZnij(Ej—ﬁj<0>)2 (5.9)
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The SSQ is thus replaced by the weighted sum-of-squares; each residual is weighted with the
number of replicates for each mean. If the variance of the error is known, no information is
lost when we work with the means instead of the individual replicates.

5.2.4 Standard deviation as a nuisance parameter

Usually, we do not know the value of the residual variation o2, and we are not interested in, so
we can replace it with its maximum-likelihood estimate. The maximum-likelihood estimate
for the variance o2 at each 6 is the SSQ divided by the number of observations N:

. 1 m ] 1] .
F0.Y) =5 2D > (Yige = Yis(0))? (5.10)
j=11i=1r=1

In fact, replacing o2 with its maximum likelihood estimate leads to a profile likelihood where
o? is ‘profiled out’ as a nuisance parameter:

(01Y) = max £(0, a?lY) (5.11)

This profile likelihood can be treated like a normal likelihood in all respects [22]. The log-
likelihood simplifies to:

m  kj g

E(H\Y):—%ln S5 W — Vi) |+ (5.12)

j=11i=1 r=1

All constant terms (that do not depend on the parameters) are absorbed in C, including the
factor In27 /N, and can subsequently be ignored.

In practice, we might have to work with the mean observed values at each timepoint and
concentration YU This requires some consideration because the simplification rests on the
estimation of o2 from the data (see Eq. 5.10), and the number of replicates on which the
mean is based might differ between the observation times or the tested concentrations. We can
make use of the relationship between the standard error of the mean (the expected deviation
between the average of a number of replicates and the true mean) and the standard deviation
of a number of replicates (the expected deviation between individual replicate and the true
mean). Consider a set of replicate observations for one timepoint i and one treatment j:

a%_j = ;;2 (5.13)
& (Vs —500?) = & (0~ V5(0)) (5.14)

We can estimate the expected squared deviations (Yijr — }Afij)Q with the standard deviation:

£ (e = V0)?) = - (Z(m - %(0»2) (5.15)

Mij r=1
Combining Eq. 5.14 and 5.15, we can therefore estimate the sum-of-squares over the replicate
observations by the following:
TLij

S (¥igr = T5(0)* = m, (V5 = ¥iy(6))° (5.16)
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Even though these expressions are not necessarily equal, their expectations are the same. We
can thus estimate the error variance from the data using the n?-weighted sum-of-squares (see
Eq. 5.10):

5200,Y) = %WSSan(Q;Y) (5.17)
m kj

wSSQ2(6;Y) = Y (Y — Yis(6))” (5.18)
j=11i=1

Now, we have to go back to the full log-likelihood of Eq. 5.1, and fill in Eq. 5.17 and 5.9:

Ny (2” wSSQ, (6;Y) (5.19)

N

Where Ny is the total number of means (whereas N is the total number of observations on
individuals):

Ny=>» Y1 (5.20)

We can further simplify the log-likelihood function by including all constant terms (that do
not depend on the parameters) into a constant C:

NwSSQ,,(6;Y)
2wSSQ,2(0;Y)

(oY) = —%ID(WSSQWQ(Q; V) - e (5.21)
In contrast to the likelihood with fixed error variance, in this case, information is lost when
using the means instead of the replicate observations. The reason is that the individual data
points allow for a better estimation of the variance. Note that when the number of replicates
per mean (n;;) is constant, the second term of the equation is constant and can be absorbed
into the constant C'. In other words, if the means result from the same number of observations,
we can treat them as individual observations.

5.2.5 Multinomial distribution for mortality

For survival, the likelihood function follows from the multinomial distribution. The log-
likelihood of the parameter set 6, given the data set Y, is given by (see e.g., [2, 5]).

m k
oY) = > (Yij = Yirrj)n(Si(8) — Si1(6)) + C (5.22)

7j=11=1

In this equation, Yj; is the number of surviving organisms at observation time ¢ at concentra-
tion j. Similarly, S;; is the survival probability at that point. Note that the subscript i + 1
in this equation means that we have to deal with the situation where ¢ = k£ 4+ 1. This is an
additional interval which catches the organisms that survive until the end of the experiment
(they are expected to die in the interval from the end of the experiment to infinity). Therefore
we can specify:

Yk+1j =0 andSkJrlj =0 (5.23)
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For this likelihood function, the fact the follow the same group of animals over time is not a
problem because we only use one observation for each individual (in which interval it dies).
Precondition is that the death of one individual in a container does not affect the death
probability of the others.

In some cases, we can have the situation that organisms are removed from the survival
test for destructive analysis (e.g., measurement of body residues), or that have escaped from
the test container. We can still use the observations from these organisms for our likelihood,
as they still contain information (they were alive up to the point where they were removed
for analysis or lost). We can still use Eq. 5.22 for the individuals that have actually died, but
add to it another log-likelihood function for the ones that were removed or lost (Z):

m k
0012) =" ZinS;(0) + C (5.24)

7=11i=1

5.2.6 SSQs for reproduction

It is possible to compare the number of offspring produced by an individual mother in an
interval between ¢t — 1 and ¢, Y;;,, to the integrated reproduction rate over that interval:

m  kj N t 2
SSQO;Y) => Y > (/ R;(7,0)dr — W) (5.25)
j=11i=2r=1 ti1

Often, we have observations for the number of offspring produced by a group of mothers in
an interval, Y;;. We can derive a weighted SSQ by calculating an average reproduction per
female, using the average number of mothers alive in that interval, and again compare it to
the integrated reproduction rate over that interval. We also have to weigh the residuals with
the average number of mother over the interval:

k;

2
= 7, i— bi 2}/1
wSSQ,(6;Y) = ) <nj+n ”) (/ Rj(r,0)dr — n+nj> (5.26)
ij + Mni—1j

j=11i=2 ti-1

The n?-weighted SSQ can be derived by scaling with the average number of mothers squared.

5.3 Optimisation and confidence intervals

5.3.1 Likelihood optimisation and confidence intervals

In many cases, we have data for more than one endpoint, or more data sets for the same
endpoint. These data sets should not be treated in isolation as they contain information
about the same parameters. The likelihood framework allows to combined the individual
likelihoods. The overall log likelihood for the parameter set 6, based on all available data Y.,
for all individual data sets s, is the sum of the individual log likelihoods for each data set:

(oY, = Ze oY) (5.27)
Thereby, I assume that each data set can be treated as an independent source of information

on the parameter value. The log-likelihood function can be maximised to find the best-fitting
parameter set 0:
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00y, = max (0] Y7) (5.28)

To compare two fits with a different set of parameters, we can use the likelihood-ratio
principle. The two models we compare should be nested; that is, one model is a reduced
version of the other (reduced by fixing one or more parameters to a certain value). The
ratio of two likelihoods (and thus the difference in two log likelihoods) from nested models
can simply be recalculated into a criterion that follows (for ‘large’ numbers of observation)
a chi-square distribution with as degrees of freedom the number of parameters in which the
two models differ.

One application of this principle is to see whether the addition of a certain parameter
significantly improves the model fit. For example, whether adding a damage model improves
the fit. The standard model is a reduced version of the model with damage; the standard
model can be obtained by taking the damage repair rate infinitely large.

Another application of the likelihood ratio principle is in the construction of confidence
intervals (see [21, 22]. We can define the confidence interval of a parameter as all of the
values that will not be rejected in a likelihood-ratio test. This is called the profile likelihood.
Lets take the example of making a profile likelihood for a parameter n. We now consider the
parameter set 6, and a reduced parameter set that does not include n, which I will call ;.
The profile log-likelihood of the parameter 7 is:

tp(nYy) = max £(6]Y7) (5.29)

Plotting this profile log-likelihood provides insight into the effect of the parameter n on the
likelihood. We can see how the fit deteriorates when the parameter 7 is forced to a value
different from the best one.

We can use this information to construct a confidence interval, using the likelihood-ratio
principle. Minus 2 times the log of the ratio of two likelihoods follows approximately a chi-
square distribution with v degrees of freedom. The degrees of freedom is the difference in the
number of parameters that were estimated (so the difference between #; and #), in our case
one (when 7 is a single parameter). The confidence level of a value of 1 follows from:

=2 (GnlYy) = £01V4)) ~ X (5.30)

Using chi-square assumes ‘large’ numbers of observations. The production of a profile is
rather computation intensive as a new optimisation has to be performed for every value on
the x-axis, for every parameter that requires a confidence interval.

5.3.2 Joint confidence regions for more parameters

The technique of profiling the likelihood function, as outlined in the previous section, also
works for more than one parameter. Just make sure that the degrees of freedom v is the same
as the difference in number of free parameters between the two sets 6; and 6. Comparing
the confidence interval for a single parameter a to the confidence region for two parameters
(a and b) of the same model, however, produces a (for me, at least) counter-intuitive result.
The critical value of the x? distribution increases with increasing degrees of freedom; going
from one to two degrees, the 95% threshold increases from 3.84 to 5.99. Therefore, the
joint confidence region of a and b includes values of a that are outside the single-parameter
confidence interval for parameter a. For me, this result was paradoxical: clearly, the interval
and the region are both correctly calculated, so how can they give contrasting results?
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Some internet searching provided me with the right direction.! Both the interval and the
joint region are correct, and I will try to explain how this can be understood.

Consider a model with two parameters, a and b. Using profile likelihoods, I derive 95%
confidence intervals for each of them. In a two-dimensional plot, these single-parameter

intervals would (rather naively, perhaps) indicate a rectangular joint region of confidence
(Fig. 5.1).

parameter b

parameter a

Figure 5.1: Two single-parameter 95% confidence intervals would indicate a rectangular joint
region of confidence.

In practice, the joint confidence region of the two parameters will not be rectangular (al-
though it would likely be possible to construct a model and a data set with these proprties).
For example, it might be shaped as an ellipse. Imagine an ellipse that snugly fits the rect-
angular boundaries (Fig. 5.2). Now, the edges of the joint confidence region (the ellipse)
coincide with both single parameter intervals.

parameter b

parameter a

Figure 5.2: Fitting an ellipsoid joint confidence region into the rectangular joint region indi-
cated by two single-parameter 95% confidence intervals.

The thing is now the white spaces within the rectangle. If the ellipse captures the =%
joint confidence region of a and b, the rectangle will contain more than £%. Since our single-
parameter intervals specify 95% intervals, the joint interval will capture less than that. In
other words: the joint 95% confidence should extend beyond the boundaries of the rectangle
(Fig. 5.3).

The edges of the ellipsoid are thus wider than the single-parameter intervals (shown in
Fig. 5.4). The reason is that the white spaces within the rectangle are excluded from the joint
interval. Values of parameter a smaller than its lower single-parameter confidence interval
are now possible, but only given certain values of parameter b.

!Especially, the web pages of Prof. Ranjan Maitra of the Iowa State University set me in the right direction.
In his lecture series http://www.public.iastate.edu/~maitra/stat501/lectures.html, with the lecture on
“Inference for Means — Confidence Regions”.


http://www.public.iastate.edu/~maitra/stat501/lectures.html
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parameter b

I I
1 1
parameter a

Figure 5.3: The 95% joint confidence region in relation to the rectangular joint region indi-
cated by two single-parameter 95% confidence intervals.

parameter b
|

parameter a

Figure 5.4: The edges of the 95% joint confidence region extend beyond the two single-
parameter 95% confidence intervals.

In summary, the single-parameter interval and the joint region tell a different part of the
same story. If we are interested in the uncertainty in parameter a, we should look at the
single-parameter interval for parameter a. If we are interested in the joint uncertainty in a
and b, we should focus on the joint confidence region. Parameter sets from within the joint
region can be used to generate model predictions with associated uncertainty bounds.?

5.3.3 Asymptotic standard errors

To calculate standard errors for the parameter estimates, it is popular to assume that the
maximum likelihood estimate for the parameters 6 follows a multivariate normal distribution.
This assumption holds asymptotically for ‘large’ data sets and converges more rapidly to this
asymptote for ‘well-behaved’ models. The profile likelihood is a more robust way to explore
the confidence intervals for the parameters, but is more calculation intensive.

The Fisher information matrix I is the square matrix with the second-order partial deriva-
tives of the log-likelihood to the parameters. These derivatives are evaluated in the maximum
likelihood value of the parameters (6 = 6).

2This is very similar to using a Bayesian sample from the posterior to make model predictions with un-
certainty bounds. The big difference is, however, that for a Bayesian sample from the posterior, one would
probably like to look at quantiles from the model predictions (e.g., the 2.5 — 97.5% quantiles to produce 95%
credible bounds on model curves). The values from the joint confidence region as discussed here are, however,
already cut off at a certain confidence level (e.g., 95%). Therefore, it makes no sense to take quantiles on the
model predictions again.
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The covariance matrix is the inverse of the information matrix:

Cov=1I"

The standard errors of the parameters can be derived from the diagonal variances:

1/2
o; = Covii/

(5.31)

(5.32)

(5.33)

(5.34)

The matrix with correlation coefficients between the parameters can be obtained by normal-
ising each element of the covariance matrix with the product of the standard errors of the

parameters:

COVij

COI‘ij =
003

(5.35)
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